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Abstract

Landslides along the coastal areas of Norway pose a threat to communities and infrastructure.
Analyses of past landslides have shown that thin clay layers in sandy shoreline deposits often
act as a glide plane, also called a weak layer, for these landslides. Unfortunately, the detection
of such thin layers (i.e. < 20 cm) is challenging for all the conventional geotechnical field
investigations techniques, including high quality CPTU tests.

During the last two years, a research program with a large-scale model testing facility has
been carried out in the geotechnical laboratory at NTNU in Trondheim. The work aims to
identify possibilities and limitations in detection of thin layers of clay in sand; and
determination of the soil properties of the thin clay layers using the CPTU-tool. In this master’s
thesis the main focus has been to improve an existing test setup; design and perform a test
program, and consider CPTU-interpretation for the thin layer problem.

Tests were run in a pressurized chamber (diameter: 1,2 m, height: 1,5 m) that allowed
regulation of the ground water table. In four experiments, different combinations of thin,
horizontal clay layers of 2-12 cm of respectively pottery clay and natural quick clay were built
into medium dense sand. The CPTU-soundings were conducted by utilizing both a standard
piezocone penetrometer (10 cm?) and a mini-piezocone penetrometer (5 cm?), recording tip
resistance, shaft friction and penetration pore-pressure.

The results show that the CPTU-response in thin clay layers is influenced by the surrounding
sand, and that 8-12 cm thick clay layers can be identified using the conventional CPTU-tool
normally used in practice. The tip resistance in the thin layers do not reach the material’s
characteristic tip resistance (as defined by a significantly larger thickness of the same
material), since the failure mechanism around the tip will involve both materials. In practice
this implies that the shear strength of thin layers is overestimated. Regarding sample
preparation, the experiment conducted on quick clay proved that it actually is possible to
build easily disturbed quick clay specimens cut from field block samples into the chamber.
Only a very moderate disturbance of the quick clay properties could be detected. The lab
results illustrates that the regular classification charts cannot be used for detecting thin weak
layers, as they only regard measurements at specific depths or time instances. It is apparent
that during transitions the relative changes of the measured parameters must be taken into
account.

This study suggests that tip resistance is the most prominent parameter in detection of thin
clay layers in sand, while pore pressure readings provide a good support for the findings.
Three elements have been identified to influence the thin layering effect the most, these are:
the CPTU probe diameter; the intermediate layer’s thickness; and the contrast in soil strength,
or more specifically, the contrast in the materials’ characteristic tip resistance. Regarding
quick clay it is confirmed that such sensitive clays require considerable awareness, precision,
and careful execution when thin layers are built from clay sampled by a block sampler at
depths in the field.



Sammendrag

Skred langs kystomradene i Norge forekommer og utgjgr stadig en risiko for samfunnet og
generell infrastruktur. Studier av tidligere skred har vist at mellomliggende tynne leirelag i
breelv- og elveavsetninger ofte fungerer som glideplan, ogsa kalt svake lag, for disse skredene.
Dessverre er pavisning av slike tynne lag (dvs. <20 cm) utfordrende med alle konvensjonelle
geotekniske feltundersgkelsesmetoder. Dette gjelder ogsa trykksonderinger som generelt er
ansett som bade palitelig og presis.

De siste to arene har det pagatt et forskningsprogram i det geotekniske laboratoriet ved NTNU
i Trondheim. Hensikten ved arbeidet er a identifisere muligheter og begrensninger i pavisning
av tynne leirelag avsatt i sand, og bestemmelse av de tynne lagenes egenskaper ut fra
trykksondering. I denne masteroppgaven har hovedfokuset veert a videreutvikle de fysiske
modelltestene, gjennomfgre et omfattende forsgksprogram og a samle inn data for pafglgende
tolkning.

Testene ble gjennomfgrt i en betong-kum (diameter: 1,2 m, hgyde: 1,5 m) med mulighet for
regulering av vertikal pasatt last og regulerbart grunnvannsspeil. Gjennom fire eksperimenter
har horisontale leirelag blitt bygget inn i middels tett sand, hvor ulike kombinasjoner av
lagtykkelser (2-12 cm) og leiremateriale er blitt benyttet, henholdsvis keramikkleire og
kvikkleire. Trykksonderingene ble utfgrt ved a benytte bdade en standard piezocone-
penetrometer (10 cm?2) og en mini-piezocone-penetrometer (5 cm?), som registrerte
spissmotstand, sidefriksjon og poretrykk.

Resultatene viser at CPTU-responsen i tynne leirelag er pavirket av den omkringliggende
sanden, og at 8-12 cm tykke leirelag kan identifiseres ved hjelp av det konvensjonelle CPTU-
verktgyet som normalt brukes i bransjen. Den malte spissmotstanden i tynne leirelag gir
hgyere verdier enn materialets karakteristiske spissmotstand, grunnet at bruddmekanismen
rundt spissen av sonden pavirkes av naerliggende sterkere lag. Dette innebzerer at estimeringer
av skjeerstyrken basert pa CPTU-data vil overvurdere styrken til svake tynne lag.

Hva angar den lagvise oppbyggingen i kummen viste forsgket pa kvikkleire at det er mulig a
bygge kumprgver med prgvestykker av kvikkleire inn i sand. Det ble imidlertid malt noe
prgveforstyrrelse i kvikkleiren, som dermed hadde endret egenskapene sine noe under
forsgket. Prgveforstyrrelsene var imidlertid mindre enn ventet. Laboratorieresultatene viser
at de vanlige klassifiseringsdiagrammene ikke fungerer sarlig godt for a identifisere tynne
lag. For overganger og tynne lag ma man betrakte relativ endring av malte parametere.

Denne studien antyder at spissmotstand er den mest fremtredende parameteren i pavisning
av tynne leirelag i sand, mens poretrykkavlesninger vil kunne stgtte opp om tolkningene. Det
er identifisert tre elementer som pavirker tynnlagseffekten i stgrst grad: geometrien pa
konusen og sonden; tykkelsen av det mellomliggende laget; og kontrasten i styrke, eller mer
spesifikt, kontrasten i materialenes karakteristiske spissmotstander. Nar det gjelder de
fysiske modelltestene, var det tydelig at kvikkleire er svaert sarbart for pavirkning. Bruken av
kvikkleire krever derfor god planlegging, forsiktighet og ngye utfgrelse.

11



Forewords

This master’s thesis in geotechnical engineering, TBA4900, includes documentation on physical
large-scale model testing aimed at simulating ground conditions found in the field. More specifically,
soundings in thin layers of clay embedded in sand deposits have been emulated in the pursuit of the
research question: How to identify thin layers of clay embedded in sand deposits, and furthermore
assess soil properties based on readings in said deposits. The workload for experiments 0, 1a, 2 and
3, has been respectively around 55, 130, 140 and 275 hours, with an additional 60-90 hours for
experiment 0 in project thesis. Moreover, administrative work, the succeeding data treatment,
literature review and writing constituted ca. 520 hours. All hours are excluding breaks.

The experiments have been performed at the Norwegian University of Technology and Science,
NTNU, and is a continuation of previous work by Hallvard Berner Hammer (2020). The advisor of
this master’s thesis has been Steinar Nordal, professor in geotechnics at NTNU, and the co-advisor
was Hallvard Berner Hammer, former student and research assistant at NTNU, now working at
Dr.techn. Olav Olsen.

The research program has involved several people which all deserve acknowledgement for their
contributions. Espen Andersen and Karl-Ivar Kvisvik have been some of the closest assistants in
the physical works, and have assisted with practical work, such as setting up the experimental
system, adjusting the model chamber, perform soundings, provide materials and equipment, and
extracting natural clay. The staff engineers Frank Stghli and Tage Westrum have also been very
helpful and made specially customized equipment for the physical model facility with an amazing
precision and skilled craftmanship. Senior engineer Per Asbjgrn @stensen have made all the
programs related to the actuator and the pressure reading devices and has furthermore developed
the calibration equipment. I want to thank research assistants Maja Morawska and John Lau for
helping med out with some lab procedures and for generally encouraging my work. Further, I
would like to thank Jean-Sébastien L’Heureux for allocating time to counsel in group meetings and
showing general interest in the project. The head of service group at Geomil, Jody Jansen deserves
many thanks for lending equipment for the research program and for all the technical aid. I want
to thank my girlfriend Johanne Eggum for keeping me with company in the otherwise solitude at
the lab, and for aiding me in general, improving my written works, help me with some difficult lab
procedures and generally supporting me. I also want to thank my advisor Steinar Nordal for
always being enthusiastic, full of ideas and very understanding in all of his counselling. I am very
grateful for the extensive efforts done by previous participant Hallvard B.H. for his sacrificed spare
time which he has spent teaching me about the project and collaborating with me inside and
outside the lab. His genuine interest in the project has been very encouraging.

Trondheim, 02.07.2021

Signature

Hallvard Skrede %ﬂ% Z % i

III



As this thesis in TBA4900 (constituting 30 ECTS) builds on the project thesis (TBA4510,
constituting 7,5 ECTS), it is of importance for the institute that the content which is in part, or
completely self-plagiarism, is clarified, as to make the sensor aware. With this regard, some
paragraphs are partially self-plagiarism in this thesis, but mostly the previous work is edited
and developed. Some of the perhaps least edited chapters are:

Ch.2.1
Ch.2.1.2
Ch. 2.3
Ch.2.3.1.3
Ch. 2.3.2
Ch.2.3.3

Spread fractions of chapter 4
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1 Introduction

1.1 Background

Analyses of past landslides along the coast of Norway have shown that thin clay layers in
sandy shoreline deposits often act as a glide plane (L’'Heureux et al. 2010, p.1). The thicknesses
(i.e., < 20 cm) may be so thin that the layers may not manifest themselves for conventional
geotechnical field investigations. Even for high quality survey techniques alike the CPTU-test
struggle to detect such layers and the issue consequently remains a topic of research. An
example of a recent landslide that caused fatalities with these characteristics, is the
Finneidfjord landslide, which occurred in 1996 (Longva et al. 2003).

In the northern hemisphere there are many historic estuary deposits located above the
modern sea level. They originate from the previous glacial period and the succeeding glacial
retreat, and have since then been subjected to post-glacial rebound. The geomorphological
processes which have taken place in these estuaries are mainly of glacio-marine and glacio-
fluvial character. The sediments in such deposition environments consist of all soil separates,
interbedded in inclined sheets. Among the deposited layers saline marine clay layers may
build-up, which when subjected to leaching will increase its sensitivity and may over time
transform into a quick clay. Such layers are characterized as soft and brittle, and pose a serious
safety hazard, especially for areas subjected to anthropogenic activities, which might incite
landslides (L’'Herueux et al. 2012). In an article published in 2010, L'Heureux et al. presented
some back-analyses of slope failures in the bay of Trondheim, see Figure 1.1. They used a limit
equilibrium slope stability model to validate the interpretation of the assumed failure
mechanism, and their results implied that the hypothesis was conforming, yet the causes and
the development of landslides remained a topic of discussion. On the basis of the presented
information, the detection of such clay layers is consequently of high importance.

A B Critical surface
25 25
£
- 0 0
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50 T T T T 50 T T T
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0 o -90
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= R N ———
................... _130
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+ -150
I 1 I
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Figure 1.1. Back-analyses of slope failures in the Bay of Trondheim, based on a limit equilibrium slope stability
model. Solid lines show previous boundaries, while the thin dotted lines show landslide scars.
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In geotechnical field investigations, the use of CPTU is essential in the determination of soil
layering profile and of the soil properties associated the layers. A brief and concise summary
on the application of the CPTU was provided by Mayne (2005):

In-situ and laboratory testing provide complementary data for the site characterization
of geomaterials. Reference values are provided by the lab measurements, but require high-
quality sampling and are obtained only at discrete points at high cost. The in-situ data are
collected quickly and continuously, but need calibration for interpretation. - Mayne (2005)

Obviously/Naturally, the CPTU is an important tool for geotechnical designers. However, upon
sounding through layer transitions, CPTU-readings are obscured, neither reflecting the soil
properties of the upper- nor lower laying layers. The obscurity aggravates for thin
interbedded layers, where the characteristic values of the interbedded layer may never be
approached.

This is the background of the ongoing research program at NTNU, where a large-scale model
testing facility has been set up to investigate the possibilities and limitations of the CPTU-
method related detection of thin layers of clay in sand deposits, and associated determination
of soil properties. The testing chamber of ca. 1,5 meter height consist of manhole rings og 1,2
meter in diameter. It can be defined as a semi-calibration chamber, as the chamber sample
can be pressurized vertically from the top of the sample.

The master’s thesis work has involved further development of the testing facility, and data
acquisition by conducting experiments. The latest advancement of the research program
involved replacement of the pottery clay by natural sensitive clay samples from the research
site at Tiller-Flotten. Tiller-Flotten is one of five Norwegian Geo-Test Sites (NGTS) and a acts
a benchmark for quick-clay deposits, rendering it possible to compare and correlate data from
the lab-experiment and already acquired high-quality data.
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1.2 Objectives

The objectives associated to the master’s thesis were as follows:

1)
2)
3)

a)

4)

5)

6)

Refine chamber sample construction with respect to sample quality and workload.
Produce data which can be further used in assessment of the thin layering effect.

Attempt to use quick clay in a chamber sample, as to progress the research program
towards emulating as realistic conditions as possible.

Assess soundings and supplementary laboratory test results with respect to reference
site.

Utilize different combinations of chamber sample settings, as to investigate the
opportunities associated the current experiments. This includes testing chamber
samples with variations of stress levels and preparing chamber samples with various
material arrangements, that being differently compacted sands, pottery- and natural
clay and using different clay layer thicknesses.

Utilize another sized piezocone penetrometer, to assess the scaling effect or “the scale
ratio factor”.

Look upon assumptions and limitations associated the chamber experiments:
i) Assess stress situation in chamber with respect to the silo effect.

ii) Identify possibilities and limitations in detection of thin clay layers in sand and
determination of the layers’ associated soil properties using the CPTU-tool.
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1.3 Structure of thesis

The literature in this thesis is partly divided in two. Firstly, the theoretical framework
regarding the nature of the experiments is presented in ch. 2. The following chapter, ch. 3,
gives a description of the natural clay utilized in the experiments.

The theoretical frameworks review the sounding method and its application, weighting the
possible parametrizations used in CPTU-assessment. Furthermore, some elements which may
influence the experimental CPTU-readings are looked upon. The second part of the literature
contains a general summarize of the conditions at the sample extraction site with associated
data acquisition. In addition, this chapter will to some extent regard the implicit effects of
using quick clay samples in the model chamber.

As the majority of this thesis revolves around laboratory works and further development of
the experiments, the methodology regarding the experiments is quite comprehensive and
shown in entirety in the main text, see ch. 4. The experimental results are also shown in its
entirety in the main text as these results namely were the main part of the thesis, see ch. 5.
The results are discussed in ch. 6. Some conclusions and recommendations for further work
are given in the last chapter, ch. 7. In the Appendices some complementary information is
presented, which might give a further insight in the works or the results.

Regarding the structure of citation, a Reference list is included, while no bibliography is
included. Secondary sources are specified, and not included in the reference list. If secondary
sources are of interest, it is referred to the reference list of the primary source. None of the
figures include references in the text, not as to discredit any creators, but rather to enhance
readability. Instead, references are given in the Figure list found at the end of the thesis. The
same applies for some of the presented tables, see Table list.

1.4 Definition of terms

To be concise, the sample elements have been quite descriptively labelled, and a reference
system for the chamber is presented in ch. 4.2.1.

The term the research program at NTNU describes all of the work related to the masters’
theses on the large scale model testing. l.e., inclusive literature studies, interpretation works
and development or refinement of new data treatment methodologies. In lack of a better
phrasing, the term the encompassing experiments at NTNU, or simply, the encompassing
experiments, is used to describe the collection of experiments: from Hammer’s thesis work
(2020); the project- and master’s thesis work this academic year (2020-2021); and possibly,
future experiments on the subject.

The experiment from the project thesis is labelled as “experiment 0”, as to differentiate from
the experiments in the master’s thesis, which are labelled “experiment 1a, 2 and 3”. All of these
four experiments are labelled the current experiments. The specific notation “1a” will be
explained in ch. 4.2.3.2.2. Hammer (2020) labelled his experiments as case A and B. In this
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thesis, these letters will be replaced by numbers, to be more concise. Typically, the notation
in the graphs will have an initial index for the reviewed experiments, abbreviated to: EO, Ela,
E2 and E3; and HBH1 and HBHZ2. For future experiments, it is recommended that the notations
of the current experiments are changed to HSO, etc. The samples built into the chamber will
be labelled as chamber samples.

Whenever a “primary” parameter is followed by a parenthesis in the text, it means that it is a
function of what is inside the parenthesis. The mentioned secondary parameters may be an
excerpt, or all secondary parameters are included. An example is y(ps, n), which mean that y
relies on both pg and n. If a parameter is related to another, by unknown or not mentioned
expressions, the notation is typically pp;im~Psec, DOt to be mistaken as “proportional to”, as
used in some literature.

1.5 The current experiments

The current experiments are divided in four:

¢ The first experiment, experiment 0, was meant to give familiarity with the study and the
experiment procedures. Moreover, the experiment was meant to replicate the last
experiment by Hammer, as to check the conformity between the new set-up in the new
laboratory with the old set-up.

o This experiment was followed by a load-test with the load application framework.
o Excavation was first commenced after the project thesis was delivered.

¢ The succeeding experiment, 13, included soundings respectively in sand exclusively, and
in a very thick layer of clay. The motivation was two-folded: To test a new build-in
procedure for sand, and to describe each of the materials separately, as to obtain a better
reference for comparisons in data treatment.

o In this test the imposed load was higher during soundings.

+ In experiment 2, different stress levels were tested for equal layering profiles, with
primary and secondary soundings performed in a combination which enabled better
assessment of secondary soundings. New and old layer thicknesses were utilized.

+ In experiment 3, the pottery clay was replaced by quick clay extracted from the Flotten
research site. Moreover, the imposed load on the chamber sample was high. The three
previous experiments can be regarded as preliminary to experiment 3.

o This experiment gave the project a new dimension: Enabling comparison between
experimental results up against various field- and laboratory results associated the
sample material.

o Anew probe was utilized.

= Layer thicknesses sounded by this probe were normalized with respect to its
diameter.
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1.6 Limitations

The limitations regarding the nature of the experiments are elaborated in ch. 4.4. A summarize
of the most important limitations, both methodological and conceptual ones are listed below:

¢ The chamber samples utilized to describe the thin layering phenomenon do not reflect
the structure of natural deposits.

(@)

The transitions are very sharp, and each layer are relatively homogeneous
compared to natural deposits, considering grain size distribution and other soil
properties.

The sensitivity of the pottery clay is extremely low as compared to most Norwegian
natural clays.

¢ The desired sample structure is not obtained perfectly:

O

The desired chamber sample should consist of homogeneous sand, this is not the
case.

There remain some uncertainties regarding the natural clay samples’ properties
during soundings.

¢ Regarding stress level in the chamber:

O

Due to sensitivity drifting of the pressure cell readings, the presented stress states
for each chamber sample cannot be stated as certain.

The horizontal stresses working on the chamber walls remains generally uncertain,
as the vertical pressure cell drifted excessively.

+ There are multiple factors affecting the soundings, yet these are never corrected:

The soundings are performed in proximity of each other.
They are affected by the chamber boundary conditions.

They are performed with reduced penetration rate as compared to branch practice.
(Marginal effect)

Page 6 of 168



Generally, it has been attempted to present a complete examination of the laboratory
experiments and results, but due to the disproportionality associated with the labour
disposition, the are some shortcomings to the written master’s thesis:

*

E.g., there are a lot of details from the methodology that are not described (however,
many of these may be excessive to most readers).

Only an excerpt of the most important results is shown, and some desired treated data
results regarding the thin layering assessment is lacking.

o Le., some details may be missing, and the results could have been further
processed, in the pursuit of more and possibly new knowledge about the
phenomenon.

The background data from Flotten used in the assessment of both sample quality and
CPTU-parametrizations, are not presented in entirety. And the assessment or
comparison is rather coarse.

The disproportionality stem from:

L 4

The laboursome experiments with their meticulous progressions (in the pursuit of as
good results as possible).

o Finalized 11t of May.

The large effort laid in the parametrization of CPTU-results, also demanding
interpretation work on the data from Flotten.

Lastly, excessive literature study (which was driven by the pursuit of better
understanding of elements associated with the experiments, and the pursuit of higher
academic integrity of the thesis).

Despite the shortcomings, the outcome of the thesis laboratory work is fortunately good. The
work has been performed thoroughly, with emphasizes on making it verifiable and
systematized, so it should be easier for e.g., succeeding participants of the research program
to gain further output from the results.
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2 Theoretical framework

The work in this master’s thesis is primarily consisting of building chamber samples,
performing soundings, and treating the produced data. It is therefore of interest to present in
detail which formulas and relations that have been utilized, as to make the work more
verifiable. This may appear excessive, but it describes the level of detail at which the
computations have been made, and thus, how accurate the presented treated data results are.
A well elaborated theory may also be of interest to future master students continuing the
project associated with the current experiments at NTNU.

2.1 The sounding equipment

This chapter is presenting some preliminary theory of cone penetration testing, concerning
terminology and relations, which moreover is the foundation for the data treatment of lab
results.

The cone penetration test, CPT, is designed to find layering profile, identify soil types and
estimate associated mechanical properties in the different soil layers. It is among the most
reliable field investigation methods in use, and may be the most accurate method of sounding,
as measurements are made at the probe and data is not disturbed by side friction acting on
the rods (NTNU Geoteknikk, IBM, 2017). There exist many versions of the sounding method,
the most basic edition has a probe consisting of a friction sleeve and a solid coned tip. The
probe is referred to as a cone penetrometer and sometimes the test itself, CPT, is referred to
as a cone penetrometer test. The cone penetrometer is placed at the end of a series of rods
which are pressed into the soil at a constant speed of 20 + 5mm/s according to standards
(CEN, 2012). Measurements are made of stresses acting on the cone, q;, and stresses acting on
the frictions sleeve, f, at the probe, with pressure cells. The test has been refined since it was
first developed, and many variants of the test have later been invented with supplementary
tools that measure e.g., pore pressure, inclination of probe, seismic waves (compression and
shear waves), resistivity/conductivity, temperature and many other supplementary
measurement methods which are less common (‘Cone penetration test’, 2020).

Cone penetration testing with pore pressure measurements have different kinds of
abbreviations and associated denotations, but they all represent the very same equipment and
method. E.g., CPTu is short for cone penetration test with pore pressure measurement (Lunne
et al,, 1997, p. 1), where the u denotes the pore pressure that is measured, CPTU is short for
cone penetration test undrained (Solberg, 2019), or PCPT which is short for piezocone
penetration test (Lunne et al,, 1997, p. 1). A probe with a pore pressure sensor installed is
called piezocone penetrometer. The pore pressure sensor can be placed at 3 standard locations
where the measured pore pressure, u;, at each location has its own notation: at the cone tip, u;,
behind the cone, u,, or behind the friction sleeve, us, see Figure 2.1. Multiple locations are also
possible, but this would be for rather niche purposes. The recommendation of placement of
the filter according to international standard (CEN, 2012) is behind the cone u,. The most
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broadly used composition of tools as of today is CPTU with pore pressure filter at u,,
inclinometer and potentially a temperature sensor.

ey

Us

Pore pressure
filter location
Friction | Cone

sleeve [ penetrometer

Cone

Figure 2.1. Sketch of piezocone penetrometer with different possible locations of pore pressure sensors/-filters.

Today there exist probes which transmits data made with either acoustic or electrical signals
(through interior cable). For the wireless solution, audio signals are sent through the rods and
are recorded at the drilling rig where the results are recorded by a microphone, and stored on
a PC. Another alternative is to record and save readings on a back-up logger if it is installed.
The logger stores the raw data, meanwhile data transmitted to the computer at the rig
typically is treated before it is saved. This point is quite essential for the experiments
performed in this research project, as some data-treatment algorithms interpolate points in a
manner which may misrepresent the results to some extent. Thus, for the topic of the thin
layering effect this aspect is of importance, reference is made to ch. 4.3.
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2.1.1 Equipment geometry

In accordance with international standard (CEN, 2012) the 1000 mm? piezocone
penetrometer components shall have dimensions according to following rules:

Cross-section diameter of:

Cone d. =357+ 0,4 mm

Friction sleeve ds,,..,. = dc with a tolerance of 0 to +0,35 mm

Filter at position u, Af 1oove — 02 < dfitter = dy, < dy, ,simultaneously as
d.<dy,,<d.+0,2

Pushing rods dyoqs = d., for the at least 400 mm measured from the

base of the cone

Cross-section area of:

Cone A, = 1000 mm?

Friction sleeve Ac < Ay, < Ac+ 21 mm?

Length or height of:

Friction sleeve 132,5 < I, < 135 mm

Cylindrical part of cone 24+ 0mm < h, + h, < 31,2+ 5mm

Outer surface area of:

Friction sleeve Agleeve = Ag = 15000 mm?

The cone angles shall be 60°.

Dimensions of the cone and the friction sleeve are shown in Figure 2.2 as illustrated in the
standard, where 1 and 2 denotes limitations of cone geometry respectively for worn cones
and fabric new cones.

®353=04d =036 ~

s = Al

~~
=y
(]

L
v

60° +5°

135

VI

=

/

=24
31,2
N
=
1325

<

\
1
vV

I/S

60° £5°7

Figure 2.2. Geometry of cone (left) and friction sleeve (right).
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Regarding other versions of probes, A, # 1000 mm?, the geometry of the cone should be
adjusted proportionally to the diameter. For other parts, as e.g., push rods and friction sleeve,
the adjustment should preferably have the same proportionality, with some varying
requirements of maximum allowed deviation (CEN, 2012). It is emphasized that the usage of
cones with 4, # 1000 mm? should always be stated.

2.1.1.1 Other specifications

According to the standard the penetration rate, v, shall be set to 20mm/s + 5 mm/s. Changes
in speed gives different reference levels for the S, as this parameter depends on the strain
rate. The topic of rate effects is elaborated in sub-ch. 2.2.

2.1.1.2 Uncertainties

The standard (CEN, 2012) mentions several sources of error or uncertainty: Temperature
effects, poor or lacking saturation, zero-/sensitivity shift, deviation of geometry, etc. Lunne et
al. (1997, p. 124) could tell that, in general, different probe sizes had little effect on measured
stresses, as long as they are corrected, as will be explained in the following sub-chapter.

2.1.2 Formulas and physical relations

The formulas and physical relations regarding CPTU-parameters are presented in this sub-
chapter. The side friction, f;, is the product of the total force acting on the friction sleeve, F;,
divided by the surface area of the friction sleeve, As, eq. {2.1}. The cone resistance, q., is a result
of the total force acting on the cone, Q., divided by the cross-section area at the base of the cone,
A., eq. {2.2} 1. Something that should be reckoned is that the measurements are done over
some vertical length for each component, thus the results are the average of forces acting on
the components’ lengths. This may not be a drawback regarding sounding in thick layers of
homogenous soil, but for transitions between materials this influences the results. Sounding
readings provide f;, q., and u; directly, still, nonetheless, eq. {2.1} and {2.2} were included as
they tell something about the principles of the sounding method.
Qc

£ A_s {2.1} q. = A_C {2.2}
The parameters f; and q. can be furthermore refined, where factors which affect the
measurements and give “untrue” results are considered. E.g., to find the total stresses that the
soil acts on the cone, the water pressure that acts on the cone on its backside, specifically in
the gap between the cone and friction sleeve, must be subtracted. This is done in eq. {2.3},
where a denotes the unequal area ratio and q; is the corrected total cone resistance. Henceforth
the term g, is for simplification denoted cone resistance, as this is the parameter of interest
instead of q.. It should be noted that the mentioned “a” only is used in eq. {2.3}, and any other
expressions containing a, is regarding attraction. The mentioned effect is typically little for
small-to-mediate pore pressures. To correct the side friction in an equivalent manner a second

1 - The resulting force includes the subtracting factor of water pressure behind the cone as elaborated related gq;.
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pore pressure sensor must be installed behind the friction sleeve at position u;. The advantage
of having corrected measurements is obviously that the values are of correct magnitude, but
another important fact is that the results now should be quite similar independent of what
cone penetrometer is used (Lunne et al,, 1997, ch. 3). A further note is that the side friction is
often regarded as less reliable because of the sleeve’s geometry with its implicit averaging
effect, its dependency on placement, and lastly, its dependency on the geometry of the cone
and the filter ahead of it (NTNU Geoteknikk, IBM, 2017; Lunne et. al. 1997). Thus, as the tip
resistance is the most reliable and descriptive parameter, the standards recommendation to
use u, becomes obvious, as this provides the opportunity to correct q., which in addition gives
comparable results. A downside of using u, which Lunne et al. (1997, ch. 5.1.4) mentioned,
was that transitions from one layer to another was less clear if the pore pressure sensor was
placed behind the cone, u,, as compared to at the tip, u;.

4G =q.+ (1 —a) u, {2.3}
2.1.2.1 Stress situation

The stress situation in the soil is pertinent upon assessing CPTU-soundings. The force needed
to push the probe becomes greater with greater stress level in the soil. To achieve a more
coherent reference level upon assessing soil characterisation, the cone resistance can be
normalized with respect to the total overburden stress, a,,, giving the net cone resistance, q,, or
Qnet, See eq. {2.6}. The estimation of o, in eq. {2.4} is based on the unit weight, y, which
typically is averaged for either sections or the entirety of depth profiles. In this thesis some
simplifications are made, e.g., the weight contribution from the clay and the sand is assumed
equal. Ys4nq is for each test based on eq. {2.5}, where the saturation, S, is assumed 100%
regardless of groundwater table, as it is typically close to the surface during the tests. The
comprising parameters the dry unit weight, y4, and the porosity, n, is found during each
excavation.

o, =Y-Z {2.4} Y=Yat+n-vw-Sr {2.5}
n = 4 — Oy {2.6}

Further, for depths greater than the groundwater table, z > z,, the effective stresses, d;, are
of interest. g; are independent of stress plane evaluated and are given by eq. {2.7}. The ground
water pore pressure, U, is for hydrostatical conditions given by eq. {2.8}. At some locations
there may also be a difference in energy potential in the groundwater, i.e., the water has a
gradient, i. This condition is typically found in for example uneven terrain. If there is a
gradient, it can be approximately constant with depth, or otherwise varying. For gradients
that are constant with depth, the first line of equation in {2.9} describe u,. Meanwhile, for i
varying with depth, the formulation is expanded to include the succeeding lines of equations
for each time the gradient, i;, changes. The notation z,, equals the water table, meanwhile
consecutive z,, ; denotes depth of change for gradient. The concept is visualized in Figure 2.3.
The assessment of field soundings in the appendix is based upon u, from eq. {2.5}.

o'l.’ = 0; — Uy {27} Uy = VYw (Z - Zw) {28}
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Yw- (1 il)(z - Zw)’ Z 2 Zy

uO(Z) = Yw - ((1 + iz)(z - ZW,Z) + (1 + il)(ZW,Z - Zw)) ) z 2 Zy,2 {29}
- Z27Zy3
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Figure 2.3. Visualizing an arbitrary pore pressure distribution.

The last parameter describing the stress situation is the effective lateral stress, oy, which is
typically expressed proportional to the vertical stress, g,,, where the ratio between them is
defined by the earth pressure coefficient, K', eq. {2.10}. This ratio is depending mainly on
stress history, and chemical- and structural composition (Lindgard & Ofstad, 2017, p. 34,
Lefebvre et al. 1991, p.1). The ratio can be approximately constant with depth for normally
consolidated soils, meanwhile it is typically varying with depth for overconsolidated soils. The
natural clay utilized in this thesis work, originating from Tiller-Flotten, possess the latter
property, as illustrated in the extensive site characterization made by L’'Heureux et al. (2019).
The lateral earth pressure coefficient will be further reviewed in ch. 2.4.1.4.

o, =K' -0, {2.10}

A remark regarding the stress situation is that calculations are based on horizontal layers of
homogenous masses and an even terrain surface. The overburden solutions presented are
thereby neglecting any stress dissipation with depth due to frictional interaction with e.g.,
bedrock, different inclined soils, walls or otherwise imposed stress anisotropy etc. Both the
sub-chapter 2.4.1 and sub-ch. 6.2.
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2.1.2.2 Water pressure

The penetration process may increase the pressure in the water that surrounds the probe
depending on the permeability of the medium that is sounded. This increase in pressure is
denoted as the excess pore pressure, Au,, and it is estimated by eq. {2.11} which in turn is based
on eq. {2.8}. For highly permeable soils as for example loose sand, the medium will act drained
and no or little, extra pressure is induced in the water. Pore pressure measurements, u;, in
such mediums give the actual ground water pressure, u, (with associated equipment
accuracy). On the other hand, for low-permeable soils such as silts, clays and dense sands, the
water pressure increases significantly as the water cannot dissipate through the pores fast
enough to escape its host-medium before it is penetrated. These soils are described as
undrained, and how “undrained” these materials acts are depending on their permeability and
the rate at which deformation is imposed. For intermediate permeable soils such as silts and
dense sands the response in water pressure induced by sounding is dependent on the choice
of penetration speed (Lunne et al. 1997, ch. 5.8.3). For dilating silt, the pore pressure may be
reduced beyond u, during penetration, i.e., Au, < 0. For idealized fully undrained materials,
no volume change is undergone upon applied stress, due to the incompressibility of water
(Nordal, 2020, p. 84). In Figure 2.4 some of the presented relations are illustrated, note that
Au, is written as Aut and u, as ur.

Au = Auy, = Uy — Uy = Alpycess {2.11}
Cone resistance, g Pore pressure, u a \CPT—net. An=Qc-P
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Figure 2.4. CPTU-profile with associated parameters and relations, including interpretation of attraction ©.

2.1.2.3 Other normalized relations

Several dimensionless measures have been suggested to characterize the soil stratigraphy
with CPTU-parameters. Such measures are the pore pressure ratio, B,, the normalized tip
resistance, Q., and the normalized friction ratio, F,, which all are shown with their formulas in
eq. {2.12}, {2.13} and {2.14}. The latter is also sometimes referred to as the net friction ratio,
Ry The measures are normalized, which means they are intended to eliminate the effect of
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the in-situ stress level on the measured parameters. Consequently, these operations require
acquisition of supplementary field data, e.g., measurements of u, with piezometer and
estimation of the vertical stress by weighting soil samples. These parameters can also be
approximated using experience data from other sites or tables found in literature, though this
would only give approximate results. With the normalized parameters calculated, it only
remains to insert them in charts which are supposed to automatically, and roughly, identify
soil type and behaviour, e.g., Robertson diagrams (1990), see Figure 2.5.

U, — U Au
S f:s 2 0 2
F=—="—:100% = = 100% = R, {2.12} B, = = {2.13}
4t — Oy, dn At — Oyo  Qn
_ 4t — Oy, _ an
Q=— = {2.14}
o v,0 o v,0
1000 — 1000~ T T T T T T I
E Gvo m :
VA
100 100 -
Q a F ]
t - .
- Increasing
10 lgég?gg‘ 10 OcR
- - 3
ki) B NS/
1 12
1 ) L 1 . |
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F, (%) Bq
Gy~ Ow ) _ fy o,
a=g, BF a0, Fi=g=g, x100%
1. Sensil?va. I}ne grained; 4. Silt mixtures clayey silt to silty clay 7. Gravelly sand to sand;
2. Organic soils-peals; 5. Sand mixtures; silty sand to sand silty 8. Very stiff sand to clayey sand
3. Clays-clay to silty clay; 6. Sands: clean sands to silty sands 9. Very stiff fine grained

Figure 2.5. Robertson-diagrams with associated categories of materials.

Considering that during a sounding, the soil is pushed sideways around the tip, and in addition, there
is a confining pressure working on the friction sleeve, it would be of natural interest to include the
horizontal stress in the normalization assessment. However, oy, , is per now not considered, due to
the technical difficulties in obtaining this information (Lunne et al. 1997). The latter assertion should
still be up to date, 24 years later, with reference to the thesis of Lindgard & Ofstad (2017) in which
the topic of K'/ay,  were thoroughly investigated. They acquired both field- and laboratory data
from the research site Flotten (see ch. 3.1), but experienced large scattering, also when applying
correlation methods.

Houlsby & Hitchman (1988) found that for CPT-tests in calibration chambers filled with sand, “the
tip resistance is substantially dependent on density and horizontal stress”. They also implied that g,
was independent of the vertical stress, not taking into consideration that g, was different in each
test they performed. Even though this claim possibly is a bit faulty, an important reflection can be
drawn; g; is more depending on the horizontal stress and the density, than ;. Thus, obtaining
information on oy, and implementing it into the normalization assessment would be of great interest.
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Robertson & Wride (1998) could tell that the normalized tip resistance, Q¢, can be corrected
further, for more precise classification if the terms the effective stress exponent, n, and the
reference pressure, p,, are added as in eq. {2.15}. The regular Q;, from eq. {2.14}, is accordingly
based on a linear stress exponent, i.e,, n = 1. For characterization of sandy soils,n = 0,5 is
recommended, while for clayey soils n = 1. Further instructions are given in the article, where
nis adjusted according to the soil behaviour type index, I, in an iterative procedure (Robertson
& Wride, 1998, p.8/449). If the penetration depth is low, i.e., the stress level is low (50-150
kPa), then the choice of stress exponent is rather insignificant.

Qen = (Z—Z) <£§O>n {2.15)

The Robertson-diagrams (Robertson, 1990) presented on the previous page gives guidance
about which layering the sounding profile may have, but they are not flawless, as they do
not account for the patterns related to the pertinent parameters, specifically transitions
between two or more layers. Last year, Hammer (2020) included a diagram with input from
his experiment, which is shown in Figure 2.6. As can be seen in the plot, the transition from
one material to another is not shown as a sharp turn of values giving the correct materials,
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the most accurate representation of the
sounding profiles,

Figure 2.6. Robertson classification chart (2016-
version) with F. & Q;, with input from experiment
done by Hammer (2020) which is sorted colour-
wise based on depth.

the pore pressure and the side friction should be corrected vertically in the graphs, according
to their relative position compared to the cone. To clarify, while the pore pressure is
geometrically corrected for each data point, the pore pressure reading used for correcting the
tip resistance should be time-wise nearest to the tip resistance-reading, not geometrically.
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2.1.2.4 The NGI-99 approach

The expected tip resistance in sand is reliant on relative density, among other parameters. The
stress state is of importance, and as mentioned, many have correlated g, in sand to the vertical
effective stress, but many researchers have pointed out that indeed, the horizontal- or mean
effective stress would be more correct ((Al-Awkati & Vesi¢, 1972, Vesi¢, 1973, Al-Awkati,
1975; as cited in Vesi¢, 1977, ch.3), Houlsby & Hitchman, 1988, Lunne et al. 1997, p. 83).
However, as already mentioned, the horizontal stress is typically difficult to obtain (Lindgard
& Ofstad, 2017), so Clausen et al. (2005) proposed an empirical correlation between g; and D,
based on gy, given by eq. {2.16}, named the NGI-99 approach. This expression does in a large
degree resemble the equation of Baldi et al. (1986, as cited in Lunne et al. 1997), except that
the different soil constants were altered and atmospheric pressure, o,,, = 100 kPa, was
added in the equation. In the displayed results in ch. 5.1, the constant of 22 in the denominator
is typically replaced by some other value to conform better with the conducted density
samples. From now on, this empirical constant is denoted k; ;, , meanwhile the constant of 0,4

may be denoted k; p_even though this is never changed. The reason to alter the expression

below, is due to e.g., the boundary effects of the chamber, the particular stress distribution in
chamber and influence of other performed soundings in the vicinity.

D, = 04-1In at
29 . (0,’0 . Uatm) {2.16}

v

In addition to previous mentioned effects, Robertson & Campanella (1983b, as cited in Lunne
et al. 1997) pointed out that in addition to g,'s dependence on relative density and effective
stress, the compressibility of the sand altered g; too, showing that different sands yielded
different g,-values given the same o,, , and relative densities. Furthermore, Lunne etal. (1997,
p.- 85) emphasized that g, may not reach its full value within a thin layer of sand, and by such,
correlations revolving q; should be revised with care.

2.2 Rate effects

Due to the encompassing experiments’ nature, it is of interest to obtain the largest possible
numbers of readings per meter penetrated. Considering that the reading frequency of the
equipment cannot be altered, the penetration rate has been set to 15 mm/s, equal to the lower
limit of the standardized range of 15-25 mm/s (CEN, 2012). According to Lunne et al. (1997)
readings laying in the standardized range were deviating little. However, as most
representative results are of interest, the impact of the choice was investigated further.
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Meca (2004) could tell that Casagrande & Willson (1951, as cited in Meca, 2004) suggested a
hypothesis for the cause of the rate effect on S,;, linking it with the excess pore pressure, Au,
generated under undrained loading. He reported that several other researchers had acquired
data which supported this hypothesis (Bjerrum et al. 1958, Crawford, 1959, O'Neill, 1962, as
cited in Meca, 2004). Lunne et al. (1997, p. 47) could tell that in addition to the dominant effect
of pore pressure on rate effects, occurrence of particle crushing, and creep effects alter the
rate effect too.

Lunne et al. (1997, ch. 5.8.3) could further specify that rate effects experienced in clay was
linked with mainly two factors, “dissipation” or “drainage effects”, and viscosity. For low
penetration velocities, v, the failure mechanism would be of a more drained nature. As v is
increased, the water is trapped, i.e., it dissipates slower than the load is imposed, and the
condition can be described as undrained. Due to the water’s incompressibility, the imposed
pressure will be transmitted to the water, reducing the effective stresses between the grains
(NTNU Geoteknikk, IBM, 2018, p.78). This will decrease the medium’s strength, reducing g;.
Upon further increase of v, q; is more and more dominated by viscous forces, exceeding the
reduction of strength experienced by the soil, due to loss of effective stresses. The path of g;
is shown in Figure 2.7.
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Figure 2.7. Rate effect on g, for a lightly overconsolidated varved clay (Bemben and
Myers, 1974, as cited in Lunne et al. 1997). Penetration rate 2 cm/s is marked with red.

In the 70-ties Dayal & Allen (1975) conducted an experimental model test with a CPT (modern
standard 10 cm2-probe), to assess the penetration rates’ effect on measurements of q. and f;.
They filled a barrel with one material type for each test: This included loose- and dense silica-
sand, and remoulded pottery clay with different stiffnesses based on water content. The clay
had following consistency properties: wp = 21%, w;, = 37% = Ip = 16%. Their materials
were thus quite similar to those utilized in this thesis work, and the magnitude of influence
caused by penetration rate is expected to correlate well for the experiments associated this
thesis.

The two found that the measured g, in the pottery clay was proportional to the logarithmic
penetration rate with a proportionality constant they defined as K; - the soil viscosity
coefficient. This coefficient was depending on the soils’ strength, S;, = S, ;- (which again was
depending on the water content), and it was increasing for decreasing shear strength. Their
interpretation was based on measurements at depths greater than the critical depth, which
they defined as z. > 4d. (Sanglerat, 1972, as cited in Dayal & Allen, 1975). More information
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on the critical depth is presented in the ch. 2.3.3. They formulated an expression, which related
an “arbitrary” penetration velocity rate v, with some specific reference value, being the lowest
utilized v, denoted v;. The measured tip resistance q.; at rate v would then relate to g,
(reference measurement at vg), with K; as shown in eq. {2.17}. The same applied for sleeve
friction, but with K; of other magnitudes. Some empirical values of K; obtained in their
experiment is shown in Table 2.1. They considered their results as valid for 0,13 cm/s up to
550 cm/s for q., meanwhile the upper validity limit for f; was 13,9 cm/s as f; suddenly
increased after this, exceeding the logarithmic proportionality found for lower velocities.

ca — 4c - K -1 v
—qc = Ky - 10810 v_s {217}

CAN. GEOTECH. J. VOL. 12, 1975
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Figure 2.8. Relation between “remoulded undrained shear strength” or “viscosity”, and penetration rate.

Table 2.1. Segment of results presented by Dayal & Allen (1975).

Sy [kPa] K.(qc) K. (fs)
9,5 0,25 0,31 < K; <0,38
46 0,21 0,31
51 0,155 0,24
64,8 0,12 0,17 < K; < 0,24
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2.2.1 Impact on the current experiments

2.2.1.1 Rate effects in clay

The weakest sample tested by Dayal & Allen (1975) had w = 43,5% > w, = 37% and S, =
3,4 kPa, with a much higher K; = 1,5. They reasoned that this sample acted “more like a
viscous medium rather than a plastic medium”, hence q; had a greater dependence on the rate
effect (Dayal & Allen, 1975). To repeat, the clay samples they used were already remoulded,
such that S;, for each sample technically was S, .. Knowing all of this, a rough estimate for rate
effects of v can be made for the clays utilized in this thesis experiment, with pottery clay
(Wpe = 25%, Wppe = 20%, wy e = 30%) and quick clay (wye = 40-50%, wp 4. = 20%,
Wy qc = 30-40%):

For the pottery clay with S, ;¢ = 35 kPa, S, rc = 20 kPa, K ,,. would be ca. 0,225. The rate
effect for (v, v5)=(15-,20 mm/s), would then give a reduction of q. ;eq = 2,7%.

Meanwhile, the quick clay has a much greater span for its shear strength, S;, - = 25-50 kPa
and S, » r¢ < 0,5 kPa, not making it entirely clear what K| ;. is. As the sounding may disturb
the material in in front of the probe the experienced tip resistance may become low. Thus, an
interval of rate effect is most pertinent to present. In the most conservative case K; 4, would
be 1,5, meanwhile it would be quite close to 0,2 if little disturbance in advance was
experienced. This would give a range of rate effect on q;, giving a reduction in the range ca.
2,5%-15,7%, probably nearest 2,5%. So, rate effects are negligible for the pottery clay, while
it may have a small impact on the quick clay. The reduction due to rate effects on the side
friction would be in the scale of f; ..q = 4% for both clays.

2.2.1.2 Rate effects in sand and silts

From both the literature of Lunne et al. (1997) and the experiment by Dayal & Allen (1975) it
was concluded that for sand, there is practically no expected rate effect for quite large
differences of v. This is linked with sand being a drained material. The result is that the rate
effect graph for sand is basically linear for all speeds assessed in Figure 2.7. Silts on the other
hand, are regarded as partly drained, something intermediate sand and clay, and thereby
probably have a non-linear rate effect profile for the assessed velocities, but this topic have
not been investigated further in this thesis.

2.2.1.3 Other

The bearing capacity factors (see ch. 2.3.1) are depending on the determined S;,, which from
certain lab tests, e.g., triaxial tests, is obtained by imposing a much slower rate of strain as
compared to the strain rate imposed by CPTU-soundings. This gives correlations through the
bearing capacity factors some uncertainty. Moreover, using probes with other diameters than
10 cm?, v should according to Lunne et al. (1997) ideally be adjusted to account for differences
in time to failure. For the “current experiments” this was not done as the ISO-standard (CEN,
2012), specified v to be 20 + 5 mm/s, not commenting on the use of other probes. As
Vy.=10cm? from previous experiments was already as low as the standard specified, vy _—5cm?

was consequently set to the same.
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2.3 Flow mechanisms

The flow mechanism ahead of the cone is depending on the geometrical design of the probe, and
the materials which are sounded. The second element is explained in ch. 2.3.4, but in short it
mainly concerns the shear strength and stiffness of the soil. The geometrical design of the probe
can be imagined through a thought experiment, if the probe is thinner, then the area of soil
influenced around the advancing cone becomes smaller. If the cone geometry is more acute, then
the probe is in a larger degree dividing the soil instead of pushing it ahead. Thus, a nearly
infinite-small probe would not be influenced, in advance, by changes of sounding medium, as
the lower layers would not be disturbed by the advancing probe. Hence sharp transitions would
be measured according to the resistances of the layers, see ch. 2.3.1.3 and Figure 2.21 for more
information. The effect of the cone geometry on the transition distance, called critical depth (see
ch. 2.3.3) is referred to as the scaling effect, it has been researched by De Beer (1963) and the
relevant theory presented in this, and ch. 2.3.3, is mostly from the retellings of De Beer’s
research, done by Nottingham (1975).

There have been different approaches as of how to theoretically interpret tip-resistance of CPT-
soundings, two main theories are based on different flow mechanisms and are presented in the
two following sub-chapters. Sub-chapter 2.3.1 present theory is about bearing capacity which is
based on either drained or undrained strength, while 2.3.2 present theory on expanding cavity,
based on elastic and plastic response. Combinations of the two may also be utilized. The sketch
below, Figure 2.9 show different approaches of both theories.

Yyvyyvyy ety v rryvyy

(a)
Terzaghi (1943) Oe Bee - (1948} Berezantzev 2t a’
( y
Meyerhof (1951, 1961) (1961)

I

i

|

|
|l
|

|

|

|

S ~J HEE@

Biarez =t al (1961)

Bishaon, Hill & Mott (1945)
Skemoton, Yassin & Gibson (1953)  Hu (1963)

Figure 2.10. Bearing capacity with drained
conditions, according NTH-method .

Figure 2.9. Different theoretical frameworks of
interpretation, showing concepts of bearing
capacity and expanding cavity.
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2.3.1 Bearing capacity

When the penetrometer is pressed into soil, a continuous passive failure in the ground is
created in front of it. An analogy to a static bearing capacity problem can be made, by dividing
this process into several time-frames, see

Figure 2.11 and Figure 2.12. For undrained loading conditions g, would be equal to the

ultimate bearing stress qy;,, expressed in eq. {2.18}. S,, is here the average undrained shear
strength working along the failure surface, while N, is the undrained bearing capacity factor.
N, is depending on r which is described as the ratio of shear stresses transferred between the
wall and the soil, T, relative to the shear strength of the soil, . = S,,. For zero shear interaction
(theoretical), r = 0, meanwhile for 7 = S;, = r = +1 depending on the direction. For a strip
foundation on the surface, the plane-strain bearing capacity factor for completely vertical
load, becomes N, = 2 + m = 5,14, with r = 0, full explanation is presented in compendium
(NTNU Geoteknikk, IBM, 2016, Ch. 7.2).

GQue = N * Sy (2.18)

Further, N, also depends on the horizontal shape, and the term the bearing capacity shape
factor, s, can be introduced as to formulate N, as a function of the shape: N, = N/ - s.. In most
literature, the factor is already incorporated in N.. For footings, that are circular or squared,
N. becomes approximately 6,14 (Mayne, P.W., 2007, p.51).

So far, only foundations on the surface have been considered, upon pushing the foundation
further down, the pushing of soil up on each side is to some extent counteracted by the weight
of the side-laying soil. The magnitude of this counteraction is depending on the degree of
transition and is illustrated in Figure 2.12. This can also be described by a new factor, the
bearing capacity depth factor d., giving N. = N; - s, - d.. This factor tells how far a pile or
foundation is pushed down, relative to its own diameter, D, and how it impacts the bearing
capacity.

Figure 2.11. The classical bearing capacity case, Figure 2.12. Transition from shallow to deep
including the reference pressure, p, that typically is penetration or -foundation.
zero at ground level.
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In the ISO-standard 19905-1 (CEN, 2016, p.148) shallow foundations are thoroughly
evaluated for shallow- and partly shallow failure mechanisms, where they assessed d, or the
width, B, in their case, with the formula B = 1 + 0,2(z/D) < 1,5. As can be seen, z have in this
particular case an upper limit of 2,5B, probably because they reckoned beyond this depth
penetrations are transitioning from inducing shallow failure mechanisms to a deep failure
mechanism. As will be elaborated in ch. 2.3.3 when the critical depth is reached, the failure
mechanism around the pile will become “constant” as the pile is pushed further down. For
deep foundations or -piles, values of N, can be calculated based on cavity expansion (e.g., Vesi¢
1977) or limit plasticity. The ultimate bearing stress can then be denoted as unit end bearing
resistance, q, = q,;¢- The limit plasticity solution is given by eq. {2.19} and for deep circular
or square footings N, = 9,33 (Mayne, 2007, p.58).

qp = Nc* Sy, {2.19)

In addition of basing N, on s,, d., r and S,,, it is also possible to regard the vertical shape of
the foundation or pile that is pushed in the soil. For conical footings, the normal stresses will
be inclined, and in practice t/r will change. Houlsby & Martin (2003) wrote a paper on N,
specifically for conical footings on clay, for depths shallower than 2,5B, enabling comparison
between CPTU-data and theoretical-/numerical bearing capacity solutions, but only for this
limited range (deviance is expected between the theoretical/numerical and empirical data).

For this chapter, it should be emphasized that the regarded S, is the average undrained shear
strength working along the failure surface under the foundation, or pile end. Another remark
is that the bearing capacity approach involves some simplifications in general. E.g., there will
be induced an elastic response outside of the plastified area, which is not accounted for that
may contribute to the ultimate bearing resistance or tip resistance (Houlsby & Hitchman,
1988, p.3). This extra resistance may instead be embedded in the undrained strength that is
measured or predeterminable approximated. As previously mentioned, the cone geometry/-
size and the material properties are the two elements that govern the flow mechanism around
the probe. This have been illustrated in Figure 2.13 which shows a log-spiral flow-mechanism
of a drained bearing capacity problem with increasing flow-size according to the strength of
the soil, and it is moreover shown with the scale factor which will be explained in ch. 2.3.3.

i
25D+ [T
20D+
¢ = 40°
150 + -
/| ¢ b 350
10D
% ¢ = 30°
<7A . ¢ = 250
—;./V

Figure 2.13. Flow mechanism considering log-spiral based bearing capacity for
materials with different friction angles. The scale factor is used as depth reference.
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2.3.1.1 Drained conditions (NTH-method)

In the mid-80s, Senneset & Janbu (1985) synthesized a theoretical plane-strain solution of the
bearing capacity for drained conditions. They further back-calculated values of the drained
bearing capacity factor, N4, on the basis of pile- and plate load tests, to show the correlation
between empirical data and their theory. As drained conditions are considered, the Mohr-
Coulomb criterion govern the maximum allowed shear stress, which is denoted 7 on effective
stress basis. 7, depends on the stress level ¢, or maybe better, the deviatoric stress, e, = 07 —
g3, the attraction, a, and the friction tan (¢") or the friction angle, ¢'. The Mohr-Coulomb
criterion as written by Senneset et al. (1989) is written in {2.20}.

7 = (¢’ + a) - tan(¢")

They formulated the expression in {2.21}, for the tip resistance, or for “the failure load under the
cone”, denoted q;. This formula is based on the previous mentioned criterions and does in
addition regard the idealized plastification angle, 8, which describes the area of plastification
around the cone, as seen illustrated in the upper left corner of Figure 2.14. B can be assumed
based on experience data, shown in

{2.20}

Table 2.2 and in Figure 2.14. Further, N;, which is a function of ¢’and f are theoretically given

by eq. {2.22}, and {2.23},. As ¢' typically is of interest, the previous formulas are used to back-
calculate ¢'(Ng, B) by utilizing the CPTU-data combined with in-situ stress estimations, see eq.

{2.24}. With estimations of N, and 8, ¢’ can be

found by using the graph in Figure 2.14. Typical oo0r = N
intervals of the friction angle for the different soil 004 — W
/ o
types are accompanied along the x-axis. Remark the .l
marked “confidence band” in the graph, this 200f . B 0°
represents experience data from sands and silts, T T B w150
. |, /
meanwhile the interval over clays is extrapolated. gmmfj___; |qf_]_ " -
The band goes from B <0 for dense hard x 50;__"7;‘_'_7._‘.&1_' 77 S /_‘_1
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Figure 2.14. Plane strain drained bearing capacity
solution, accounting for plastification angle £.
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2.3.1.2 Undrained conditions (NTH-method)

For undrained conditions, the ultimate bearing capacity is decreased as a result of the excess
pore pressure, Au,. Senneset & Janbu (1985) formulated eq. {2.25} to account for this excess
pore pressure. Here the denotation of g, and B, are equal to prior, (eq. {2.6} & {2.13}), and
0y, is indexed with 0 as to underline “reference pressure in-situ”. N,(¢’, B) is the same as
before, see eq. {2.22},and {2.24}. Two new terms are added, first is the cone resistance number,
Np,, seen in eq. {2.26}, which together with the relation of B, can substitute terms in {2.25}
creating the new, shorter formula {2.27}. The second introduced term is the theoretical
bearing capacity factor, N,,, which is approximated by equation {2.28}. A theoretical solution
of N, has been developed based on base roughness, r, and ¢’ (Kirkebg, 1986, as cited in
Senneset et al., 1989). Yet, the approximation of N,, fits well in the range ¢’ = 17-35°, covering
the typical ranges of clay and silts, which namely is most pertinent for undrained situations.
Note that N,, in {2.29} (and {2.26}) is quite similar to Q;, eq. {2.14}, the difference being that
attraction is also regarded. Some typical values of N,,, and B, are presented in

Table 2.3.

qn = (N; — 1)(0y,0 + a) — NyAu, {2.25}

N, -1 ,
N,, = T+ VLB, {2.26} qn = Np(0)0 + a) {2.27}
N, =~ 6tan(¢") (1 + tan(¢")) {2.28}

By combining eq. {2.26} and {2.27}, eq. {2.29} is obtained, which enable determination of ¢’,
based on estimations of a4, Uy, a, S, q¢, U,. The two first can be obtained through field
investigations, q;, u,are read from CPTU-data, f may be found using experience data shown
in
Table 2.2, and lastly, the attraction may be found using different methods, as explained on the
next page.
n__ _ N, —1
o,0ta 1+ NyB,

= N (9, 8) (2.29)

Table 2.2. Chart of tentative values of § for different soil types.

Soil type Tentative values of S, [°]
Dense sand, overconsolidated silts, high plastic clays,
. : -20to -10
low-compressible overconsolidated clays
Medium sands and silts, sensitive clays, -5 to 45

high-compressible clays

Loose silts, clayeysilts  +10 to +20
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The attraction can be found by conducting triaxial tests, this may be assumed based on knowledge
of the soil and the use of charts, e.g., Table 2.3, or a last solution is to calculate it following the
method described in the section “Determination of In-Situ Attraction” in the article of Senneset &
Janbu (1985). For the latter method, the obtained apparent attraction is typically much larger
than those typically found by laboratory testing. They stated this possibly was caused by both the
suction in the pore water, and the speed which induces a continuous failure mechanism. This
method is less accurate for inhomogeneous soils and is further obscured by large fluctuations in
q:, but they underlined that it should be correct in theory. A simplification of the concept is shown
in the rightmost profile in Figure 2.4. Table 2.2 and Table 2.3 are both based on correlations
between laboratory work and CPTU-interpretations done at NTH (Prior name of NTNU).

Table 2.3. Soil characteristics chart with typical values of a, ¢', N,, and B,.

Shear Strength Parameters

a (kPa) tan ¢’ ¢ N, B,
Clay
Soft 5-10 0.35-0.45 19-24 1-3 0.8-1.0
Medium 10-20 0.40-0.55 19-29 3-35 0.6-0.8
Stiff 20-50 0.50-0.60 27-31 5-8 0.3-0.6
Silt
Soft 0-5 0.50-0.60 27-31
Medium 5-15 0.55-0.65 20-33 5-30 0-0.4
Suff 15-30 0.60-0.70 31-35
Sand
Loose 0 0.55-0.65 29-33
Medium 10-20 0.60-0.75 31-37 30-100 <0.1
Dense 20-50 0.70-0.90 35-42
Hard, stiff soil,
OC, cemented =>50 0.8-1.0 38-45 100 <0

(Senneset & Janbu, 1985, Senneset el al. 1989)

(a)

1004

=

CONE RESISTANCE NUMBER, N,

0.6

FRICTION tan ¢'
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(b)
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=
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CONE RESISTANCE NUMBER, Ny,

PORE PRESSURE RATIO, Bq

©

CONE RESISTANCE NUMBER, Ny,

1000

g
8

=]

0.0

PORE PRESSURE RATIO, Bq

To summarize the method, the left-hand term in {2.29} is calculated, estimating N,,.
Subsequently, expected/assumed f is chosen, based on Table 2.2 or Figure 2.14. ¢' can then be

Figure 2.15. Interpretation diagrams for different £.

read of the interpretation charts in Figure 2.16 using these values.
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Figure 2.16. Soil classification chart based on g, and B,,.

Senneset etal. (1989) presented a classification chart based on g, and B, see the figure above.
For the particular case where f = 0°, the classical bearing capacity case apply. Mayne wrote
about the NTH-method in (Mayne, 2005, p.14), and presented a chart for ¢’ based on zero
attraction, where he correlated ¢’ with B, the pore pressure ratio and N,, the cone resistance
number, which for a = 0 is equal to Q;, the normalized tip resistance. Using § = 0°and a = 0,
20° < ¢’ < 45°, with a lower limit of B, > 0,1, and, ¢’ could be estimated as below. (Mayne,
2005)

¢’ = 29,5°- BY1?1[0,256 + 0,336 - B, + log(Q,)] {2.30}

Eqn by Robertson & Campanella (1983)\ Bq =0
100 5
5- NM = (qt'o-vo)l(o-vo""a') Fo-gW---

-
o
)

Cone resistance number, N,, [-]

for a' =c'cot¢' = 0:
Nu = Q = (Gt-Gyo)/Oyo'

¢ [°]

Figure 2.17. Effective ¢’ from B, and N,,, using the NTH-method, attraction is set to zero = N,,, = Q;.
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2.3.1.3 In-situ cone bearing factors

Instead of using analytical bearing capacity factors as those presented in the previous sub-
chapters, it has also been broadly practiced to use an empirical in-situ cone factor, Ny, ;, with
different subscripts based on parameter-basis. By simply substituting the analytical N, with
the cone factor based on q,.¢, Ni¢, estimates of S;, can be correlated with CPTU-soundings, see
eq. {2.31}. Due to a large scatter of experienced Ny;-values, the factor has to be calibrated for
each site. Senneset et al. (1989) attributed different factors to this uncertainty, e.g., the
obtained S,, which is used for calibration depends on the test method with its associated strain
rate, reference level of S, (I.e., is the consolidation level equal preconsolidation level or in-situ
stress?), and is further not a unique measure of soil strength. Lunne et al. (1997)
supplemented that sample disturbance and fissures in the soil influenced N,; in addition.
Senneset et al. (1985, 1989) could tell that Ny is generally larger than N, and typically ranges
from 15 to 20 for stiff dilatant OC-clays, 10-15 for NC-clays and 6-10 for soft contractant clay,
e.g., quick clay, or other soils that are generally of brittle character.

n
Nyt
Another cone factor, Ny, was proposed by Senneset et al. in 1982 (as cited in Lunne et al,,
1997) and is based on the “effective cone resistance” q, where u, is subtracted from gq;, see
eq. {2.32}. Lunne et al. (1997, p.67) pointed out that u, typically is quite similar to g; in soft
NC-clays: about 90 %, which makes Ny, (q.) a measure quite sensitive to errors of u,- and q;-
readings. A last theoretical cone factor presented herein is N,,, which is based on cavity
expansion theory, see eq. {2.33}. This cone factor is derived for clays which have experienced
light- or no overconsolidation, and has little conformity for sounding intervals with low or
negative Au,. From eq. {2.32} and {2.33}, the ratio in eq. {2.34} can be deduced.

qt = Nyt - Sy + 0y0 = Sype = {2.31}

e — Uz ({e U, — Uy Aup

S = = =
wke = TN = {2.32} Su,pu Ne. - Np {2.33}

Auz _ NAu _ Su,kt ’ Auz

B =
dn th Su,Au “qn

q

(2.34)

In the article by Karlsrud et al. (1997) the cone factors were correlated with different index-
properties of block-samples at various research sites, mainly being the plasticity index Ip, the
sensitivity, S;, and the overconsolidation ratio OCR. These properties are further elaborated in
ch. 3.3. They mentioned that the plasticity’s significance was to some degree depending on the
sensitivity of the clay, especially for S; < 15, but underlined that the presented relations were
not universal. They provided the empirical relations given in equations {2.35}-{2.40}, where
the unit of I, is given as percent. Among the three cone factors Karlsrud et al. (1997) implied
that Ny, had the best conformity between CPTU-readings and measured S,;, and consequently
should be weighted the most upon evaluation of S, based on the cone factors. As can be
understood from the presented relations, to find S, the cone factor must be known, and vice
versa for the cone factor. This self-reference requires either calibration for every site, or
relying on the approximate empirical relations given by Karlsrud et al. (1997).
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Alastnote in this chapter is that Lunne et al. (1997) could tell that a recognized approximation
of remoulded shear strength S,,- was f;. This means that the sensitivity for a clay could be
approximated directly by the use of CPTU-readings, if S,, is estimated, -or approximated using
a cone factor.

7,8+ 2,5 -1log(OCR) + 0,082 - 85+2,5

Ny (Se < 15) = I {2.35} N (S > 15) = -1og(OCR) {2.36}

Nie(S; < 15) = 11,5 — 9,05 - B, = 2 (237} Ne(S; > 15) = 125-11,0- B, = 2 {2.38}

Npu(S; < 15) = 6,9 — 4,0 - 10g(OCR) + 0,07 - I, {2.39}  Npu(S; > 15) = 98-45 {2.40}
Au( t < )— 7 —a,U - Og( )+ ) *Ip . Au\Pt = -log(OCR) .

2.3.2 Expanding cavity theory

So far, all theory on bearing capacity has been based on limit plasticity solutions, where the
elastic domain is not accounted for. Meanwhile, in expanding cavity theory, the deformation
prior to failure is also included in the calculations, by separating the area around the cone into
plastic and elastic zones, having an elasto-plastic interface. The pile or probe is then said to
displace the soil radially, and the geometry of this influence zone is depending on the cone
geometry and on the medium that is sounded. The measured tip resistance becomes a
combination of soil strength and the stiffness of the underlying and radial layers. (Zhao et al.
2018, Vesi¢ & Jones, 1977)

In the theory one assumes that the normal stresses along the interface between the plastic-
and the elastic zones are equal to the pressure needed to expand a spherical cavity in an
infinite soil mass. The mass which is moved is typically assumed to behave ideal elastic-plastic
and is characterized by the deformation parameters: the Young’s modulus, E, and the Poisson’s
ratio, v; the strength parameters: cohesion, ¢, and the friction angle ¢'; and a volume change
parameter, A, alternatively the volumetric strain in zone 111, €. In the particular case composed
by Vesi¢ & Jones (1977, p. 75), the failure pattern is shown equal to that in Figure 2.18. Here
the volumetric strain in the plastic zone, &y yy;, is equal to zero upon undrained loading. The
complete calculations are intermediately comprehensive and complicated, so they are not
included here, instead the very basic formula eq. {2.41} which shows the ultimate capacity of
the pile load is presented. Numerical values of N5 and N can be found in the text of Vesi¢ &
Jones (1977, pp. 76-77). Additionally, eq. {2.42} is included as to underline that theory by
Vesi¢ and Jones is based on mean normal stresses, a,,, in the ground, as they argued that tip
resistance is governed by the mean normal stress and not the vertical. The latter is in
accordance with the previously mentioned statement of Houlsby & Hitchman (1988). (Vesi¢
& Jones, 1977)

142K,
= 3 0-1.70

Quit =qo =C* N, + 0" N, {2.41} Om {2.42}
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Figure 2.18. Cavity expansion failure pattern in the theory of Vesi¢ & Jones.

Other conceptual approaches of the expanding cavity theory exist, below in Figure 2.19 and
Figure 2.20 another flow mechanism is assumed as compared to that in Figure 2.18. Figure
2.20 show initial expansion (dashed circles) and expansion at the same depth upon deeper
penetration. Another possible way to interpret the figure is that the illustration shows two
different sections at different stages of deformation in the same point in time.

...................... | —UsUr

Plastic
region

Elastic
region

Figure 2.20. Sketch with cavity expansion with in-

Figure 2.19. lllustration of induced cavity
plane perspective.

expansion by CPTU.
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2.3.3 Critical depth and the scaling effect

The strength of sand is to a large degree proportional to the stress level, consequently g; is
lower at shallower depths. Upon sounding, the cone resistance increases quite rapidly until it
reaches a certain depth, called the critical depth, where the cone resistance is no longer
influenced by the free surface. L.e., after reaching a certain depth, the penetration generates a
quite constant failure flow mechanism around the probe, and the concept can be compared to
that of a deep foundation, see sub-chapter 2.3.1. An important remark regarding the
phenomenon is that the critical depth is proportional to the diameter of the pile or probe that
is pushed down, and this is the beforementioned scaling effect (Nottingham, 1975). After the
critical depth is surpassed, the tip resistance should approach a level which is common
disregarding the penetrometer size. The critical depth is denoted z. in the text of Hammer,
and will for continuity-reasons be denoted equally in this text, meanwhile in the literature of
De Beer (1963) and Nottingham (1975) it is denoted D, as can e.g., be seen in Figure 2.21.

According to De Beer, during the transition between a shallow and deep penetration of a pile,
the tip resistance increases rapidly in a linear fashion, until the deep penetration mode is
reached whereupon the tip resistance is increasing only slowly and is entirely reflecting the
resistance of the soil. It has surpassed the critical depth. This is sketched as route ABED in
Figure 2.21. For an infinite-small pile or -penetrometer, this would yield resistances according
to the route ABCD. While there exists no such penetrometer, the standardized penetrometer
comes relatively close to the idealized infinite-small in this sketch, and is shown following
route ABC’D. According to the scaling effect, z.. is a function of the cone diameter, d., hence it

would be more advantageous to use the ratio (Zc/d )to describe the critical depth. This ratio
c

can also be denoted the scale factor. In sands this ratio is a function of e.g., the relative density,
D,, and is typically ranging from 5 in loose sand to 15-25 in dense sands. Accordingly, for a
standard penetrometer the respective critical depths would be expected to be z. = 20 cm in
loose sand and z, = 50 — 90 cm in dense sand. (Nottingham, 1975)

The concept of critical depth apply not only to the transition between surface to deep
penetration, it can also be transferred to transitions between an above laying weaker layer
onto a lower laying strong layer as in the illustrations Figure 2.21 and Figure 2.22 from
Nottingham'’s Ph.D. thesis (1975). In the latter figure the above-laying weaker layer has been
set equal to zero strength, equal atmosphere pressure as to only illustrate an idea. If the above-
laying layer exercised any resistance, the flow mechanism would be changed depending on
the properties of the above-laying layer, and would be unique. Instead, an extreme has been
shown as to illustrate one side of the scale. The other side, or extreme, of that same scale would
be to replace the layers with each other, giving a piercing concept instead of a penetration
concept. In reality the transition between two layers will be a thing in between. If the two
layers were equal, then the penetration would follow the mechanism of steady-state flow
around the probe.
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Figure 2.21. Tip Resistance, including a pile foundation, an idealized curve, and an actual curve of penetrometer.

Figure 2.22. Two different sketches of transition from a weak-layer (atmospehere in this case) to a strong one.

In this experiment, the critical depth in the samples were reduced by both imposing a higher
stress level on the top, and to some degree physically restraining the penetration from
inducing a shallow failure mechanism near the surface.
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2.3.4 Transitions

To explain the thin layering effect some prerequisite information must be presented. Much of the
theory presented in this chapter is based on the work previously done by Hammer (2020). As
explained in the previous sub-chapter, after some penetration depth, the tip resistance, q;, will

be quite constant or slowly roughly linearly increasing. It can be stated that the characteristic

cone resistance, qﬁ?ar, of the material, i, is reached. This value mainly depends on the material’s

stiffness and shear strength.

Now, considering a two-layered profile with materials a in the upper layer and b in the lower

layer. When sounding through g, steadily following qgﬁar, almost has pierced the layer, then upon

closing in on layer b, q; will deviate from qtc,’c‘lar and start its approach towards qf,’,ﬁar. The distance

from the layer interface a-b to the starting point of this change in tip resistance is called the

sensing depth, denoted H,. Upon piercing the interface, q; will be somewhere between qfflar and

qg’,ﬁ‘". The overlying layer will continue to influence q; after the interface is pierced, with a

decreasing magnitude until gf%*" is reached, i.e., the

developing distance, Hp, has been surpassed. The ac >

concept is shown in Figure 2.23. It is quite similar to g.profilein a
the critical depth explained in the previous chapter, | uniform strong layer
except that for two materials, some volume of material

a will dragged into b, and the failure mechanism will
H,

s

Interface

no longer be shallow. Instead, a complex failure

mechanism will create a slip surface through both

Penetration depth

materials which is irregular and is moreover

q_profile
in a layered soil

depending on the materials’ stiffnesses, shear H,
strengths, tendency of dilatancy, and to which degree
they act drained or undrained (as this also decide T T T T -
whether the material can be compacted or not). The v \ g.profilein a

sum of Hg and Hj constitute a complete transition, uniform weak layer

which is defined as the influence depth or -distance, Figure 2.23. Measured and characteristic

denoted H;, where-upon surpassed, g will be equal tip resistance profiles, including notation

n f Hy & H.
Ay - of H & Hy

If Figure 2.21 is reviewed again with the new introduced phenomena in mind, it is prominent
that the sensing depth in the above laying layer is missing. This stem from the author’s focus on
the critical depth for penetrations, who thereby defined the upper layer as the atmosphere.

In the work by Vreugdenhil et al. (1994) it was suggested that g; senses a nearby layer elastically,
although the stiffness is not the only parameter which influence the tip resistance, and
furthermore, most soils are not perfectly linear-elastic. Anyhow, it can still be viewed as quite
correct outside the plastified area. Thus, as the cone approaches the interface, q; will mobilize
the soil in the second layer, which depending on its stiffness will yield another resistance per
strain (o/€). Consequently, as the transition starts, the obtained g, start descending or ascending,
depending on the new layer’s stiffness. But the new layer will also probably yield at a different
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stress state, making things more complex. Hammer (2020) proposed in order to simplify the

evaluation of transitions, qfl?‘" in each layer could be used to describe the phenomena, by looking at

the shape of transition for g,(z) and the contrast between gf~*" and qf3*".

When the cone base is at the same level as the interface, qg’gar is still not reached, because of two

effects. Firstly, some of the upper layer has been dragged beyond the original interface level, pushing
away material from the lower layer down and sideways, replacing it. And secondly, some of the
material in the lower layer is pushed up, counteracted by resistance from the upper layer. These
effects are in a very large degree depending on the difference in stiffness and strength between the
two, and will consequently determine the developing distance. Vreugdenhil et al. (1994)
acknowledged that the response after the interface is also depending on the material properties
from the upper layer, even though they focused solely on the elastic behaviour of the materials in
their numerical- and experimental study, meaning that they added an elastic contribution on g, from
the layer above.

2.3.4.1 Deformation pattern

Thus far, the flow mechanism has only been

described for homogenous mediums (ch. 2.3.1), Loose sand Dense sand
and only briefly for different mediums, pointing out

the factors of influence, mainly being shear Restricted by Settled due to
strength and stiffness. Thereby, it is natural to look underlying underlying

upon some observed trends. Mo et al. (2017) stiffer layer .

conducted centrifuge tests in an axisymmetric half- */‘/ \ K

investigated the transitions between loose and
dense sands using particle image velocimetry (PIV).
On the left-hand side of Figure 2.24 a sketch is Compaction &

) ) i Densification
shown of the deformation mechanisms attributed

cylindrical container, where they specifically === /

transitions from soft to stiff sand. The downward
displacement of sand from the upper layer into the
lower layer is restrained, and most soil are pushed
sideways due to less resistance. Figure 2.24. Illustration of transition in
In the opposite case, upon transition from a stiff sands. Left: loose-dense, right: dense-loose.
to a soft sand layer, the boundary is pushed further down along with the penetrometer, and for
an extended distance horizontally, due to the rigid behaviour of the upper medium and the
compaction experienced by the lower layer.

Dense sand Loose sand

Another PIV-centrifuge study was conducted by Wang (2019), investigating the flow mechanism
in transitions between very soft and medium stiff clay, respectively with S,, equal to 7,5 and 29,1
kPa, estimated based on a g, and Ny, = 10,5, a procedure which is explained in ch. 2.3.1.3. For
a transition from soft to stiffer clay, as in Figure 2.25, similarities to the soft-stiff sand transition
can be seen, with deformations in the upper softer layer vertically restrained along the interface
boundary. For the stiff- to soft clay transition seen in Figure 2.26 (c) the failure mechanism near
the intersect resembles a punch-through, where the stiffer soil is pushed in front of the cone and
into the lower softer layer.
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To specify, the mechanism of punch-through is in ISO 19905 (CEN, 2016, p. 18) defined as “rapid
uncontrolled movement due to soil failure in strong soil overlying weak soil”, and may not be
entirely directly transferable to a static cone penetration test transitioning from a stiff to softer
layer. Moreover, due to the cone geometry, the stiff soil plug that is to be pushed ahead will
quickly be split, thus less of the softer layer will be replaced compared to that of a typical punch-
through failure. The topic is thoroughly reviewed in ISO 19905, where different ground
condition cases have been illustrated as in Figure 2.27.
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Figure 2.25. Time-frames of transition from a soft clay to a stiff clay.
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Figure 2.27. Bearing failure mechanisms of a flat foundation
(simulated spud-can), with different sub-surface conditions.
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As a summary one can say that the deformation mechanism always follows the direction of
least resistance, implying that the relative strength and stiffness difference between the
penetrated mediums play an important role for the deformation pattern. To underline, the
topic is of importance upon assessing layering effects, as it describes to some degree describe
the behaviour of q; and also which medium may be expected to surround the pore pressure
filter at a certain position.

2.3.4.2 Tip resistance profiles

The q,-profile at transitions depend not only on the relative strength and stiffness ratio
between the materials, but in addition some intrinsic material properties. Tehrani et al.
(2017) conducted a similar experiment to that of Mo et al. (2017), with digital image
correction (DIC), also using a half-cylindrical test-chamber. In these experiments a 50 kPa load
was imposed on top of each sample. Sand with different relative densities were tested, labelled
as loose, medium dense and dense, with respective relative densities D, = 45,65 & 85. In
Figure 2.28 two tests are shown including loose and dense sands. As reference, they conducted
tests for homogenous sands first, marked in 2 shades of grey, giving qtcfl-‘ar. They indicated both
sensing- and developing depths relative to d., with respective magnitudes indicated in the
graphs. These depths are subjectively interpreted visually from either the graph or list of q,-
values. The deviance between q; and qg?ar in the intervals where they are excepted to be
matching, is due to the difficulties associated in preparing homogenous sand samples.
Hammer (2020) reflected that qg?ar “merely is an estimation of the cone resistance
uninfluenced by layering effects”. Both Hg and Hj, seem to be greater in the denser layers as
compared to the looser ones.
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Figure 2.28. Tip resistance versus normalized penetration depth in two-layered profile, including characteristic q;-
profiles for each material. Sand a is above and b is below, Left: Loose over dense sand. Right: Dense over loose sand.
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The g;-patterns seen in sand are not directly transferable to transitions between soft and stiff
clay. In the earlier mentioned study by Wang (2019) the tip resistance profiles followed the
patterns seen in Figure 2.29, where Hg can be seen to be almost non-existing for both soft and
stiff clay. The developing depth in the soft layer profile (red), was ca. Hp/d. = 4,3, and in the
stiff layer equal to Hp/d. = 2,1 (black). Comparing the sand-cases with each other with
respect to Hp, and doing the same for the clay-cases, it seems to be a opposite correlation
between change in Hj, and the sequence of a relative weak and strong layer. A summary is that
the transition from one material is not entirely dependent on the relative strength and
stiffness of each layer, but also some intrinsic soil properties associated grain-size.

Notice that for the clays, z. is significantly smaller relative to the cone diameter, as compared
to those in the sands. This is associated with the strong relation between stress level and
strength in sand. Something that should also be reminded is that the sand samples were
imposed with a 50 kPa surcharge, illustrating that even with counteractions, the critical depth
is large in sands.
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Figure 2.29. Tip resistance versus normalized penetration depth in two-layered profile. Black curve: soft over
stiff clay. Red curve: stiff over soft clay.

2.3.4.3 Smoothening effect

In ch. 2.1.2 and 2.1.2.3 it was mentioned that the parameters q; and f; were averages of the
stresses working on each device component. This is not an issue in homogenous mediums, but
the influence becomes apparent for layer transitions. Considering larger sized components,
the failure zones in front of the probe will expand. The transition starts earlier, where g;
become some intermediate value of the characteristic tip resistances from both materials over
the entire influence distance. One can say that an increase of probe size would have an
averaging effect, or smoothening effect, on q;, not meaning a true average, but as function of:
the transition progression, and the influence of each material. Due to the smoothening effect
increasing with larger probe sizes, smaller probes are expected in a greater extent to measure
actual extremal values. However, since real materials are not ideal homogenous and scale-
independent, the relation between averaging effect and cone size will not be perfectly linear,
but also depending on the grain size compared to the cone size.
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It has been shown experimentally that the grain size may influence g; when the ratio of d, and
the mean grain size, ds, are less than 28 (Bolton et al. 1999, as cited in Meisina et al. 2021).
The sand utilized in the encompassing experiments has a ds, of 0,492 mm, and con-sequently,
g would be influenced by grain size for cones with 4, < 1,5 cm?, d. < 1,4 cm.

2.3.4.4 Thin layer effect

To conceptualize the thin layering effect, the previous idea of a two layered transition can be
transferred to a profile consisting of three layers, majorly consisting of material a,
interbedded by a thin layer b with thickness H. When a sounding advances in the first layer a,

it will maintain q; equal to qgﬁar until it is the distance H; from the interface, whereupon it

changes towards qfféar. Then, after the sounding has penetrated the interface, it continues

through b but do not reach qfféar before it is influenced by the third layer, again consisting of

material a. The influence depth of the first interface was never surpassed, before layer b was
completely pierced, and thus no qfféar was ever measured. The extremal value within b is then

denoted q¢ thin peak as illustrated in Figure 2.31.

In this aspect lies one of the main essences of the current experiments: It can be difficult to
detect a thin layer of clay if q¢ tpin peak is deviating little from the general trend of g.. If a thin
clay layer first is identified, then it will be difficult to determine its properties with a
satisfactory certainty, as qf"* and H remains unknown. There are two factors which
ultimately describe the thin layering effect. First is the scaling factor: the ratio of the cone
geometry versus the thickness of the clay layer. L.e., the thinner the clay the layer, the smaller
the probe must be to measure the transition completely. Secondly, comes the difference
between the different characteristic tip resistances. The contrast between qfflar and qg’gar
creates a change of both the sensing- and developing depth for both the first and the second

interface a-b & b-a. As previously mentioned, q,ﬁ?%d is depending mostly on the sand’s stress

level, its density, and its compressibility. Meanwhile, qf’éﬁ{y is typically associated the clay’s

stiffness and has lesser reliance on the stress level. Thus, for greater depths, with greater
stress levels, the contrast is expected to be higher. The shape of the g,-profile is as mentioned
also depending on other intrinsic properties of the materials.

2.3.4.4.1 Inverse spatial filtering

All of the mentioned effects will together determine the curvature and magnitude of the q;-
profile. It is then possible to simulate the g;-profile by performing inverse spatial filtering, as
presented by e.g., Boulanger & DeJong (2018) and Hammer (2020, appendix B). This requires
in-put of parameters such as q,ﬁ'}ar and the layer thickness H, including some weight function
which accounts for the influence on g; of the material both behind and in front of the cone for
every data point with depth. Obviously, most of these parameters would be unknown if

soundings in thin layers were to be assessed, but by making an educated guess of the
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parameters (potentially in the future with reference to

empirical tables), a q,-profile will be generated which can g
be compared the field g;-profile. The parameters should
then be incrementally changed to approach the profile of 30
the field sounding. Such a method could imply that many, 40

or infinite combinations of parameters may generate the
same q;-profile. But as the shape of the field profile is
unique, with a specific curvature depending on the

materials, this problem is reduced. And furthermore, the

results can be backed up by f; and u, measurements. An
example from Hammers’ work (2020, ch. 5.3) of a
simulated gq;-profile by the means of inverse spatial
filtering is shown in Figure 2.30. The methodology shows
great potential; however, it requires calibration;

Depth, adjusted to measurement loaction [cm]

e e e e e
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potentially not only for the generic soil types, but perhaps
for unique soils as well. 180
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theoretical q;-profile comes the accuracy associated the
reading-frequency of the probe, which complicate the
CPTU-assessment further. This will be elaborated in ch.
4.3 and ch. 6.3.

|——B3a (after B2a)

Figure 2.30. Two q;-profiles from chamber
tests (red & blue),

with assumed

characteristic profiles (black & grey), with
simulated g,-profiles (dotted lines).

2.3.4.4.2 Thin layer correction

char

The characteristic cone resistance, q;; ' of a layer can be compared with either the measured

cone resistance, q;, or with the characteristic cone resistance in the other layer. The first ratio
is denoted n and is called the cone resistance ratio as first defined by Robertson & Fear (1995).
Its formulation is shown in eq. {2.43}. The second ratio is the characteristic cone resistance
ratio, which is describing the tip resistance in the thin layer relative to the surrounding layer,
denoted 71¢pin, given by eq. {2.44}. If n¢ni, < 1 then the surrounding soil is strongest, and vice

versa for ngpin > 1.

char char
__4 _ 4 _ dtthin _ b
qchar qchar {2-43} Nthin = char — _char
t,thin t,b t,surrounding dta

Soundings in relatively weaker intermediate layers:

h h Ch oo _ ch
qep” < qr < qfe*", which gives 1/nthm <n <1(q: = q537"
Soundings in relatively stronger intermediate layers:

qEhe" < q, < qf3°", Whichgives 1<n<1/p .
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In Figure 2.31 the thin layer effect is coarsely sketched, e.g., Hs in the first layer is typically not
symmetric with Hp in the third layer. The sketch introduces a new relation, written in eq.
{2.45}, where Ky is the thin layer correction factor. This factor is multiplied with the extremal
value of q;; being the greatest reading in strong layers and vice versa in weak layers. The
correction is quite basic, considering that only layer thickness and the cone resistance ratio is
evaluated. This implies that in order to enable this correction method, Ky has to be calibrated
for different thicknesses per material (while also being dependent on surrounding materials).
Combining the previous equation with eq. {2.43} gives that the correction factor is equal to
the inverse of the cone resistance ratio at the q; = q¢ thinpears S€€ €q. {2.46}. The correlation
K} is necessarily less than 1 for relatively weaker intermediate layers, and greater than 1 for
relatively stronger intermediate layers.

atl”
<
Denotations:
Layer a
char _ ,char
dta = Qt,surrounding
f qt.b,peak char _ ,char
H <€ . deb = dtthin
dt.p,peak = 4t thinpeak
<€
char h
At %p" =Ku-qippeac  Layera
A .
-
Z

Figure 2.31. The thin layering effect for a stronger intermediate thin layer.

char 1

iy = Ku " Qtppeak {2.45} 4t = Qtppeak = Ky = ; {2.46}
So far, liquefaction potential in sands has in a large degree been pushing the research interest
of layering effects (eg., Robertson & Fear 1995, Ahmadi & Robertson, 2005, Boulanger &
DeJong, 2018). Liquefiable sands are loose sands, which naturally yields smaller q; than dense
sands, but are relatively stronger than most silts and clays. Thus, most Ky-charts found in
literature focused on assessing liquefaction potential in deposits with sand interbedded layer
of smaller fractions. Consequently, only K} greater than 1 has been of interest. By correcting
soundings in liquefaction-prone areas, either liquefiable layers may be detected, or false
positives of truly dense sand layers may be avoided. Robertson & Fear (1995) are possibly the
first who proposed the procedure with the correction chart Figure 2.33, being included in the
book by Lunne et al. (1997, p.47). Since then, the chart has been refined, e.g., in the more
recent study by Boulanger & DeJong (2018), see Figure 2.32. The curves are all asymptotical,

char

which reflects that a large distance must be covered in order to reach g;;*". Thin layering

effects have been shown to alter g;-readings for layers thicker than 40d. (Ahmadi &
Robertson, 2005).
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In the left figure, the tip resistance g, is corrected with respect to the ratio between the
characteristic tip resistances qf,’;?rrong and qtc";,‘zzk Meanwhile, in the figure on the right hand
side, q; is corrected with respect to the ratio between measurement in the thin layer
At thinpeak COmMpared to the characteristic tip resistance in the relatively stronger surrounding
layers q¢ strong = 4t.surrounding- Something which is important to remark regarding thin layer
corrections is that the method relies on material a having the same characteristic tip
resistance in both the upper and lower level. In practice, the lack of information of gf"*" and
H associated the layers, render the thin layering effect difficult to evaluate, with an
accompanying high related inaccuracy. Thus, one is back at square one.

Regarding thin layering correction for weaker interbedded layers, Hammer (2020) did in his
thesis begin to construct a diagram similar to those above (Figure 2.32 and Figure 2.33). Based
upon the chamber test results he obtained from his experiments, he measured the thin layer
correction factor Ky for different layer thicknesses, and associated these with interpreted
characteristic cone resistance ratios, 1:,i,. The resulting chart he provided is presented in
Figure 2.34. The respective 1:p;n-valkues to each data point is labelled besides.
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Figure 2.34. Diagram with the thin layering correction factor, K, plotted against normalized clay layer thickness.

The diagram does more over include the ratio 7,4, based on the interpreted g/, and qftang.

As to summarize the last chapter: The thin layering effect is a phenomenon which occurs,
when the thickness of a layer relative to the cone diameter is too thin for the characteristic
cone resistance to be reached. l.e, the influence depth is never surpassed. The thin layering
effect show dependence on mainly the ratio between the interbedded layer thickness and the
cone diameter, and furthermore on the contrast of characteristic tip resistances yielded by
each layer. In addition, there are some other influences on the curvature of the g;-profiles
upon transitions which are caused by other intrinsic materials properties, such as the stiffness
and possibly other properties as well.

2.4 Chamber testing

The purpose of testing samples in the chamber is to simulate field soundings, but due to the
boundary effects, both the stress level in the fill material is reduced and measured q; from
soundings is reduced. These effects will be elaborated in this subchapter.
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2.4.1 The silo effect

The model test is performed in a circular concrete chamber, where the wall gives the sample
rigid boundaries conditions. There are frictional forces working along the interface between
the wall and the sand in the chamber, where parts of the overburden load, or the vertical load
acting through the sand is transferred into the wall. This transfer of forces decreases the stress
level within the sample. The phenomenon is called the silo effect or eventually the more
general term arching as named by Janssen who first identified the effect (1895). Terzaghi
(1943, p. 66) defined the phenomenon of arching as: “Transfer of pressure from a yielding
mass of soil onto adjoining stationary parts”, i.e., further displacement, or strain, is prevented
by a transition of normal stresses to shear stresses that are absorbed by a confining body of
e.g., soil or a more rigid structure. This effect only occurs to fill-material, or what is by Schulze
(2017a) defined as a bulk solid. Bulk solids can transfer shear stresses when the material is in
a state of rest, as opposed to for example a Newtonian liquid as (e.g., water & air) where shear
stresses are only occurring when a shear rate is applied, i.e., there is movement/flow
displacement.

The loss of vertical stresses or the degree of the silo effect is depending on a number of
parameters:

1) the diameter of the chamber or “silo”, D,
2) the depth considered, z,
3) the interface friction, or the shear stresses at the wall, 7 or 7,,,. That further depend on:
a. Mobilized interface friction angle, 6,,,, = 8, between fill material and the wall.
Otherwise, described by the friction coefficient, y, i.e.,, u’ = tan(§").
b. The horizontal stress, g, or “the stress working normally on the wall”, g,,,, which
is based on:
i. The earth pressure coefficient, K, which is in some literature called wall
pressure coefficient, K, (Sun et al. 2018). It depends mainly on:
1. chemical compound,
2. stress history, and
3. deposition mode
ii. The vertical stress level, g, which again is based on surcharge, g, and bulk
density, p,:
1. The bulk weight depends on level of compaction, i.e., porosity, n, and
grain density, p,. The level of compaction can be caused by either:
a. overlying masses,
b. applied surcharge load, or
c. preconsolidation, i.e., the soil has previously been loaded beyond
current stress level.
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There is a circular reference in the scheme on the previous page: point 3-b), as the stress level
alter the silo-effect, and the silo-effect alter the stress level, there becomes an asymptotical
approach of some stress situation (for both g, and ¢;,) with increasing depth. Hence, a ratio
that is important to describe is the “height to diameter”. As can be intuitively imagined, if the
diameter is several times proportional to the height, then the only volume affected by the silo
effect will be that close to the wall. The combined effect by K’ (giving a,) and 6’ gives larger
transfer/transmission of vertical forces to shear forces working along the wall, decreasing
vertical stresses within the fill material, increasing the rate at which the stress level reaches
its asymptotical stress state (0y,00, O 00 and Ty, o0 ).

2.4.1.1 Janssen’s method of differential slices

The average vertical stress, 0,,(z) working over the cross-section area can be deduced by
setting up an equilibrium equation, with contributions accumulated over increments of slices
as first set up by Janssen (1895). The method is also known as “the method of differential
slices” or “the shear plane method” (Widisinghe & Sivakugan, 2012). A more perhaps refined
and comprehensibly walkthrough has been compiled by Schulze (2017a), focusing on dry
materials without surcharge. Some important reflections mentioned in his article will
therefore naturally also be presented/repeated here. As the effect of surcharge was seldom
included in literature, and since most literature revolved around dry materials (except of the
preceding thesis by Hammer (2020)), it felt natural to present the theory utilized in this thesis
a bit more in-depth. Hence, a deduction is included in Appendix A, while the solutions and
uncertainties are presented in the following sub-chapters. An assumption that is used in the
deduction is that the solutions given for total stresses are equally valid for effective stresses.
This will be further elaborated in 2.4.1.5. Thereby, the notation in the equations will be given
by effective stress state.

2.4.1.1.1 Stress state solution

An illustration with an infinitesimal vertical increment, with thickness dz, is shown below as

background to the deduction of g}, (2). In the figure, g is the gravitational acceleration, and ¢,
is the wall-soil interface friction angle, denoted ¢ in this thesis. To repeat, the deduction is in
Appendix A, and it is in addition followed up by a short note on Terzaghi’s arching theory.

R T cross-sectional area A
z

on(2) = K-oy(2) *csv(z)

\ * I % on(2)
g dz | Pb
i 1(2)

Tw(z) =K-tan(y)-6,(2) ¢ ?Gv(2+d2)

| —

a. b.

Figure 2.35. Incremental slice element (b.) of cylinder (a.), with associated forces acting on slice notated.
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By introducing the term, the decay length, l’, many of the equations in the deduction can be
simplified, see eq. {2.47}. Moreover, this measure describes the level of the asymptotical reached,
and how quickly it is reached. Schulze (2017a) pointed out that the silo effect is depending on the
cross-section area, 4, relative to perimeter, U, i.e., the hydraulic diameter, Dj,.

Dp

b= 4-K'-tan(6') {247}

The solution for o}, become equal to eq. {2.48} for the case without surcharge, meanwhile
when q is included the equation become equal to {2.49}.

ap(2) =yl (1 - e_lz_’) (2.48)

4

— _Z _Z _Z
oy(z) =0y, =qe U +y'l' (1 —e l’) =y'l'+e U(qg—y'l") {2.49}

[t should be emphasized that all solutions presented are based on some assumptions as e.g.,
the 6', y' and K' are all constant with depth. The vertical stress in every slice is an average

over the whole cross-section area, giving us a o, (see ch. 2.4.1.5). The horizontal force that is
accounted for, through K’, is working along the wall, meaning that the horizontal stress
elsewhere in the fill material does not necessarily have the same proportionally with g, this
can be imagined by looking at Figure 2.35. The estimation of K’ will be discussed in 2.4.1.4.

2.4.1.2 Special cases

If there is a surcharge acting on top of the bulk solid, and the water table is placed at some

depth, z,,, underneath the top/surface, the effective vertical stress, g, can be calculated as:

Z—2Z

052> 2) =y + T - (0 Gunar) = ¥'T) (2,50}

As previously mentioned, §' and K' influence how quickly the asymptotic stress state
(04,000 On 000 Teo) is “reached”. The stress state, which is asymptotically approached when, z —

o, z/l = 0, is shown in equations {2.51} and {2.52}.

Opeol(z = 0) =1 (2.51}

., D , 4-A
Two = Ope * tan(é') = o, - K' -tan(8’) =y -—h=y TR

7 {2.52}
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2.4.1.3 Interface friction angle

The interface friction angle can either be estimated by back-calculation, based on stress
situation at the top and the bottom of the silo (gy, 0},), or by measuring it by performing direct
box shear tests. An assumption widely used in geotechnics is that the internal friction angle is
approximately proportionate to the interface friction angle, with a ratio of ca. w = §'/¢p' =
2/3 (Bowles, 1996, CGS, 2006, as cited by Li et al. 2012). Shear box tests performed by Li et al.
(2012) associated their silo model test, demonstrated that this assumption works fairly well,
obtaining a factor of w = 0,6 (6’ measured to 25,5° for their sand-steel interface, while ¢’ of
the sand was determined to be 42,9°). For a specific fill material, this ratio will vary depending
on the wall material, and §' should therefore preferably be investigated instead of using the
empirical approximation, even though it may provide a quick, rough solution.

2.4.1.4 Lateral earth pressure

Different estimations have been suggested as of how to obtain the coefficient of lateral earth
pressure, K', for fill material that is either partly or completely confined by some rigid
structure, e.g., silos (Yang et al. 2018, Sun et al. 2018, Li et al. 2012, Tien H.-S. 1996, ch. 3.3.4).
The focus in literature is typically laid on either K’ along the vertical centreline of the silo, or
maybe more frequently on the stresses acting on the wall, with the coefficient sometimes
referred to as the wall pressure coefficient K,. The most frequent mentioned estimations of
K’ will be presented here, and are all based on normally consolidated soils.

K' in silos is according to Yang et al. (2018), Sun et al. (2018) and Li et al. (2012) expected to
lay somewhere in between Rankine’s active earth pressure coefficient, K,, presented in eq.
{2.53} and the “coefficient of earth pressure at rest”, K, (Jaky, 1948 as cited in Li et al. 2012),
as presented in eq. {2.54}. All favoured K’ to be close to Kj, near the silo wall. Li et al. also
cited Marston (1930) telling that the approximation showed an adequate empirical
correlation. Elsehow, for a more ideal fill material, being both linear-elastic and isotropic, K’
can be deduced using Hooke’s law and the Poisson’s ratio, v, see eq. {2.55}.

¢l
I __ I 2 o_ I
K' =K', =tan (45 > {2.53}
K' =K'y =1-sin(¢") {2.54}
, v
K'=1- {2.55}

An in-depth article on the specific topic, by Sun et al. (2018), proposed 4 more coefficients
based on invariants of the stress deviator tensor and one based on modified Coulomb theory,
presented below, all of them were dedicated silo conditions.

: cos®(¢")
KMC = . 7 Z 7
1+ +/sin (¢’ + &)/ cos(8")

{2.56}
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As previously mentioned, the height to diameter ratio is important, so it is expected that oy, is
proportional to g, with another K’ # Kj, closer to the centre, that is dependent on the D./H-
ratio. Considering that Jaky’s formula regards a natural soil deposit in-situ, i.e., not affected by
the boundary, it is reasonable to state that K’ goes from K, along the wall, toward Kj in the
centre.

2.4.1.5 Sources of errors / Drawbacks of the method of differential slices

Some sources of errors mentioned in literature will be presented here. More will be discussed
in the ch. 6.2.2.

2.4.1.5.1 Lateral earth pressure

There are many assumptions related the correlations for K’ in silos leading to a high degree
of uncertainty, 1) both implicit in the formulations and 2) going back and forth between
analytical and experimental data, meaning both numerical- and practical data acquisition. For
the first, K, is only valid for friction-less interaction, meanwhile the investigated phenomenon
arching occurs exactly when there is friction at work, as reflected by Tien (1996, p. 55).
Consequently, K, underestimate the real K’, even for silo walls that yield (Jakobsen, 1958, as
cited in Tien 1996, p. 59). Secondly, how g;, and o}, relates to each other are influenced by
many factors, where Lindgard & Ofstad (2017) mentioned e.g., stress history, chemical
composition, and mode of deposition to be of importance. For normally consolidated soils, the
linear proportionality of K’ is valid, meanwhile for soils that have experiences stress relief,
the previous linear proportionality between g;, and o, is no longer correct, as illustrated in
Figure 2.36.
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Figure 2.36. Proportionality between o, and o,, during loading and unloading.
2.4.1.5.2 Stress distribution

It is unlikely that the real stress-distribution is symmetric and follow the idealized pattern
which the calculations are based upon. The internal structure of the fill material and the
interaction with the wall come both into play. Even with a completely homogenous fill, the silo
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wall could still have imperfections as either points on the wall, or extensions/narrows along
the whole perimeter. The effects are equal for both small imperfections, and those acting along
the complete perimeter: For sections with increased cross-section area, there is a reduction
of stresses that are transferred to the walls along the overhanging inclination, meanwhile
more stresses are transferred at the up-faced inclination. The sum of forces further down on
the wall may or may not be the same as prior, depending on geometry. For narrowed cross-
sections, there is a peak followed by a drop in stress transfer. Figure 2.37 illustrate the stress
distribution along such impurities. (Schulze, 2017b)
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Figure 2.37. The effect of irregularities in the silo wall, inducing local increase, or decrease, of g}, (denoted g,,, in figure).

There are other boundary conditions which also is neglected in the differential slices solution.
E.g., the assumption of a completely linear increase in lateral stresses acting on the wall may
be faulty, by not taking the lower boundary condition into account. Experience shows that,
depending on surface roughness on the wall and on the bottom, there is a lateral stress relief
as compared to what we assume theoretically, as shown in Figure 2.38 (NTNU Geoteknikk,
IBM, 2017, p. 321).

Theory

b4

R Realit
> y
P

Pressure distribution

Figure 2.38. lllustration of lateral stress distribution on a wall inside a
small model sand box (55 X 55 X 50 cm?) mounted with pressure cells.

Tien (1996, pp. 55-59) could in his literature study tell that the assumption of uniformly
distributed vertical normal stress used in Janssen’s model was incorrect and referenced to
Jakobsen (1958, as cited by Tien) for a more correct solution. He did however tell that the
equations based on Janssen’s work were appropriate for some situations. Levesque et al.
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(2017) conducted a numerical study, using a plane strain-model to estimate the stress
distribution in a backfilled mine stope, with no surcharge, and a homogenous fill. Their result
of o,- distribution can be seen in Figure 2.39, and can be said to confirm the previous
statement. The distribution of a,,, was highest along the centreline and decreased gradually
towards the wall, giving an upward arrow-pattern of the vertical stress. Similarly, as g, —
0,0, regardless of ¢’ being smaller or larger than o, ., at the top, the arrow shape would point
the opposite direction for ¢’ > 0y, ... For the particular case where q' = g, ., the distribution
will be according to the idealized slice-solution and completely uniform for the complete
sample.
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Figure 2.39. Simulated arching in a backfill of a mining stope, with contours
of g, red being zero stress and green being maximum stress.
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2.4.2 Expected field values

The chamber boundaries do not only affect the stress situation in the test sample, they do also
influence the measured tip resistance, which is reduced relative to what would be expected in
the field. Different corrections have been suggested to simulate a “true value” which would be
expected in the field. One example is from Mayne & Kulhawy (1991, as cited in Hammer, 2020,
p.50), shown in eq. {2.57}, which was calibrated for tests in sand with larger stress levels (o,
around 140 kPa) relative to the current experiments performed at NTNU. Hammer (2020, p.
51) referred to different studies which tell that lower stress states within chamber samples
yield larger differences between expected field values of q; relative to measurements in
chambers. Similarly, it was mentioned that the deviance increases with increased relative
density in the samples.

_Dr[%]/ZOO

Dc/dc—l)
_ o (Pe/Ge— L 2.57
Qeoo = Gt ( =0 {2.57}

The study by Mayne & Kulhawy was concerning soundings performed in the middle of the
chamber. For sounding closer to the boundaries, the influence on g, will be even larger. As
with the silo effect, if the ratio D./d,. is increased, the influence of the boundaries is reduced.
However, this solution is rather impractical. Furthermore, even though the intention of the
lab experiments is to simulate conditions in the field, no corrections have been utilized in the
data treatment as this would require further research.
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3 Natural clay samples

In the last experiment mini-blocks of both low- and high sensitive clay have been extracted
and utilized in the large scale model testing. Accordingly, a brief description of the extraction
site and of the sampling method is presented. The soil properties are reviewed based on site
characterization made by L’'Heureux et al. (2019), with reference to classification charts
presented in the field and lab-compendium (NTNU Geoteknikk, IBM, 2017). The last sub-
chapter is a review of sample disturbance and the accompanying influence on the soil
properties. The motivation for presenting all this information is to support the link between
the data found in this experiment with the reference of the NGTS-research.

3.1 NGTS-research site

The natural clay utilized in the current experiments have been extracted from the Tiller-
Flotten geo-test site, south in Trondheim municipality, see Figure 3.1. Tiller-Flotten is one of
five sites in the research- and developing program “NGTS - Norwegian Geo-Test Sites”. These
five sites are dedicated as reference areas which enables a solid foundation for comparison of
different field methods, comparison between field and laboratory data, and for other similar

purposes.

Trondheim = .
city

1©
* NGTS: Tiller-Flotten

Figure 3.1. Tiller-Flotten research site, located south-east in Trondheim municipality, Trgndelag county.

The Flotten-site is well documented, with open-content information such as field test output
data, and a comprehensive report on field characterization by L'Heureux et al. (2019),
hereafter referred to as the site report. In the site report field- and laboratory data are
presented, based on both high quality investigations and standard ones. In addition, much of
the data are accompanied by interpretations. The deposits in the area originate from the
seabed which has emerged since the last glacial period, and mainly consist of marine and
glaciomarine sediments. The surface altitude is at 125 m.a.s.l., well below the local marine
limit of ca. 170 m.a.s.l. The sedimentary composition in the area is shown in detail on the left
in Figure 3.2. The map on the right, is retrieved from the open-content site DataMap,
developed by Geocalcs (Doherty et al. 2018), and shows the extent of geotechnical surveys
executed on the site.
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Flgure 3.2. Left: Quaternary geology map ofthe site, mainly based on superficial deposits. The blue dashed line
marks marine limits. Right: Map with the positions of field tests subjected the NGTS-project at Flotten.

The basic soil stratigraphy is in the site report divided into 3 intervals, I, Ila and IIb, with
depths of 0-2 meter, 2-7,5 meter and 7,5-20 meters, respectively characterized as dry crust,
low to medium sensitive clay, and very sensitive quick clay. The deposits extend further down,
more than 50 meters below surface but these are not regarded in the report, and are neither
relevant for the sampling done at 6-10,5 meters depth.

The position of the sampling hole, A1, is included in this chapter as it appeared most practical
to have the map alongside the other maps of the extraction site. In Figure 3.3 the position of
the sampling hole is highlighted in yellow, with marked CPTU-soundings nearby, located
south-east of the site. Other surveys have been filtered out of the map, due to tidiness. There
are some piezometers installed along the woodside between the soundings and A1. The
specific coordinate is found in the figure list and more information about the samples is given
in ch. 3.3.
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Figure 3.3. Sampling hole position, with filtered CPTU-soundings.
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3.2 The mini-block sampler

As mentioned, the newly developed mini-block sampler at NTNU
has been utilized in the extraction of clay samples for the model
test. It is illustrated in Figure 3.4. High quality samples were
desired for the experiment, leaving the options to either use the
original Sherbrooke sampler by Lefebvre and Poulin (1979) or the
mini-block sampler, which essentially is a scaled down
Sherbrooke sampler (Emdal, et al. 2016). The influence of
boundary effects is naturally larger for the smaller blocks, but due
to practical reasons the latter was chosen. The method is more
practical in the sense that it allows for easier rigging, preparation
and is less labour intensive, giving an over-all increased efficiency
and lesser cost. The size makes storage and transport easier, while
it also eases the handling in the laboratory. Another expected
implication of using smaller samples, apart from boundary
conditions, is that the quality would deteriorate. The topic was
researched in the master’s thesis by Rognlien (2017), which
stated that most properties remained equivalent for both  Figure 3.4. Technical drawing
methods, but deviances were seen in certain tests. of the mini-block sampler.

425 mm

3.3 Sample properties

To assess how representative the clay specimens in the test chamber were, some index tests
have been performed before and after the chamber soundings. Some data from the Flotten
site report will be presented in this chapter, including some classification tables and
definitions. In addition, a short review of sample disturbance is included. For further details
regarding properties of the sample material it is referred to the site report (L’Heureux, 2019).

3.3.1 Soil properties

In the site report, the trends are showing quite homogenous soil properties within the
different defined strata. Some plots from the report will be included in this chapter, e.g., Figure
3.5 which shows some index properties, and Figure 3.6 which shows different field- and lab
measurements of undrained shear resistance, including the shear strength normalized with
respect to vertical effective stress. Both include basic stratigraphy, segmented into zone |, Ila
and IIb.
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Figure 3.6. Different field (mid) and laboratory measurements (left) of
undrained shear strength, accompanied by shear strength ratio (right).
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The undrained shear strength shown in the previous figure varies a lot according to which
tests have been performed, which underlines the statement that S, is not a uniquely defined
parameter. It varies according to imposed strain rate and also the stress state, which involve
consolidation and anisotropy (confining stress). Moreover, the different methods; yield
different accuracies; depend on the practice and sample treatment by the practician; and may
be calibrated for certain soil types or conditions. A sample’s shear strength is also influenced
by disturbances, as will be explained in the next sub-chapter. If the sample is completely
disturbed, i.e., remoulded, the denotation is S, ,-, which can be determined by the use of falling
cone (denoted FC in Figure 3.6). The ratio between undisturbed and remoulded shear strength
is defined as the sensitivity S;, eq. {3.1}. Both S, - and S; is plotted in Figure 3.7. According to
compendium in TBA4110 clay can be classified based on shear strength and sensitivity
according to Table 3.1 and Table 3.2 (NTNU Geoteknikk, IBM, 2017). An alternative soil
classification to that presented in Table 3.1 is the classification chart given in ISO 14688-2
(CEN, 2017, p.9), but as the one presented below has been created with reference level to
Norwegian soils, it seemed more appropriate.

St = Su/Sur {3.1}

Table 3.1. Classification of soil strength.

Classification of soil type  Classification of shear strength S, [kPa]

Very soft Verylow <12,5
Soft Low 12,5-25
Medium stiff Medium high  25-50
Stiff High 50-100
Very stiff Very high >100

Table 3.2. Classification of sensitivity.

Classification of soil type  Classification of sensitivity — S; [-]

Low sensitive Low <8
Medium sensitive Medium 8-30
Very sensitive High >30

Some extra definitions have been provided in the study on “detection of brittle materials” as
a 6t subject of the joint venture “the NIFS-project” (Sandven et al. NIFS, 2015, p.9):

. Brittle materials have per definition both S, < 15and S, < 2,0 kPa;

o Quick clay has per definition S, , < 0,5 kPa.
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In the lowest interval, IIb, the clay is very sensitive, with sensitivities reaching up as high as
350, while the remoulded shear strength is below 0,5 kPa. Thereby, the complete interval can
be defined as a very sensitive quick clay. The measured S,, is higher for the block samples as
compared to the 54 mm samples, which is linked to the sample quality and furthermore
explains the difference in sensitivity. The clay in section Ila is low to medium. All these trends
are highly visible in Figure 3.7.
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Figure 3.7. Depth profile with liquidity index, sensitivity, and remoulded strength.
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A collection of CPTU-profiles from the site is shown in Figure 3.8. L’'Heureux et al. (2019)
reflected that while the parameters q; and u, deviated little between section II and IIb, the
side friction dropped. This can be linked with the clay’s high sensitivity. As mentioned in ch.
2.3.1.3 Lunne et al. (1997) pointed out that the measured side friction from CPTU-soundings
is approximately equal the remoulded shear strength, implying that the sensitivity has a large
impact on f;. L'Heureux et al. (2019) referred to Sandven & Want (1995 as cited in L’'Heureux,
2019) correlating quick clay with pore pressure ratios equal to, or greater than one. Hence, B,

is included in Figure 3.8, conforming with this statement.

Some further connections between the plots are possible to make, but first some more
explanation will be given to Figure 3.5. Some of the consistency limits are here shown together
with the natural water content. These limits describe the state of the clay based on water
content, divided into four states: 1) Hard and dry, 2) Firm or crumbling, 3) Plastic or 4) Liquid.
The transitions are defined by the shrinkage limit, wg, the plastic limit, wp and the liquid limit,
w;, whereas the interval between the two latter is defined as the plasticity index, Ip, eq. {3.2}.
In the field and lab compendium at NTNU, based on plasticity, the material can be classified
according to Table 3.3. The clay at Flotten, is ranging around 20 % in the interval Ila, while it
is ranging between 8-15 % in interval IIb. Respectively defined as medium plastic and low
plastic.

The state of the soil can be expressed by the liquidity index, I, eq. {3.3}. A liquidity index equal
to either zero or one implies respectively w = wp, and w = w;. Values above one may indicate
quick clay behaviour (NTNU Geoteknikk, IBM, 2017). Leroueil et al. (1983, as cited in
L’Heureux et al. 2019) suggested an empirical correlation between the remoulded undrained
shear strength and the liquid limit when w > w;, as seen in eq. {3.4}. This correlation implies
that I; > 1,6 indicate quick clay. Thus, making the link between the graphs in Figure 3.7 more
evident. For the connection between undrained shear strength, the plasticity and sensitivity, made
by Karlsrud et al. (1997), it is referred to ch. 2.3.1.3.

W — Wp
Ip = w, —wp [%] {3.2} b= {3.3}
Sy, = _r L >1 (3.4}
T (1, — 0,21)2

Table 3.3. Classification based on plasticity.

Classification of material  Classification of plasticity  Ip

Low plastic Low plasticity < 10
Medium plastic Medium plasticity 10 — 20
Highly plastic High plasticity > 20
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Other pertain information is that the preconsolidation stress, p, is about 250 kPa at 7,5 meters
depth, increasing quite linear towards 450-500 kPa at 20 meters depth, roughly parallel to the
in-situ stress oy, , with a difference of ca. 150 kPa. This indicates a probable stress relief on the
site, but as stated in the site report, other effects on p, exist, e.g., aging and change in
groundwater conditions, so it is referred to the report for more details. The OCR goes from ca.
5 close to the surface down to 1,5 in the bottom of the assessed depth profile, reinforcing the
previous speculation.

In Figure 3.6 the CPTU data (e.g., Figure 3.8) has been related to the S,, by two relations as will
be explained. Firstly, by following the SHANSEP concept developed by Ladd & Foott (19,74, as
cited in L’Heureux, 2019), the undrained shear strength is related with the stress history
(OCR) and furthermore normalized with respect to g, (, see eq. {3.5}. By using the relation
proposed by Mayne (1986, as cited in L’'Heureux, 2019) in eq. {3.6}, the OCR can be found.
Both expressions are empirical and must be calibrated with curve fitting parameters, a, m,
and k. Respectively, these were found to be 0,28 — 0,32, 0,7 and 0,45.
~ =a-0CR™ {3.5} OCR =0Q, -k (3.6}

Ov,0
Another relevant strength characteristic from the site report is the friction angle. From triaxial
tests, the friction angle ¢’ has been interpreted to be in the range 29 — 32° with an associated
cohesion, c, of ca. 5 kPa. The last relevant property is the grain size distribution. The report
investigation shows that the clay content ranges from 45-70%. This falls within the clay-
classification (>30%) according to the classification to to Norwegian Geotechnical Society
(2011, p.14).

3.3.2 Sample disturbance

Extracted samples are prone to disturbances during all stages from extraction to the final
testing in the laboratory. Hvorslev (1949) were among the first to extensively investigate and
describe the causes and effects of sample disturbance. He classified disturbance of samples
into five categories:

A) Changes in stress condition,

B) changes in water content and void ratio,
C) disturbance of the soil structure,

D) chemical changes and mixing, and

E) segregation of soil constituents.

He emphasized that different soils have different susceptibility of disturbance regardless of
treatment. Due to the uniqueness of different soils, no universal measurement of disturbance
was developed at that time, however, some trends were described for each of the classes listed
above. Today, the topic has been further researched, and some objective measurements have
been suggested for some specific soils. E.g., some different quality criterions have been
suggested for triaxial testing on specific clays by Lunne et al. (1997, as cited in Rognlien, 2017)
and Andresen & Kolstad (1979, as cited in Rognlien, 2017), respectively based on void ratio
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and volumetric strain, both of which focus on the re-consolidation phase. Likewise, there exist
quality criterions for odeometer tests too, e.g., the one suggested by Karlsrud & Hernandez-
Martinez (2013, as cited in Rognlien, 2017). All of these criterions are quite specific, in contrast,
the supplementary tests conducted in the last experiment are rough and have little objective
criterions to be compared with. Thus, it is a bit difficult to assess the impact made by the
deviances between the field- and lab data, in a qualitative way. l.e., comparing data from the
Flotten site report with the lab results from the last experiment.

Most literature is in-depth analysing sampling methods based on more advanced testing, and
look at the detailed changes of design parameters such as the oedometer modulus, M, p., and
Sy For such studies designated the mini-block sampler it is referred to the articles by Emdal et
al. (2016), Amundsen et al. (2016) and the master’s thesis by Rognlien (2017). The latter is
focusing most on the performance of the mini-block sampler relative to the standard
Sherbrooke sampler, but include more information on simple lab properties, such as the water
content, unit weight and S,, based on falling cone.

The literature perhaps most pertinent to this thesis is the review on sample disturbance: report
nr. 68 (L’'Heureux & Kim et al. NIFS, 2014), which mainly focuses on storage time, and associated
deterioration. The report summarizes that the most important mechanical effect of storage is
the decrease in the parameters M, S, (peak), p., Sy S¢ and the compression index C,. The
alternations are mainly attributed changes in the pore water, being chemical changes (e.g.,
oxidation, which moreover alter pH), drying and loss of moisture, and internal migration of pore
water. In addition, changes in temperature and biological activity are mentioned.

The report states that a general trend for Scandinavian clays is increased w; during storage,
leading to a reduced I;, which according to eq. {3.4} would explain the apparent trend of
decreased sensitivity with time, especially if S;, is decreased too. Regarding the last, it is referred
to a study on quick clay by Bjerrum (1973, as cited in L’'Heureux & Kim et al. NIFS, 2014, p. 17)
where triaxial tests were performed on samples directly after extraction on site and on some
samples 2-3 days afterwards. They observed a relative reduction of peak S, of 13,5 %. This was
mainly linked with swelling due to stress relief. For other types of soil, the storage effects on S,
are varying. Bjerrum & Rosenqvist (1956, as cited in L’'Heureux & Kim et al. NIFS, 2014, p. 27)
observed an increase of both wp, and w;, with an increased difference between the two, i.e.,
Alp > 0. This was linked with weathering of the clay minerals, detected by changes in the pore
water chemistry.

It is stated in report nr. 68 (L’'Heureux & Kim et al. NIFS, 2014), that storage of more than 10
days will entail changes in soil properties, especially for, but not limited to, piston samples. A
proposal repeated several times in the report is to measure the pH upon sample extraction or
upon arrival at the laboratory, and then once more upon sample preparation. The reason is that
the pore water pH is sensitive to oxidation, and thereby provide a good indication of sample
alternation. The report also underlined that the sources of sample disturbance is difficult to
separate.

In addition to all the mentioned disturbances, it is obvious that mechanical impacts, vibrations
and similar will weaken the material as well.
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4 Method

This chapter is divided into methodology associated literature study; the set-up and
methodology in the laboratory; the sounding equipment; the pressure cells; and lastly, a list
of the limitations associated the experiments.

4.1 Literature

The literature review was originally quite systematically logged in a self-made excel-sheet,
with the intention of providing a bibliography which could complement the reference list.
However, this turned out to be laborious and tedious, so it was discarded mid-way through
most of the literature review. A bibliography would probably anyhow contain less relevant
literature and thereby be excessive. Most of the literature work was done after the last
experiment, which ended 11t of May. In the following sub-chapters, the most relevant
literature is presented and briefly reviewed.

4.1.1 Silo effect

In a literature study by Tien, H.-J., (1996), much of the foundations of arching theory is
presented, including works by Terzaghi (1936, 1943), Marston (1930) and Janssen (1895).
Further, Schulze (2017a) presented an in-depth practicable and concise walk-through of the
silo effect for dry materials, based on the theoretical framework by Janssen (1895). To take
the surcharge into consideration, a complete equation was available from Hammer’s thesis
(2020). However, since the literature on arching effects rarely took surcharge into
consideration, it felt natural to present the theory behind. It was not until later in the thesis
work, other literature including surcharge was found, e.g., the work by Terzaghi (1943, p. 88),
which was also presented in the work by Tien (1996, p. 46). Moreover, almost all found
literature on the silo effect was focusing on dry granular fill material, so some assumptions
were adopted from Hammer’s work (2020). It was not until later that the series of articles
made by Li and Aubertin (2008, 2009a, 2009b, 2009c, 2010 as cited in Li et al. 2012) on the
silo effect including wet fill material was found. Because of insufficient time, I was not able to
proofread and compare assumptions in the silo chapter with those presented in their work.
By skimming through some of it, many similarities concerning assumptions were found.

4.1.2 Lateral earth pressure coefficient

The drift of the vertical earth pressure cell during tests was high, making it of interest to see
how well the produced readings are correlated with both empirical and analytical results
found in literature. For K’ in the specific case of rigid boundaries, literature was quite
consistent, with experimental data from Li et al. (2012, 2014), Widisinghe & Sivakugan
(2012), and numerical data from Levesque et al. (2017), Yang et al. (2018), Sun et al. (2018).
For K' in the more general terms only “factors of influence” were of interest, where the
master’s thesis of Lindgard & Ofstad (2017) was found the be the most relevant.
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4.1.3 CPTU-correlations

Due to recommendations, the topic of cone factors was studied. The topic combines analytical
geotechnics with the empirical nature of CPTU, and can thereby be used in assessment of soil
properties and soil classification. Typically, the suggested relations work well for
homogeneous soils, however for transitions their associated assumptions are no longer met,
and consequently the theory is no longer valid. The readings include: the literature for limit
plasticity theory included in the educational compendium (NTNU Geoteknikk, IBM 2016), the
work by Senneset & Janbu (1985), Senneset et al. (1989), Mayne (2005, 2007), CEN (2016);
for cavity expansion theory Vesi¢ & Jones, (1977) and Zhao et al. (2018); for cone factors in
general Karlsrud et al. (1997); for soil classification Robertson (1990, 1998, 2016); and for all
listed topics Lunne et al. (1997).

4.1.4 Thin layering effect

This topic was of main interest subjected this thesis, but due to extensive laboratory work, the
literature was investigated relatively briefly. Hammer (2020) provided an abundant amount
of literature on the topic, so those articles which appeared most pertinent were read, and
referred to here. These were Boulanger and Dejong (2018) which had a combined report on
experimental results and inverse filtering, and furthermore Mo et al. (2017), Tehrani (2017)
and Wang (2019) which in detail investigated the transition between clays, and between
sands, by the use of DIC and PVI. Moreover, the scale effect should be regarded as of great
relevance, not only because of different sizes of cones were utilized, but also regarding
transitions from the surface and between materials. Nottingham (1975) presented this topic
as part of his Ph.D. Thesis, and the information was considered adequate for the purpose. The
articles of Van der Linden (2017, as cited in Hammer, 2020) has also been stated as important
within the topic but has not been read.

4.1.5 Use of natural clays

Sample quality or sample disturbance, is of high importance for experiments involving
samples of natural clay. Such samples are susceptible for changes in properties in every stage
from extraction to the very sounding of a chamber sample. Literature on sample quality is
abundant on the internet, yet typically the literature is too specific with respect to materials
and testing methods. The report by L’'Heureux & Kim et al. (NIFS, 2014) was relevant on a
general basis, and is thereby a good starting point for preliminary planning of sample
preparation with natural materials. It may provide a more conscious approach regarding
preventative measures, and it provide some recommendations on relevant tests to assess
sample quality as well. In addition, the quality criterions by Lunne et al. (1997, as cited in
Rognlien, 2017) and Andresen & Kolstad (1979, as cited in Rognlien, 2017) could be utilized
in quality assessment of samples prior to, and after a chamber experiment. The study by
Hvorslev (1949) is very comprehensive, and is mainly focusing on sampling methods and
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associated disturbances, therefore, only chapter 6 is regarded as pertinent to the experiments.
For disturbance regarding sampling methodology, it is referred to Emdal et al. (2016) and
Amundsen et al. (2016). No little literature was found on the usage of field samples in
construction of large-scale model tests. Thereby, it may be a research interest to develop some
assessment criteria regarding the representativeness of such experiments, with comparison
to what is simulated.

4.1.6 General literature

In general, the book “Cone penetration testing” by Lunne, Robertson and Powell (1997) is
extensively investigating many topics related CPTU and included many useful references. The
thesis by Hammer (2020) was the initiation of the research program at NTNU and naturally
provide much information about the complete nature of the encompassing experiments.
Secondly, researchers, consulting firms and institutions who have published their research
and publish data free of charge, deserve some appreciation, e.g., Mayne, Robertson and
contributors to the open-content service DataMap (e.g., NGI in the NGTS-project). An effort
has been laid down in presenting links to as much literature as possible, to secure quick access
for the readers.
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4.2 The laboratory equipment, set-up, and methodology

4.2.1 The structure of the experiments

To be concise, some specific notations have been given the different elements involved in the

experiments:

¢ Firstly, the chamber sample is the assembly of clay and sand that fills up the test
chamber, which later is sounded.

¢ Secondly, the arrangement of the clay blocks utilized in the experiments has been given
specific notations:

(@)

The term block is used for single packaged blocks of pottery clay, or for
extracted natural mini-block samples. The extraction profile of the mini-blocks
has been numerated with roman letters, see. ch. Appendix C.

The blocks are cut into several specimens.

The specimens that are placed in the chamber, either stand alone, or are placed
adjacent to other specimens in a collection, supposed to act as “one”. Both of
these options are denoted as units.

Several units at the same base level makes up a layer, labelled with Greek letters
chronologically from the bottom and upwards, e.g., a, 8, and y.

A sub-sample constitute the layering profile which is sounded, within one
section. l.e., different sections with equal layering profiles are differentiated.
Sections are described in the paragraph under.

To describe further arrangements, the horizontal cross-section reference system will first be
explained, as illustrated in Figure 4.1: The chamber is conceptually partitioned in three 120°-
sectors: AB, BC, and CA. The intermediate dividing radiuses, and the chamber centre are
respectively denoted as; section a, b, and c; and section S. As there is a metal disc on top of the
sample, the soundings positions are restricted to the pre-cut holes in the disc. These holes are
partitioned along the sections a, b, and ¢, including one in the centre, S. The holes are then
numerated with reference to the centre, i.e., the centre is numbered 1, the second tier of holes
from the centre are numbered 2, etc. Thereby, the soundings are assigned a number according
to the disc hole, followed by a letter for the sounded section.
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BC

Figure 4.1. Chamber partition, with marked: sectors; sections; and sounding holes in the metal disc.

4.2.2 Equipment and materials

The large-scale model experiments have a comprehensive list of equipment and materials. A
compressed list of the most basic equipment is listed in the Appendix D, while the most
important components and materials will be explained in detail in the following subchapters,
including elaboration of the construction of the chamber samples. The natural clay is only in
part described in sub-chapter ch. 4.2.2.4, while its properties and origin are described in ch.
3.
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4.2.2.1 The chamber

The chambers samples in the current experiments were built inside a chamber consisting of
a manhole base and a ring (denoted chamber extension), both made of reinforced concrete.
This provides rigid boundary conditions for the samples. The same chamber was used in the
experiments of Hammer, reaching a height of 2,3 meters. The magnitude of the silo effect
experienced in his experiments was great, with an approximate constant effective stress level
throughout the chamber sample. Tall samples are more influenced by the silo effect, so in
posteriority of his experiments the height of 2,3 meter was considered excessive, as it would
only give the sample construction more complexity and work-effort. In addition, the
experiments were allocated to another location, which constrained the heigh of the model
size. Consequently, the chamber was downscaled to ca. 1,5 meters height. The interior
dimensions of the chamber elements were 1,20 meter in diameter, D, with an inner height of
95 cm for the chamber base, H.; and 51,4 cm for the chamber extension, H.;, making up an
inner height of 146,4 cm, H.. Upon lowering the chamber extension on the base, a rubber
gasket was placed in-between to prevent leakage. In the bottom of the chamber there was a
water in-/outlet with valves, the water set-up is described in ch. 4.2.3.3.

Figure 4.2. Chamber base, with some guiding Figure 4.3. The chamber extension, note the rubber
height lines. gasket on the rim of the chamber base.

4.2.2.1.1 Treatment of interior walls

The inner surface of the chamber was quite rough, with scattered cavities and some
protrusions. Thus, to minimize the friction along the wall, thereby decreasing the silo effect,
Hammer (2020) covered the interior of the chamber with a plastic film in his experiments.
The walls have since been through different treatments: Prior to experiment 0, the interior
wall was painted with epoxy-paint to decrease the wall-friction. In the preparation stages of
the experiments 1a-3, the chamber wall was cleaned and plastered with spackle, followed by
sanding and painting a thick layer of epoxy-paint. This made the surface very smooth relative
to the original one. There were some hitches associated this treatment, which required
tentative repairs, as will be discussed in ch. 6.1.1. The magnitude of the silo effect will be
presented in the graphs in chapter 5.3.3 and is furthermore discussed in ch. 6.2.
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4.2.2.2 Sand

The same sand has been utilized for all of the current experiments at NTNU. It is extracted from
Stokke Grustak in Kval, Melhus municipality, and is labelled type 0/2, which means that grain
size should be less or equal to 2 mm. The sand from Stokke contained 0,2 mass-percent of larger
grain size than 2 mm, meanwhile 1,2 mass-percent of the grains had less than 0,06 mm diameter
(Hammer, 2020). As reference, the grain size of sand is defined to be within 0,06-2 mm (NTNU
Geoteknikk, IBM, 2018). The sands properties were determined by Hammer in his thesis and are
listed in Table 4.1. They were found through sieve analysis, pycnometer test, porosity
procedures by DEGEBO (Deutsche Gesellschaft fiir Bodenmechanik) and undrained triaxial tests
performed on reconstituted sand samples. Prior to sample construction, water content samples
in the sandbags have been made from ca. 10-20 cm into the sand. Hammer’s sand had w = 6%,
the water content has generally been 3 — 4% in the later experiments, yet some bags have been
very dry with respectively 4%o0 and 1%.

Table 4.1. Sand properties determined by Hammer (2020).

Property Mean Unit
dqo 0,175 mm
dso 0,492 mm
deo 0,742 mm
le
C, = des 4,24 -
Ds 2,73 g/cm3
emax 0,873 -
€min 0,502 -
Nnax 46,6 %
Nynin 334 %
Pdmax 1,83 g/cm3
Pd,min 1,45 g/cm3
Pmax(Sr = 100%) 2,15 g/cm3
Prmin (Sr = 100%) 1,94 g/cm3
Eso(p’ = 35kPa,e = 0,65) 18 MPa
Eso(p' = 35 kPa,e = 0,86) 4 MPa

Figure 4.4. Sand from Kval.
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4.2.2.3 Pottery clay

In the early phase of the current experiments, Hammer and his advisors evaluated different
solutions of preparing the clay material. They landed on acquiring a pallet with blocks of
pottery clay as it required less preparation, both with respect to time consumption and
complexity. The pottery clay has been utilized in all experiments except from the very last,
experiment 3, where natural clay was used. The clay is produced by Sibelco, is named K148
and consists of kaolin clay. The clay was delivered in plastic wrapped “12x13x31 cm3”-cuboids
which weighted ca. 10 kg each. Consequently, the density of the clay was approximately p =
2 g/cm3. The clay was homogenous with close to no impurities. A new batch of clay blocks
was bought after Hammer’s experiments. These were stored in a cold storage room. Some
tests have been performed in order to determine the properties of the clay, both in the latest
experiments and by Hammer in 2020. The tests performed solely by Hammer are undrained
triaxial compression tests (CAUc and CIUc) and oedometer test. Both have performed tests on
the consistency limits, water content, and on the undisturbed and remoulded shear strength
by falling cone test. All the new test results (under Meango-2 in Table 4.2) are from sounded
specimens, with the exception of the water content, which is from newly opened blocks. The
results from Hammer (2020) are listed under Meanusn, where the measurement of S, is based
on triaxial tests (CAUC, CIUC), and are thereby regarded as accurate. A picture of a packed
block and a cut block is seen in Figure 4.5.

Table 4.2. Clay properties of K148 determined by Hammer (2020).

Property Meanusn Meango-2  Unit o .".'“ﬂ.“:“-v» _A _

w 23,8 24,6 % | |
wy 30,5 34,9 %
Wp 18,5 19,1 %
Ip 12,0 15,8 %
I 0,44 0,35 -

Sucauvc 27,5 - kPa

Su,rc - 41 kPa
St ~1 2,3 -
E, 3 - MPa
G 1 - MPa

Esea 4 - MPa
m 27 - -
P 100 - kPa

Figure 4.5. Above: Wrapped pottery clay block.
Below: cut block.
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4.2.2.4 Natural clay

The blocks of natural clay were extracted 16t and 17t of march at borehole A1 at Flotten,
with UTM-32-coordinates 7023917., 571088., 123. EUREF89. Due to uncertainty regarding
the feasibility of using quick clay as a sample material, some of the extracted clay was taken
from the depth of low to medium sensitive clay (z < 7,5 m). The blocks were extracted with
the mini-block sampler, giving maximum dimensions of 35 cm in height and ca. 16 cm in
diameter. The blocks were taken from 6-10,5 meters depth. The sampling above the quick clay
was more challenging, and thus some blocks before and close to the layer transition had
smaller dimensions. The sampling profile is partitioned into continuous intervals, and
subsequently, the blocks are numerated according to position within these intervals, as listed
in Table 4.3. A preliminary test was done on block III-II before easter holidays, with an 8 cm
specimen (8,55-8,63), the rest of the block was wrapped thorough and placed back into the
storage room. It was checked whether if the specimen would survive build-in, considering that
the surrounding layer of sand is compacted with a heavy plate vibrator. Visually, there were
no noticeable changes after the excavation, see Figure 4.6. Moreover, the specimen was tested
with a field inspection pocket vane prior to, and after build-in, and in addition tested with the
falling cone test. The specimen survived well and had values coinciding well with those seen
at Flotten, ch. 3.3. See ch. Figure 5.23, 5.2.1 for the results. Unfortunately, among the blocks of
quick clay, I1I-1,5 was not discovered standing in the storage room until the experiment was
already done, thus it was never used.

Table 4.3. Block extraction depth profile.

Block name Top Bottom Day extracted  Day taken out of storage
I-1 6,15 6,45 16.03.2021 Not used
[-11 6,45 6,8 16.03.2021 16.04.2021
[1-1 7,15 7,416 16.03.2021 09.04.2021
[I-1 7,87 8,2 17.03.2021 12.04.2021
I11-1,5 8,20 8,55 17.03.2021 Not used
23.03.21 (rewrapped),
M-I | 855 - 89 17.03.2021 14.04_21( pped)
[I-111 8,9 9,25 17.03.2021 13.04.2021
[I-1V 9,25 9,6 17.03.2021 10.04.2021
[I-V 9,60 9,95 17.03.2021 16.04.2021
[1-VI 9,95 10,3 17.03.2021 19.04.2021
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Figure 4.6. Pocket vane test prior to (left), and after (middle), build-in. Excavated intact specimen (right).

4.2.3 Set-up

4.2.3.1 Clay layer set-up

The layering of the finished chamber samples ended up as listed in Table 4.4, with clay layer
thickness, H, for each sub-sample listed in Table 4.5. As may be understood from the first
presented table below, layers did not necessarily end up at the exact intentioned heights, as
these typically had round numbers. A vertical cross-section of experiment 0 is shown in Figure
4.7, with a somewhat misleading horizontal dimension of the clay samples. The true geometry
will be clearer after the next sub-chapters.

Table 4.4. Layering of the sample as of finalization, with height, H., and the depth, z, given in cm.

Experiment 0

Experiment 1a

Experiment 2

Experiment 3

Distance H, z H, Z H, zZ H, Z

Sand, top level | 138,4 0 90,3 0 141,1 0 141,1 0
Clay, base of level 3 - - - - 109,6 31,5 114,7 26,4
Clay, base of level 2 | 99,5 38,9 - - 79,1 62,0 81,3 59,8
Clay, base of level 1 | 47,7 90,7 37,5 52,8 46,2 94,9 47 94,1
Earth pressure cells | 22,5 115,9 21 69,3 21 120,1 21 120,1
Gravel, top 10 128,4 10 79,3 10 131,1 10 1311
Bottom 0 138,4 0 90,3 0 141,1 0 141,1
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Table 4.5. Clay layer thickness, H, with unit given in cm.

Experiment 0 Ela E2 E3
Zone | a b c b a-c S a-c
H,level 3 - - - - 2 4 2,8
H,level 2 4 4 8 - 4 8 57
H,level 1 8 12 12 36 8 12 8,5
a b C
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Figure 4.7. Intentioned layering in experiment 0, the horizontal width of each clay layer is misleading.

4.2.3.2 Preparation of test specimen

At the bottom of the chamber a 10 cm layer of gravel was placed. This was then covered by a
couple of filter cloths, to prevent washing of the deposits from the chamber. These were
overlapping each other with 20 cm and the endings were sealed by pushing and stubbing sand
on the folds in a suitable manner. The elements are illustrated in the figures below.

Figure 4.9. The first 10 cm of the chamber was
Figure 4.8. Utilized gravel. filled with gravel.
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Figure 4.10. Filter cloth. Figure 4.11. The cloth was squeezed to the wall by
pushing and stubbing the sand.

The first sand layer was laid above the filter cloth. Throughout the course of the year, the
procedures of creating sand layers have varied. The methods were intended on creating
homogeneous, medium densely packed sand (D,,~40 — 60%) that could resemble a natural
sand deposit. The procedures are explained in the following sub-chapters.

4.2.3.2.1 Sand preparation procedure 1

In experiment 0, the repeatable 4 stage method for adding sand developed by Hammer was
used. The first out of four stages consist of adding sand by an approach similar to dry-
pluviation, except that moist sand is utilized (w = 4 — 6%). The sand is furthermore placed
directly on the sieve, seen in Figure 4.12. The metal sieve was composed by two layers of
expanded metal mesh, wired together with steel wire, giving equal to or less than 15x15 mm
openings. The sieve was placed at fixed heights, hanging in chains from four steel brackets
placed on the rim of the chamber. The diameter was 1,15 meters, which allowed for sideways
movement in the chamber. When the sand was placed on the sieve, it was then rained through
the sieve down on the sample by shaking the sieve. The height of a new loose sand layer has
been denoted Ahy in this text. This part of the procedure could also rather be called a raining

procedure.

Figure 4.12. Metal sieve hanging from brackets. Figure 4.13. 1t phase, newly rained sand.
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In Hammers’ experiment the raining procedure gave a very loose state of the sand. Hammer
observed porosities of the rained moist sand ranging up to around e = 1,25, which is above the
determined e,,,, = 0,873. This is explained through the standardized procedure of DEGEBO on
how to determine e,,,,, which is based on an approximation of finding the loosest state which
occurs naturally, not artificially. The sand that was rained in the current experiments was
partially saturated which gave the sand cohesive properties and a looser state was achievable.

In the second phase, the sand was fully saturated with water which gave settlements, denoted
Ahg ;. This was done by filling the chamber through the inlet at the bottom, with an appropriately
low water flow, preventing fines from being transported and sorted within the sample. It further
prevented the development of interior channels within the sand as well. The 10 cm of gravel was
meant to distribute the waterflow evenly along the horizontal cross-section of the chamber. In
the third stage the water was discharged again and typically a low additional settlement was
observed, commonly ranging one sixth of the settlement in the prior stage. This settlement has
been denoted Ahs ,.

Figure 4.14. 2n phase, fully saturated sample, Figure 4.15. After 4*h phase, water discharge,
excess water on top. followed by vibration.

In the fourth and last stage a stiff circular wooden plate of 1,14 meter diameter was laid on the
sand to distribute the impact of the plate vibrator over the whole surface, see Figure 4.16. For
every new layer that was vibrated, the lower layers got additional vibration. To prevent this,
undercompaction was performed, i.e., the vibration cycles were incrementally longer for each
new layer, to approximately achieve a final homogenous packing of the entire sample. After the
settlements caused by the vibration, Ah_, the final height of the new layer, Ah, was reached.

Special care was necessary for sand layers surrounding clay units, with different raining heights
for the sieve. The lowest placement was intended as “max overlay height” for the thinnest clay
units, and was rained on the whole cross-section. This was followed by a second height intended
for the thickest clay unit, where the whole cross-section except parts over the lower clay unit
was filled, and finally, a max level where the sand was rained everywhere except over the clay
units. This was done as clay do not get compacted by the vibration, and thus the sand above the
clay would absorb much of the vibration and get more compacted than the sand elsewhere.
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Figure 4.16. 4 phase, plate vibrator on wooden Figure 4.17. Sand layer thicknesses adjusted the
plate. clay units’ heights.

A picture of sand over clay before saturation is shown in Figure 4.17. The full sand procedure
for experiment 0 is sketched in Figure 4.18.

Sand raining Saturation Compaction

h 21
Loose, slightly
moist sand Ahf Saturated sand

22

0 1 2 3

Figure 4.18. Schematic construction of sand layers.

4.2.3.2.2 Sand preparation procedure 2

The sand of the first procedure yielded less tip resistance than desired, and was deemed too
loose. Therefore, some new procedures were evaluated, where the original idea was to build
a series of chamber samples consisting of solely sand, termed 1 followed by a letter: e.g., 1a.
These would provide a good foundation for comparing build-in methods based on time
consumption and compaction, and would moreover provide critical depth, z., associated each
build-in method. As the time was restricted, it was determined that only the chamber base
would be used, giving 90 cm samples. Only one such sample was built due to the time
consumption, where further sand tests would have restrained the number of future tests with
clay. Moreover, the test 1a yielded useful results, and thus new sand tests were cancelled.

Different stress levels were considered for the different sand tests, but as to have a solid
foundation, additionally accounting for the homogeneity, two of the inner soundings had to
be equal. It was then considered more valuable to use the third sounding hole to some other
purpose. The very first chamber test by Hammer (2020, p. 152, case A) intended to determine
the characteristic tip resistances in loose sand and clay, consisted of very loose sand (D, =
10%) and consequently the clay block attached the probe mid-way, getting dragged between
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0-3 cm down. The readings were thereby not optimal, and the new experiment 1a provided
thereby an excellent opportunity to create a more consistent reference profile for gc"*" of the
pottery clay.

The procedure was simpler and faster: In the first phase sand was shovelled directly into the
chamber, circumventing the raining part. Phase 2 and 3 remained the same, while in the 4th
phase, the plate vibrator was put directly into the chamber without the use of the wooden
plate. The latter method required a shorter vibration time due to the increased magnitude of
compaction per area. Thereby, the plate vibrator was only turned rapidly on and off, where
the compaction by vibration still commenced while the plate vibrator settled/calmed. A
systematic “flower” pattern was followed, as to distribute the compaction as homogeneous as
possible, performed in two rounds, covering the complete layer surface. Due to the rapid
nature of this methodology, undercompaction was not performed. The vibration method also
allowed for construction of a high clay sample simultaneously as the adjacent sand could be
compacted without the need of new, special cut distribution plate.

Some disadvantages regarding the method were: anticipated less homogeneity within the
sand, and secondly, construction-wise, some of the “saved time due to simplicity” lead to less
even layer surfaces. To flatten the surfaces, large spatulas of 20 and 40 cm were used,
respectively in the end of phase 1 and phase 2. This increased the workload again, yet in total,
this procedure was faster. The sand was gently spread with the spatulas, while it was
attempted to not compact the sand in the areas with excess sand. The layers were checked
with a spirit level. Due to this control, a previous unclear perception was confirmed, the
chamber rim, which was actively used as a reference level, was not completely even (a few
millimetres). The soundings of experiment 1a yielded large thrust forces through the probe
and the rods, close to the capacity of the actuator, so it was decided that the sand-building
procedure would be renewed a second time.

4.2.3.2.3 Sand preparation procedure 3

The third, and last sand procedure that was utilized was quite equal to the previous one,
where phase 4 was reverted to the first methodology. L.e., the wooden plate was again used to
distribute the vibration compaction, which again allowed for undercompaction. This refined
procedure was deemed successful with a relative density of ca. 40%, and was therefore used
in experiment 2 and 3.

4.2.3.2.4 Sand procedures in general

In all the procedures, a height measurement was made after every phase. This was done using
a self-made height measurement device made up of a L-beam, with a steel measuring tape
fastened with a F-clamp, see Figure 4.20. Under the construction of the sample, the distances
were measured with reference to the current rim of the chamber, which was denoted z;. The
logging was made with an approximate millimetre precision, with specific reference points in
the chamber. Yet, due to the extent of the sample surface, this precision must be considered a
bit obscured.
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Figure 4.21. Broken silt-/clay lump. Figure 4.19. Collection of impurities, Figure 4.20. Height measurement
mainly soft lumps, and a little gravel. device. Measurements were made
after every phase.

During construction, any observed impurities, such as clay-lumps and seldom some rocks,
were removed and discarded, see Figure 4.21 and Figure 4.19. The risk of including such
impurities was small in sand preparation procedure 1 due to the sieve. Meanwhile, for the
other procedures, the risk was much higher. Yet, if one is observant during the filling
operation in these latter procedures, one may avoid a majority of these impurities anyhow.

The plate vibrator was very heavy to lift all alone into and out of the chamber, especially due
to the momentum of stretching the arms over the rim, into the chamber. Some different
solutions were utilized throughout the experiments: Sometimes the lab technicians or some
friends helped lifting it in and out. Mostly it was done alone by hand, but equipment such as
a hand hydraulic stacker and a chain hoist was used as well. The latter was first available for
experiment 3, and was then hung in the rack above the chamber, as shown in Figure 4.22. It
turned out to be very helpful and much safer.

Figure 4.22. A chain hoist provided a good solution for the plate vibrator handling,
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4.2.3.2.5 Pressure cells

Some circular Geokon Model 3500-3 earth pressure cells were placed close to the bottom of
the chamber, to log the pressure from both the sample’s self-weight and the artificial load.
This has been of importance, as the stress level affect the material properties of sand in a large
degree, while it is also of interest in the CPTU-assessment. Furthermore, it is known that
chamber fills are subjected to silo effects, as elaborated in ch. 2.4.1.

The arrangement of the pressure cells is as illustrated in Figure 4.23, with an upright pressure
cell, “number 5”, which was added after experiment 1a. L.e., it was only included in experiment
2 and 3. The cells were 23 cm in diameter and ca. 1 cm thick, and placed horizontally with a
surface level of 22,5 cm and 21 cm respectively for experiment 0 and 1a-3. The upright cell 5
was placed with vertical centre point at height h = 24,5 cm with the top and bottom reaching
heights respectively of 36 and 13 cm. The cell was supported by pushing moist sand (w = 4%)
against the plate.

For the best performance of the pressure cells, the cells were installed according to the
instruction manual (Geokon, 2019). “Preferably the cells should be surrounded by soil equal
the fill material it is to be installed within”. L.e., in the chamber, the cells should be placed some
distance from the gravel, as to obtain equal stiffness above and below the cell. Furthermore,
the sand should be homogeneously compacted around the cells, in order to reduce potential
arching in the surrounding soil.

BC

Figure 4.23. Arrangement of pressure cells, with numeration and sector denotation.
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Practically, the pressure cell cables were bundled together at the end of the transducer
housings of cells 1, 4 and 5, and were further lead along the wall, over the rim. The cables were
thereafter connected to a DAQ-box (Data acquisition box) connected to the computer. Upon
adding a chamber extension, the cables had to be lifted into the chamber during the
installation, (typically together with the DAQ-box to save time). Afterwards, the equipment
was reconnected to the computer. Obviously, the operation gives a break to the pressure
logging and should hence be done in one continuous operation, as to keep track on both the

water level, and on the potential change in readings from cell 1-5 (see end of this chapter).

A

Figure 4.24. The pressure cell set-up in experiment 2 and 3, from different angles.

The cells were taken out of the chamber and re-calibrated between experiment 0, 1a and 2,
while they remained untouched for the last transition. When test 1a was done, a short process
of testing and comparing available cells was commenced. This was provoked by the deviating
logging from cell 2. Thus, in order to get more conforming results, cell 2 was changed, and in
addition, cell 5 was added. The sand layer underneath the cells was only recreated once,
between experiment 0 and 1a, as the cells had no downward displacement between the other
experiments, i.e., the stiffness of the entire sand layer below the cells was equal between these
experiments. The vertical pressure cell 5 stayed at rest throughout experiment 2, but was
slightly inclined after experiment 3 as can be seen in Figure 4.25.

Figure 4.25. Slightly inclined pressure cell. It appears Figure 4.26. Zero-calibration procedure, with cells

more inclined in the picture due to camera angel. submerged under a 5 mm water film.
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The Geokon Model 3500 pressure cells utilize hydraulic oil to measure the pressure imposed
on the plates. Due to the measuring method’s nature, the readings are prone to changes in
ambient conditions. This was experienced throughout all experiments, and consequently
some preventive measurements were attempted, e.g., all added groundwater was roughly
room-tempered (which was difficult to achieve with current settings). Moreover, the zero-
calibration was done after a day’s period of submerging the cells under a 5 mm water film,
with ca. 18,5°C, with hope of maintaining that temperature for the rest of the experiment. Cell
5, was naturally not completely submerged during this procedure.

The cells had a pressure range of 100 kPa. A special casing was developed for calibrating the
earth pressure cells as shown in Figure 4.27. A pressure calibrator, model Fluke719Pro, was
used to measure the pressure in the casing while air was pumped into the casing. It was
considered using water as surrounding medium to the cells as to attain certain temperatures
within the cell more quickly and with higher certainty. However, the available equipment
would not allow for high water pressures (only static water columns within generic
containers), and thereby the associated accuracy would be low for higher stress states. The
use of a water pump on the casing would not be viable either, as the calibrator required dry
air as the pressure medium.

Figure 4.27. Calibration set-up.

4.2.3.2.6 Preparation of clay specimens

In advance of every experiment, the dimensions of the clay units were carefully planned, both
with respect to the experiment purpose and to the consumption of blocks. The practical
preparation of clay specimen was a time-consuming operation:

The clay blocks were measured meticulously with a folding meterstick or when applicable
pre-cut boards were use, which improved the efficiency considerably. The specimens were
cut with a thread saw, and to ease the general procedure silicone lubricant was added on the
working surfaces. For the pottery clay, and the less sensitive Flotten clay, the material was
typically difficult to handle, as it provided more resistance and was stickier than the quick
clay. Consequently, lubricant was sometimes added in the cutting procedure as to separate
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cut parts from each other. On the other side, the quick clay was sensitive to physical impacts
or handling in general, requiring more care and resulting in a roughly equal time consumption
per specimen. While handling the clay, it was attempted to keep the contact surface as large
as possible, e.g., plates were used on flat surfaces. Clay that was not handled, was watered and
covered with plastic foil to sustain the water content.

A layer of pottery clay typically required 9-15 hours, so the clay blocks were laid in the
chamber continuously, where they were watered and covered (except from the underside
which was partly saturated in advance). The layers of natural clay consisted of specimens from
several blocks, thereby requiring more time for cutting. Consequently, these specimens were
completely confined with plastic foil and set aside until the layers were to be built. Upon
assemblance of a unit consisting of several specimens, the blocks were clamped together with
F-clamps after being sprayed with a film of water in between. The intention was to make the
units act as one. When possible, water content
samples were cut from the specimens, always
attempting to include the clay closest the block
centre as to have as representative samples as
possible. Considering the measurement accuracy
upon determination of w, the samples should
preferably have been smaller with centroid further
into the clay. The pottery clay showed little deviance

in w, and was therefore tested on a fraction of the Figure 4.28. Passive failure in a quick clay
specimens. specimen, upon clamping of a unit.

The vertical layout of the different sub-sample is given in ch. 4.2.3.1, the horizontal cross-
sections are shown in Figure 4.29 to Figure 4.32. The clay did not cover the entire cross-
sections because of two reasons: Firstly, the clay would create an “impermeable” layer due to
its very low permeability, making the construction procedures unfeasible. Secondly, the flow
mechanism caused by a sounding is quite local in clay with an influence zone of ca. 2-3 d,, so
the required horizontal extent is quite short. In the sand however, horizontal influence may
be large, closer to = 20d., and thereby, in experiment 1a, the clay was trimmed a bit on the
side closest the sand-soundings, see Figure 4.30. For experiment 3, other set-ups were
considered, as shown in the Appendix B.

Prior to experiment 3, it was tested whether if the quick clay would survive sample build-in.
[t was also checked if it was possible to create units, as with the pottery clay. This proved to
be feasible, but the specimens could get a more sudden failure upon clamping them together,
as seen in Figure 4.28. Thereby, the units had to build even more carefully than those of pottery
clay. Furthermore, a mini-probe was used utilized in the third experiment, where the sub-
samples consisted of cylindrical specimens. The thicknesses of the centre sub-samples and the
cylinders were normalized with respect to the cone diameter, see Table 4.5. The disposition
of specimens was thoroughly investigated, with some criterions: Firstly, the sum of specimens
had to be within the block intervals and not cut by each block's extents, proving to be a solid
“solitaire”. With this in mind, it was attempted to have the sounded specimens as close to each
other as possible, and thereafter the adjacent centre specimens too. The layers were placed
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according to in-situ stress level, i.e., the deepest specimens from the extraction profile were
placed at the top where the most stresses were achieved. Anyhow, the effective stress level
within the sample was lower than the in-situ one (o, = 80 — 65 kPa versus o;,, =~ 100 — 140
for the “sounded specimen”-depth z = 8 — 10,5 metres).

Unfortunately, the soundings from experiment 3 yielded rather unexpected results, and upon
excavation, it was evident that indeed, the layers were laid erroneous. The error was
systematic, with cylinder perimeters placed at the planned centre. The solution was to re-
build the sector again and cut new holes (tier 4) in the disc on top, so that the sub-samples
still could come to use. The actual sounded layout is seen in Figure 4.32.

a

Figure 4.31. Intended design for experiment 3. Figure 4.32. Actual layer layout for experiment 3.
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Figure 4.33. Unit dimensions for EQ and E2 (left) and E3 (middle and right).
Specimens were numerated according to that shown in the octagon.

The blocks were labelled according to intervals of continuous sampling, followed by order
within interval, chronologically from the surface and downwards e.g., [1I-IV. A list is included
in the Appendix C, Table C.1.

Figure 4.34. Excerpt of clay layer preparations.
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4.2.3.3 Water/hydraulic set-up

The hydraulic system was consisting of a 20-litre water container, a small crate which exerted
as a sedimentation basin, four hoses, a pore pressure sensor and four valves, whereof two
were strictly necessary and two were supplementary. The system is illustrated in Figure 4.35.
The water container was mobile and was installed with a spillway for excess water, an outlet
to the chamber and an inlet for the water filled from the faucet. The necessary valves were
number 1 and 2. Valve 1 could be opened to discharge the chamber and also potentially the
water container, meanwhile valve 2 controlled the water in and out of the water container
which could be moved. The 3rd and 4t valves were already mounted and were not strictly
necessary, though they did allow some supplementary flow routes if desired. To control the
height of the ground water in the chamber, h,,, the water container was simply elevated or
lowered to the preferred height. A small crate was placed under the outlet, and was meant to
prevent flow of potential outgoing fractions into the drains. The filter cloth primarily
prevented this, but it was considered as a back-up for the filter cloth both with respect to poor

installation and potential rupture of the cloth.
7 fj—\
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Figure 4.35. The hydraulic system for the model.
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Figure 4.36. Actual footage of the in-/outlet-system.

4.2.3.4 Artificial overburden load

An artificial overburden load is imposed on the chamber samples to simulate stress states at
larger depths, and to limit the effect of critical depth from the surface. A framework has been
built in order to induce vertical pressure on the sample. The frame consisted of four main
parts: a circular metal disc, three air bellows, a steel frame and three metal rods.

The dimensions of the metal disc are shown in Figure 4.38, with a diameter of approximately
1,15 meter and 10 holes arranged in 3 radial sections, including the centre. It was 7 holes prior
to experiment 3. The disc, including the parts of the metal frame weighted ca. 3 kN and had a
contact surface to the sand very close to 1 m2. The top of the test chamber was accessible
through a hatch between the lab and the (next) floor (upstairs). From there the disc was
lowered unto the sample with a crane, see Figure 4.37.

120 cm
115 cm

Figure 4.37. Metal disc and loading framework Figure 4.38. Metal disc dimensions and section
lowered unto the sample. partitioning.
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In the experiment by Hammer (2020), the imposed load was equal to 11,4 kPa. As the
intention of experiment 0 was to replicate his experiment at a new laboratory with a new set-
up, the applied load, q, was adapted the new sample height, predetermined to be 13,5 kPa.
After Hammer’s experiments, the load was imposed by using a more flexible designed with a
triangular steel framework with air bellows instead of using weight plates. To apply more load
on the disc through the bellows, a counterforce was needed. A triangular steel frame was
placed one top of the bellows, and holes were drilled at the corners of this frame to enable
fastening some threaded steel rods to the frame with nuts. These rods were also fastened to a
frame in the bottom of the chamber, which was built in to create some fastening points for the
rods and also give easier transportation of the chamber. To measure the pressure imposed on
the sample, a tension measurement device was placed on one of the rods and connected to the
DAQ-box. In the program used to log the imposed pressure, the dead weight of the steel frame
and metal disc was included as initial stress point, and loading of the sample was done reading
the stresses in the program. Likewise, it could have been possible to calculate the total force
acting on the disc from the bellows by reading of the pressure on the manometer on the air-
valve connected to the bellows.

After the first soundings, the pressure system was tested towards its limits, as to check the
effect on the sample, and to make sure everything worked before an entirely new sample was
built. Due to some faults with the design, the framework was redesigned to be sturdier, with
thicker rods, vertical steel supports welded to the frame, ratchet straps were added to prevent
any possible torsion and the air bellows were screwed into the disc. The new design was more
flexible, allowing construction of chamber samples using only the chamber base. Pictures of
the first and second set-up are shown in Figure 4.39. The different load settings associated
each experiment are listed in the table underneath, Table 4.6.

Figure 4.39. Loading framework, initial (left), redesign with chamber base (middle) and extension (right).
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Table 4.6. Imposed load in the different experiments.

Experiment | Load

HBH1&2 |q =114; (o, = 13,5)

EO q =135

Ela q =40

E2 q2a2b3a = 40 q2¢3p,3c = 80
E3 q =80

Figure 4.40. The framework with bellows and rods. Figure 4.41. The tension sensor installed on a rod.

4.2.3.5 Actuator

The last component of the lab model was the actuator, model ETH050, M05, by Parker
equipment. This device was bolted on a steel rack and used to press the penetrometer down
into the sample with a constant predetermined speed. The rack allowed for easy handling of
the actuator with steel bars that could slide on two horizontally fixed beams, as shown in
Figure 4.42. While no sideways movement of the actuator was expected upon running the
tests, 4 F-clamps were fastened to constrain any possible movement. The actuator was first
dedicated its own computer, but later on the actuator program was integrated into the
pressure cells’ logging program so only one computer would be necessary. With all of these
components fixed, the experiments were ready to commence, as shown in Figure 4.43.

Due to experience of high thrust forces on the probe and the rods upon the soundings in
experiment 1a, the actuator was equipped with a pressure cell. The actuator program would
then abort further penetration if the thrust force reached near the capacity load. Considering
that the actuator was clamped with several bolts to a steel plate on the rigid steel rack; and
that the tip was supported sideways by the fill; the load case 1 in the catalogue applied (Parker,
2019). However, due to extension rods, the capacity should be considered somehow altered,
with longer buckling length, yet larger diameter.
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Figure 4.42. Steel frame for actuator, with actuator installed.

The penetration length had to be considered in detail prior to the soundings, with respect to
the pressure cells at the bottom and the new pressure cell on the actuator. The target was to
log as far as possible, without risking damage to the equipment. Therefore, a couple of
centimetres were subtracted as a safety measure.

.

Figure 4.43. Penetrometer fixed to rod, placed Figure 4.44. Crane used for lifting heavy equipment.
above sub-sample 2a. Here with the actuator placed on the actuator frame.

T

4.2.4 Excavation

During all excavations, the density of the sand was investigated. Furthermore, there were
conducted some basic laboratory tests on the clay.
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4.2.4.1.1 Density tests

To measure the density of the sand, two cut steel cylinders were utilized, with dimensions of
5 and 10 cm heights, with diameters of 7,2 cm. The tests were made in the sectors
approximately 30 cm from the centre, as to have less disturbance from the soundings. The
cylinders were pushed into the sand by pushing a second cylinder on top of the sampling
cylinder and then using a plate on top to push the cylinders downwards with an evenly
distributed force. The sand adjacent to the cylinder was then dug carefully out, and a masonry
trowel was cut underneath to get a flat sample bottom. The top was then trimmed with a
thread saw, and the sample put in a bowl. This was then weighted and put in an oven.

Both the diameter and the height used in computation of the volume is subtracted by 2 times
dso/2 for each boundary as it is expected that sand at the boundaries is forced either in or out
of the cylinder. With this information, p; was calculated, eq. {4.1} and by using p; determined
by Hammer, both the void ratio and the relative density was calculated, eq. {4.2} and {4.3}.

The latter term, relative density, or density index, is used to express the degree of compaction
of a cohesionless soil relative to the upper and lower bounds, found in laboratory procedures.
These procedures are intended on expressing the interval of porosity found in natural
deposits, meaning that artificial deposits may drop below D, = 0% or surpass D, = 100%.
The associated soil classification based on D, according to ISO 14688-2 is shown in Table 4.7
(CEN, 2017, p. 8).

mg Ps

Pa == {4.1} €= 1 {4.2}

e — e
DT — L {43}

€max — €min

Table 4.7. Soil classification based on relative density.

Classification term | Relative density D,., I [%]

Very loose 0-15
Loose 15-35
Medium dense 35-65
Dense 65-85
Very dense 85-100
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Figure 4.45. Picture from during a density test.

4.2.4.1.2 Laboratory tests on clay samples

The clay samples were tested with a variation of index tests. Water content samples were
always taken as part of the excavations with one sample per unit for the very homogeneous
pottery clay and 1 sample for each specimen in the quick clay, with exception of some adjacent
blocks in the centre units.

Furthermore, some test series were conducted. A test series included checking w; and wp
according to ISO 17892-12:2004 (CEN, 2004), and determining S,, and S,, ;- according to the
standard NS8015 (Standard Norge, 1988) with use of calibration charts provided at the
institute. It should be noted these calibration values are with reference to the old standard of
falling cone test NS8015 (SN, 1988), which has been superseded by the new NS-EN ISO 17892-
6:2017 (SN, 2017). The new standard yields lower values of S,, , for the same penetration. E.g,,
the limit value of 0,5 kPa for quick clay correspond to 0,33 kPa in the new standard, according
to the formula {4.4} (SN, 2017, ch. 6.2.). In the formula, the constant c is associated cone
geometry (e.g., for a 60° tip, c=0,27), g is the gravitational acceleration [m/s?], m is the cone
mass [g], and i is the average cone penetration [mm].

Sur=¢-9" m/iz {4.4}

To emphasize, in this master’s thesis, the both laboratory results and the limit value of quick
clay (0,5 kPa) is associated the old standard.

Only one test series was conducted for the pottery clay, meanwhile, it was done for the each
of the natural clay specimens that were sounded, plus an extra series in the middle (a) and
lower () centre specimen. In addition, for the natural clay: uniaxial compression tests were
conducted on sub-sample g, b, and c in the lowest layer, a; salinity was checked for 5 different
samples according to description in the field- and lab compendium (NTNU Geoteknikk, IBM,
2017); and as previously mentioned, for the very first build-in test of natural clay, a pocket
vane was used. Both the Casagrande device and the conductivity-meter were calibrated before
use.
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Figure 4.46. Falling cone test and uniaxial test on (possibly disturbed) quick clay.

4.3 The sounding equipment

4.3.1 The standard probe

The standard piezocone penetrometer (10 cm?, d. = 3,57cm) was of the type NOVA-sonde,
made by GeoTech. The equipment registers readings with reference to time. This may not be
entirely clear for data treated by the regular CPTU-programs, where post-treatment datasets
have specific depth intervals of 1 cm for readings, meaning that each parameters’ position is
rounded off to the nearest cm, see Figure 4.47. Moreover, upon deficiency of readings
compared to logging intervals, the algorithm will make the parameters inherit values from
other steps. This set-up may be intended to ease data treatment with a standardized matrix,
or data set, where the values are presented in a quite tidy manner. l.e., the treatment method
is intended for better visualization in e.g., excel or similar. This method is however a bit faulty
or misrepresentative with respect to the measurement’s real positions, and thereby also the
different parameter profile curvatures. Neither is the design intended on compressing storage
space, concerning that a data-treated CPT-file = 7,8 kB per meter, compared to raw data =
0,85 kB/m.

Consequently, to avoid misrepresentation of readings, the data in this thesis have been based
on the readings with time, with associated physical positions based on the data-log from thee
rig/actuator which logged sounding length and time. Thereby, the raw data was extracted
from the logger, which is placed at the interior of the probe, found at the transition between
the probe and the regular rods (GeoTech AB, 2012). The data was later treated in Excel.

The Nova-probe had fixed time stamps with 64 datapoints every 25 seconds. This would give
measurements every 7,8 mm with a standard speed of 20 mm/s, or every 5,9 mm with the
lowest allowed speed according to the international standards (CEN, 2012). Le., with 1,5
mm/s there would be relatively 33 % more datapoints for the same length. As the highest
possible accuracy for the current experiments was intended, the latter penetration rate was
chosen2.

2 - See reference 6.3.4, for discussion of discrete readings as compared to continuous (idealized).
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In the raw files, the data points from the NOVA-probe were divided into five categories, with
indexes 4, B, C, F and # in the dataset. Each of these datapoints contain measurements of two
parameters, except of # which is a reference time-stamp. E.g., C gives tip resistance and tilt
angle, while F gives side friction and pore pressure, these are the most frequent
measurements, see Figure 4.48.

D=1.8208Q0C=1.4986 JF5=18.4 U=126.8 ) TA=0.89}0=15.6,B=28,M=0.08,RM=0.008,%1467158
D=1.838 J0C=1.4986 JF5=12.6]U=128.1]TA=0.89} 0=15.6,B6=19,M=0.88, RM=0.008,%1467485
D=1.84830C=1.5156 JF5=16.4]U=118.5 TA=0.06 0=15.6,B6=28,M=0.88,RM=0.000,%14168258
D=1.858 JQC=1.5156 JF5=16.4]U=118.5)TA=0.86} 0=15.6,6=28,M=0.0868,RM=0.008,¥1468687

Figure 4.47. Line of code from a typical CPTU-data series that has been post-treated in the automatized manner.
Note the roundoff of position and inherit of values.

#,201201,163810,0,26,4320,390,64,1,0,8,0
C,12464,17919,1

F,12077,12844,2

C,12338,7676,3

F,12077,12845,4

B,262143,262143,5

Figure 4.48. Code with un-treated raw data.

This part may seem too detailed, but the automatized processing of the data would not be a
satisfactory solution for the current experiment. Explanations are furthermore included as the
procedures in the lab have not followed the norms in the branch outright, even though they
are still according to standards. E.g., the decrease in speed to 15 mm/s have affected the
magnitude of some measured values to some extent, but the general trends should be
reasonably in accordance with regular responses as the two materials used in the experiments
are pragmatically fully undrained and fully drained, ref. ch. 2.2.

4.3.2 The mini-probe

In the last experiment a mini-probe (5 cm?, d, = 2,52cm) was utilized. In the data-treating
program of this probe, it was possible to assign a register frequency of 1 data point each
millimetre. IL.e., this probe had also technically readings associated time stamps, which in fact
were not as often as one reading per 1 mm (15 Hz), but rather something less. However, due
to the much higher reader frequency as compared to the standard probe, it was deemed
adequate to use the CPTU-treatment program directly. The data was thereby discretized with
respect to depth. The algorithm of inheriting values sustained (this may be different from the
Geotech-algorithm), but due to the high reading frequency, the solution was regarded as
adequate. The effect of using the program’s algorithms will be visible in the graphs from
experiment 3 in ch. 5.1.

As part of the preparation works to use the mini probe (5cm?), software was downloaded and
the procedures by Geomil equipment (201Xb-d) were followed. It took some time to get
familiar with the equipment, and some human error was made upon one of the soundings, as
explained in ch. 5.1.1. To measure the depth a linear-wire position sensor was mounted to the
actuator as seen in Figure 4.49.
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Figure 4.50. The two utilized probes besides each
other.

Figure 4.49. The mini-probe was cabled. The depth
was measured with a linear-wire position sensor.

4.3.3 Saturation process

The standard piezocone penetrometer had a filter made of bronze. The regular saturation
procedure at NTNU is quite basic, and is divided in two: First the filter is saturated with glycerol or
“glycerine” many days in advance of any sounding mission. Secondly, shortly prior to a sounding
while shortly the filter is placed on the probe and the cavity behind is filled with antifreeze as shown
in Figure 4.52.

The mini-probe had a plastic filter and is saturated with silicone oil only. The procedure of
saturating the mini-probe filters was as described in (Geomil equipment, 201Xa). First, a container
was filled with silicone oil and put inside a vacuum desiccator. Then the vacuum machine was
turned on for more than 24 hours. Another container was filled with silicone oil and vacuum
pumped for 1 hour. The probe was then mounted into the saturation chamber, and the latter
container was emptied into it. The filter was mounted, and the saturation chamber was vacuum
pumped for at least 10 minutes, see Figure 4.51. A rubber membrane was placed on the probe, and
it was ready for testing. It is regular practice in field investigations to let the membrane stay on, and
be torn off the first 1-2 m by the soil. However, as this was considered too risky for such a small
sounding depth, the membrane was taken off before the cone was adjusted the surface, and the
sounding was started.

When the plastic filters of the 5 cm2-probe were saturated, they floated on top of the silicone oil.
Intuitively, one may thereby expect that they did not become completely saturated. On the other
side, the filters laid in the oil being pumped by the vacuum desiccator for more than 24 hours,
according to supplier’s standardized procedure, so they probably were completely saturated
anyhow.
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Figure 4.51. Mini-probe (5 cm?) saturation chamber. Figure 4.52. Saturation of standard probe (10 cm?).

As a general note, some key points mentioned by Lunne et al. (1997) is summarized: To sustain
complete saturation behind and within a pore filter, the saturation liquid should not have a too
low viscosity, considering that it may escape the cavities, before or during a sounding. At the same
time, more viscous liquids are typically less responsive, lowering the performance of the
equipment.

4.3.4 Data treatment

All of the CPTU-data have been corrected with respect to the sensors’ positions on the probe. Le.,
q is the basis for the depth-reference, with depth denoted as z,,, meanwhile u, and f; have been
superposed, with depths denoted z,, and z¢. For the latter, it was chosen to only superpose
readings to the very front of the friction sleeve, see ch. 6.3.3 for reasoning. Upon deriving CPTU-
parameters, the superposed positions were used for each parameter (e.g, Q. and B).
Furthermore, each CPTU-derived parameter was calculated with reference to Z4,, meaning that
the values of u, and f; were interpolated. This latter point is quite important, as this implies that
extremal values of f; and u, are missing. In future works on data assessment, a secondary line of
derived parameters based on either f; and u, should be made with interpolations of q;, as to
include the extremal values of these parameters too. The two datasets could then be combined.
To be clear: for best assessment of derived CPTU-parameters, the data should first be interpolated
with respect to one parameter, and then the others, finalized by combining these data. All data
presented from this thesis is only reference to z,.

Inclination of the probe has not been accounted for in the soundings performed in lab, as the
impact of this parameter is very low. E.g., with a sounding inclined 4° for the whole depth the effect
on 1,1 m would be just under 0,3 cm. In reality the inclination of rods during sounding is imposed
gradually with depth, so this error becomes even less. For the interpreted soundings from the
field, presented in the Appendix E, the inclination was considered, using formula {4.5}. The
notation is ; and S, for bi-directional inclinometers, and a for non-directional inclinometers.

l 1
j;) J 1+ tan2(B;) + tan2(B,)

!
z= J cos(a)dl = dl {4.5}
0
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4.4 Limitations of the experiment

In this chapter limitations of the experiment are looked upon, with references to an ideal set-
up with no concern of time- or resource demand. Some pertinent sources of error will also be
mentioned, and all comments are based on the framework of the experiment with its
underlying assumptions.

4.4.1 The sample and model chamber

4.4.1.1 Sample sand

Idealized, the sand would be totally homogenous for the analytical review, meanwhile, in the
field, the sand is expected to be layered with different fractions in potentially inclined sheets
with thicknesses depending on the cycles of the rivers transporting the sediments and the
sediment source. This would give different properties at different depths, with a much more
frequent alteration of properties than those achieved in this experiment. Artificially made
sand layers do have some variability of properties, but these do not reflect natural
variabilities. The preparation of the sand layers would ideally be equal for every layer, with
equal effects of every building stage, and equal effect of vibration for every layer, see ch.
6.1.2.1. The thin-layering effect is much affected by the tip resistance exercised by
surrounding layers, thus homogenous sand in the sample would have been preferred.

4.4.1.1.1 Density samples

The methodology of sampling density samples has some conceptual associated inaccuracy
regarding boundary conditions. Moreover, the method is susceptible for changes in
measurements, e.g., for every gram that is added or subtracted due to practical inaccuracy, the
relative density is increased or decreased with 1-3 % for both the small and the larger
sampling cylinders.

4.4.1.2 Clay specimens
4.4.1.2.1 Pottery clay

The aspect of using pottery clay was two-sided: Firstly, this artificial clay was easy to obtain
and to handle, and it was very uniform. The latter was obviously an advantage related
analytical review, with known soil properties, and with small associated deviations. Secondly,
on the other hand, the purpose of the research program is to simulate natural conditions, and
thereby the chamber samples with natural clay yield best data for final comparison with field
data. Anyhow, the use of pottery clay was smart as a reference, and provided a good starting
point for developing the research program’s experiments further. Considering that the
experience related the experiments was little to begin with, the use of natural clay was a
cheaper option for training.
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4.4.1.2.2 Representativeness of natural clay specimens

The topic of sample disturbance has been of high importance regarding the representative-
ness of the results as compared to what is simulated. No matter how much effort is laid in
preserving the soils properties, the clay will be subjected to disturbance, all the way from
sampling to sounding, and possibly in subsequent laboratory testing.

For the last experiment, the lack of experience with quick clay lowered the awareness
regarding sample conservation. lL.e. the pottery clay was robust against changes due to
exposure to air and also to the lowering of groundwater in the chamber samples. A better
understanding of the quick clay’s extreme susceptibility to exposure would have prevented
the lowering of ground water between the first and second round of soundings in experiment
3, and during the following excavation. Thereby, it is unknown to which degree the natural
clay specimens may endure an entire experiment, including both build-in, sounding and
excavation.

4.4.1.2.3 Clay in general

Ideally, the sub-samples should be wide enough such that the soundings do not deform the
clay blocks by any significance, i.e., the sub-sample sides should not be rotated at all. This
problem was never encountered, even for the clay samples that was smallest with respect to
cone diameter. Anyhow, in an idealized world the clay layers could have been larger in the
horizontal direction. Anyhow, with respect to economics, it is expected that sampling with e.g.,
a regular Sherbrooke sampler would be much more expensive as compared to the research
output.

Another practical aspect associated the clay specimens was unifying them by using F-clamps,
water, and working them by hand (plates if flat surfaces). This was done to prevent cavities
in-between, and required extremely flat surfaces and good measurements upon cutting each
specimen. The effect of such cavities is little in the horizontal direction, but for specimens that
are stacked upon each other, the fissures allow for pore water dissipation, which yield lower
readings of u,. Thereby, the units no longer can be said to behave as one true unit with respect
to pore pressure readings.

4.4.1.3 The silo effect

The measured silo-effect limits the stresses that can be simulated in the chamber. Thereby,
the stresses that are at greater depths in the field cannot be imitated, consequently preventing
the natural clay samples from reaching their in-situ stress levels. By not accounting for the
silo-effect, any calculation involving stress will become very inaccurate. Secondly, if the
measurements are not done properly, the associated accuracy is also lowered. For better
understanding of the actual stress distribution and the arching effect, additional pressure cells
at different heights could provide valuable information.
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To diminish the silo effect, the width-height ratio could be increased, and moreover, the
friction reduced, or idealistically, removed. The first element would of course not be realistic
due to the experiment’s nature, meanwhile, the second could be a plausible approach to
achieve higher stresses in the chamber.

4.4.2 Measurement devices

Generally, there is some accuracy associated to all measuring devices. This may be negligible
or rather decisive. The CPTU-equipment is regarded as very reliable, yet many articles were
found stating that g, typically varies somewhat between different probe designs. The other
measurements devices included in the current experiments were the pressure cells, the rod
tension cell (used to measure artificial overburden load) and the pore pressure sensor. The
pressure cells had a lot of drifting as will be explained in ch. 6.2.1.1.1. The pore pressure sensor
was very reliable with minimal amounts of white noise, the third sensor was also regarded as
reliable, as the pressure in the air bellow was adjusted by a nozzle with a pressure meter, this
was possible to verify.

4.4.2.1 Pressure cells

For an idealized experiment, the pressure cells would experience no drifting. The data would
then not need as much effort to interpret, and would have an accuracy that would let estimates
of the stress state in the chamber become accurate. Matters are even worse for the vertical
pressure cell, typically accurate measurements of K’ are very difficult to obtain as explained
by Lindgard & Ofstad (2017).

4.4.2.2 Piezocone penetrometer

The standard probe’s potential of accuracy is not completely utilized, with readings every 0,39
seconds. Moreover, the readings are of different kinds, making the accuracy of each parameter
even lower. In an idealized world the readings would be continuous, only giving geometrical
and methodological sources of error. With continuous readings, the speed would no longer
influence the accuracy of the method. Thus, the most used speed in the branch of 2 cm/s would
be more pertinent to use in the experiment.

The influence of reducing the penetration speed on the tip resistance for relatively drained
and undrained materials is as previously mentioned in ch. 2.2 not of a considerable magnitude.
Depending on the disturbance of the quick clay in advance of penetration, there may be some
rate effect that is barely noticeable, but not of significance.
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4.4.3 Chamber soundings

Performing several soundings close to one other affect the measurements, especially in sand,
so the distance between the most prioritized soundings should preferably be far from each
other and done first. The boundary conditions of the chamber are also affecting the soundings,
yet this is difficult to compensate for, and some calibration would require a large amount of
work, both regarding to literature study and experimental work.

4.4.4 Working methodology

In hindsight, considering the comprehensive laboratory work, the amount of time spent on
literature study and data treatment was probably quite disproportionate. Nevertheless, the
presented literature gives a good foundation for assessing the different elements of the large-
scale model testing, yet many of the hours spent on this could perhaps been directed towards
presenting the data in more detail, with more thought behind what to highlight, and what to
discard or “blur” out as less important.
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5 Results

The following subchapters will present:

The CPTU-profiles with associated derived parameters; the normalized g;-profiles for
different clay layer thicknesses; the supplementary laboratory results; the sounding profiles
from experiment 3 with associated laboratory results; and lastly, the pressure cell data with
associated stress profiles for the different chamber-samples.

As a foundation for comparison, some soundings from Flotten have been assessed. These plots
are included in Appendix E and have data presented for the depth interval 8-10,5 m where the
quick clay specimens are extracted from.

5.1 Soundings

Before presenting the data, some remarks must first be made: The data are acquired and
treated in accordance to explanation in ch. 4.3, and further CPTU-assessment is done in
accordance to description given in ch. 4.3.4. To underline that the sounding results are
discrete, the graphs are shown with sharp curves. Moreover, it should be reminded that the
measurement density of these experiments is higher as compared to what is typically used in
the industry, with 33 % more readings per meter. All tip resistances are the corrected tip
resistance, q;.

5.1.1 Compilation of experiments

In the profiles, the clay blocks are highlighted, with interfaces as indicated. For clay layers with
different thicknesses in the different sub-samples, the units will have a common bottom. The
thickness of the different sub-samples will be specified under each data series. For a
compilation of the different layer thicknesses and relative depths in the chamber, it is referred
toch. 4.2.3.1.

Emphasizes should be put on the first soundings in each zone, with index number 2, e.g., 2a.
These soundings are marked with lighter colours, meanwhile the supplementary soundings
in holes 3a-c, are marked with darker corresponding colours. These are acting more as “back-
up” soundings as they are somewhat influenced by the sounding in their neighbouring hole,
with regard to first a penetration and secondly a withdrawal of the CPTU-probe. The exception
is experiment 3, where the order of soundings was 3a, 3b, 3c, and lastly 1S, and then in a
second round 4a, 4b, and 4c. Unfortunately, sounding 3a-c was unsuccessful (systematic error,
see last paragraph in ch. 4.2.3.2.6). Thereby, the sounding 1S (10 cm2-probe) is most reliable,
followed by 4b-4c. Another unfortunate mishappening in experiment occurred when
sounding 4a was performed. As the proximity switch was turned off (supplementary logging
equipment), the logging and data treating-program CPTest did not log the sounding. The back-
up file is saved together with the associated actuator-file, so it is possible to retrieve the data
by reverse engineering the code build-up in the back-up files. Due to time-restrictions, this
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has not been performed, but the valuable data-set is available for deciphering. All soundings
by the standard probe are treated by this latter method, by using the back-up raw files, so it
should be feasible.

The cone resistance number, N,,, accounts for excess pore pressure, however, it is not limited
to undrained conditions. Hence, this factor has also been calculated both in the clay and the
sand, setting attraction to respectively 8 and 0 kPa. It should be noted however, that these
results are based on some assumptions, and may thereby not be very representable even for
soundings in “homogeneous mediums”, such as those seen in the Appendix E. This is discussed
further in ch. 6.3.5. Only one example of using the cone resistance number in the graph will be
provided. Ny, could have been calculated for the sand, but this was not done.

The other cone factors are all based on the correlations given in 2.3.1.3 and correlated with
field data from Flotten, with interpolated profiles of soil properties. Data was then retrieved
with respect to each specimen’s depth. For the OCR-value, the p; from Flotten was used
together with the estimated stress in the chamber. These estimates were based on the
pressure cell readings.

For the different interpreted relative density graphs, the constant k,, in the NGI-99
expression was typically changed from 22 to a smaller number. L.e., the chamber soundings
from the experiments yield less tip resistance than the expression “expect” (in field), and
thereby, by lowering this constant, a larger D, is returned, more is discussed in ch. 6.1.2.2. It
should be reckoned that the D,.-samples were taken after the soundings were performed, and
that these moreover were taken from the centre of each sector, and not close to the soundings.
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5.1.1.1 Experiment 0

Tip resistance, q, [MPa] Sleeve friction, f, [kPa] Pore pressure, u, [kPa] Excess pore pressure, Au, [kPa] Relative density, D, [-]
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Figure 5.1. Standard parameter profiles: q;, f; and u,, followed by excess pore pressure, Au,, and interpreted relative density, D,..
The clay layer thicknesses in the lower level () for the sub-samples a, b, and ¢, are respectively 8, 12, and 12 cm. Likewise, in the upper level, (f) they are respectively 4, 4, and 8 cm.

The constant k, , was set equal to 11 for all the soundings. For all of the interpreted relative density curves, the constant k, 5, has been changed to 11 from 22.
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The cone factors Ny, Ny Ny are all based on the laboratory results and the equations in ch. 2.3.1.3.

Regarding N,,,, for the sand and the clay, respectively, the attraction is assumed equal to 0 and 8 kPa, while £ is assumed to be -15° and 0°.
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5.1.1.2 Experiment la

Tip resistance, q, [MPa] Sleeve friction, f, [kPa] Pore pressure, u, [kPa] Excess pore pressure, Au, [kPa] Relative density, D, [-]
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Figure 5.3. Standard parameter profiles: q;, f; and u,, followed by excess pore pressure, Au,, and interpreted relative density, D,..

In this experiment, sounding 3b penetrated a clay block of 36 cm height, the rest were sounded in sand solely. Hole 2b was not sounded at all.
For the interpreted relative density curves, the constant kZ,Dr was setto 17,22, 11, 11, and 11 for respectively 2a, 2¢, 3a, 3b, and 3c.
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Normalized tip resistance, Q, [-] Friction ratios, Rp,,, R [%] Pore pressure ratio, B, [-] Cone factors, N; [-] Shear strength, S, ; [kPa]
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Figure 5.4. Normalized parameters, Q¢, Rryn, Ry, By; Interpreted cone bearing factors Ny, Ny, Nit, Ni; and interpreted undrained shear strength, S, 4, Sy ke Suke With reference value.

Ny, Nit, Ny are all based on the laboratory results and the equations in ch. 2.3.1.3.

Regarding N,,, for the sand and the clay, respectively, the attraction is assumed equal to 0 and 8 kPa, while § is assumed to be -15° and 0°.
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5.1.1.3 Experiment 2

Tip resistance, q, [MPa] Sleeve friction, f, [kPa] Pore pressure, u, [kPa] Excess pore pressure, Au, [kPa] Relative density, D, [-]
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Figure 5.5. Standard parameter profiles: q;, f; and u,, followed by excess pore pressure, Au,, and interpreted relative density, D,..

The clay layer thickness in the lower level («) is equal to 8 cm for all the sub-samples a, b, and c. Likewise, in the middle level, (B), the thickness is 4 cm; and in the upper level, (y), itis 2 cm.
For the interpreted relative density curves, the constant k, , was set to 14,17, 11, 11, and 11 for respectively 2a, 2b, 3a, 3b, and 3c. For 2c k,;, was set to be linearly decreasing from 22 in the top to 11 in
the bottom.
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The cone factors N,,, Ny Ny are all based on the laboratory results and the equations in ch. 2.3.1.3.

I
! ~
—_— | \‘\"-\
|
|
|
|
|
|
I
/ I
= ! (-'.5".'..
W
¥
|

Regarding N,,, for the sand and the clay, respectively, the attraction is assumed equal to 0 and 8 kPa, while 8 is assumed to be -15° and 0°.

Page 104 of 168

||
—

)

Interpreted cone bearing factors N,,,, Ny, Nk, Ni.; and interpreted undrained shear strength, S, 4., Sy, ke Sy ke With reference value.



5.1.1.4 Experiment 3

Tip resistance, q, [MPa] Side friction, f; [kPa] Pore pressure, u, [kPa]
0 1 2 3 4 5 6 7 0 10 20

Excess pore pressure, Au, [kPa]

Relative density, D, [-]

30 40 0 20 40 60 80 100 O 20 40 60 80 100 0,0 0,2 0,4 0,6 0,8 1,0

: :

P =

Jct--u-

-9 o -9 o 0O

120

Figure 5.7. Standard parameter profiles: q;, f; and u,, followed by excess pore pressure, Au,, and interpreted relative density, D,
Thicknesses are as follows: In the lower level (), Hyp, = 8,49 cm and Hs = 12 cm ; in the middle layer (8) H, . = 5,66 cm and Hs = 8 cm ; and in the upper level (y), Hypc = 2,83 cm and Hg = 4 cm.
For the interpreted relative density curves, the constant k, , was set to 11 in all curves. The marked density sample was for the second sounding round (4a-c) after the rebuild-in, notice that D, cpry is in-

between the old and the new D,. due to = 50% influence of old sector and new sector, respectively AB-BC and BC-CA. The top of each sand layer, which were directly vibrated during sample construction, are
marked as orange dots in the q;- and D,.-profiles. To illustrate the effect of reading frequency, sounding S1 is marked as a solid line with dotted data points.
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Normalized tip resistance, Q, [-] Friction ratios, Ry, , Ry [%] Bq Cone factors, N, [-] Shear strength, S, ; [kPa]
0 20 40 60 80 100 0 5 10 15 0,00 0,10 0,20 0,30 040 0 20 40 60 80 0 50 100 150

20

—Qt1
40

Q_t-4b

—— Qg

Clay-
abc

80
— = =C(lay-S

100

120
Z [cm]
Figure 5.8. Normalized parameters, Q¢, Rry, Ryy, By, Interpreted cone bearing factors Ny, Ny, Nit, Ni.; and interpreted undrained shear strength, Sy, 4y, Sy, ke, Su ke With reference value.

The cone factors Ny, Ny Ny are all based on the laboratory results and the equations in ch. 2.3.1.3.
Regarding N,,, for the sand and the clay, respectively, the attraction is assumed equal to 0 and 8 kPa, while £ is assumed to be -15° and 0°.
Due to the large scatter of data regarding S, in the Flotten site report, and the unknown effect of disturbance, no reference line is given in the S,-plot, in contrast to the S;,-plots for pottery clay.
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Tip resistance, q, [MPa] Side friction, f; [kPa] Pore pressure, u, [kPa] Excess pore pressure, Au, [kPa] Relative density, D, [-]
0 1 2 3 4 5 6 7 0 10 20 30 40 0 20 40 60 80 100 0 20 40 60 8 100 00 02 04 06 08 10

qt-3a

qt-3b 40

qt-3c

qt-4b >, s =T=F =3 s e e 0
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60
qt-1

Clay-abc
- - -~ Clay-S

—= = =Chqt go

100

120 ®AB-Small @BC-Small <©CA-Small

X AB-Large % BC-Large CA - Large

Figure 5.9. Standard parameter profiles: q;, f; and u,, followed by excess pore pressure, Au,, and interpreted relative density, D,..

All soundings are included, even unsuccessful ones (3a-c). Thicknesses are as follows: In the lower level (), Hy, . = 8,49 cm and H;s = 12 cm; in the middle layer (8) Hyp c = 5,66 cm and H;s = 8 cm; and in
the upper level (y), Hypc = 2,83 cm and H;s = 4 cm. For the interpreted relative density curves, the constant k, , was set to 11 in all curves.
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5.1.2 Classification charts

A few classification charts were tried out for the latest experiment. These examples are shown
in Figure 5.10 - Figure 5.13. In the figures, the clay layers are marked as blue for the upper and
lower level, and red for the middle one. Note that the charts based on sounding 4b is sounded
with the mini-probe, while sounding S1 is done with the standard probe. In Figure 5.11, the
trail of B, and Q. goes in cycles following the markup, with the smallest “circle” representing
the thinnest and first sounded layer, etc.

Robertson 1990, B,-Q, - 4b Robertson 1990, B,-Q, - 4b
1000 ¢ 1000 ¢
i Depth [mm] © 4b-s3
°© 00236
® 4b-c3
°  236-264
100 ¢ 100
: © 264542 o bz
- : e 542598 ® 4b<2
<> 4 <&
g © 598856
10 | K 10 o 4b-sl
i ® 856941
' © 941-120 ¢ sl
O  4b-s0
1 : : R .
-0,6 0,0 0,6 1,2 Bq [-] -0,6 0,0 0,6 1,2 Bq [-1

Figure 5.10. Sounding 4b: Robertson diagram for B, and Q.. With legend showing depth (left) and labels (right).

Robertson 1990, E--Q,

T T T BN T

1000

0 4b-s3

L A

0 4b-s2
04b-s1
04b-s0
@ 4b-c3

10

® 4b-c2

increasing
sensitivity

®4s-cl

1 L 1 [} ikl

0.1 1 10
F, (%)

Figure 5.11. Sounding 4b: Robertson diagram for F, and Q,. The bottom sand layer is labelled s0, and the top
sand layer is labelled s4. Similarly, c1 is the lowest clay layer, meanwhile c3 is the top clay layer.
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NTH-classification chart u"vo
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Figure 5.12. Sounding 4b, NTH-classification chart.
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Figure 5.13. Readings of extremal g;-readings in sand (red) and clay (blue). Sounding 18.

Figure 5.13 is based on sounding S1, where N,, is read of for the lowest value in the thickest clay
layer (blue), and there is one extremal reading for each sand layer (except below the lowest clay
layer). The upper sand level has the lowest N, reading, with the other layers following
subsequently with larger values. The interpreted friction angles then become: ¢'=16,0° for the clay
(a=8 kPa, B; = 0,07); and becomes respectively ¢'=31,2°, 35,7°, 36,6° in the upper, middle, and
lower sand layer, if the plastification angle S of 0° is assumed; and likewise, 28.4°, 33.0°,34.0° for
p=-15°. Note the low B, value of the clay (due to transitioning). Naturally, the interpretation of the
thin clay layer and the sand is very unreliable considering that the g, is affected by both layers. The
same assessment method was used in interpretation of the data in the Appendix E. Discussion is

found in ch. 6.3.5.
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5.1.3 Compilation of normalized tip resistance profiles

In this chapter different segments of each sounding are presented, according to clay layer
thickness, with readings normalized with respect to the cone diameter according to the theory
in ch. 2.3.3. The plots are labelled with reference to the layer thicknesses sounded by the
standard probe. Le., for a layer thickness penetrated by the standard probe, there may be a
corresponding sounding with the mini-probe. Hence, the plots are shown with reference to
equivalent standard layer thickness, Hg ¢ -

As a reference for the characteristic value of the pottery clay, sounding 1a is added. The
soundings are marked with colours according to the artificial overburden load during the
specific sounding, (i.e., not coloured according to stress level in specific unit). Secondary
soundings are dashed in all the graphs, as these are considered less reliable. The orange q,-
profiles are from soundings through quick clay units, in experiment 3. The g;-profiles of the
mini-probe are visible altered by the data treatment algorithm and emulate a discrete
behaviour. Yet, the reading frequency for these soundings were much higher. The notation in
the legend for each sounding through a specimen is as follow:

“Experiment - artificially imposed stress — standard equivalent layer thickness - sounding hole”.

5.1.3.1 2 cmlayer

= zZ—7z
!, q; [MPa] I—lst.eq. 2 cm int [-], -
dc
-6 -4 -2 0 2 4 6
7
6
5
4
3
2
S
1 |
0
E2-40-2-2a E2-40-2-2b E2-80-2-2c E2-40-2-3a
E2-80-2-3b E2-80-2-3c Ela-40-36-3b Clay

Figure 5.14. Hy;. eq.= 2 cm: Tip resistance profiles normalized with respect to cone diameter.
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5.1.3.2 4 cmlayer
1, q: [MPa] Hst.eq. =4 cm £ 2t [-]—-

-6 -4 -2 0 2 4 6
4

2
0
Clay HBH2-13,5-4-2a HBH2-13,5-4-2b E0-13,5-4-2a
E0-13,5-4-2b — — — E0-13,5-4-3a ~— — = E0-13,5-4-3b - - - - Ela-40-36-3b
E2-40-4-2a E2-40-4-2b — — — E2-40-4-3a E2-80-4-2c
~ — ~ E2-80-4-3b ~— — — E2-80-4-3c E3-80-4-1S E3-80-2,8-4b
E3-80-2,8-4c

Figure 5.15. Hg.. eq. = 4 cm: Tip resistance profiles normalized with respect to cone diameter.

5.1.3.3 8 cmlayer

1, q, [MPa] I_lst.eq. =8 cm
-6 -4 -2 0 2 4 6

4

0
HBH2-13,5-8-2a — — - HBH2-13,5-8-3c E0-13,5-8-2a E0-13,5-8-2c
— — - E0-13,5-8-3a — — - E0-13,5-8-3c - = - - Ela-40-36-3b E2-40-8-2a
E2-40-8-2b E2-80-8-2¢ — — - E2-40-8-3a ~ — ~ E2-80-8-3b
~ — ~ E2-80-8-3c E3-80-8-1S E3-80-5,7-4b E3-80-5,7-4c
Clay

Figure 5.16. Hy;. eq. = 8 cm: Tip resistance profiles normalized with respect to cone diameter.
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5.1.3.4 12 cm layer

- z—z
1, q: [MPa] Hst.eq. =12 cm y L2 P N
Cc
-6 -4 -2 0 2 4 6
6 .
4
2
0 . !
HBH2-13,5-12-2b HBH2-13,5-12-3c E0-13,5-12-2b E0-13,5-12-2c
E0-13,5-12-3b E0-13,5-12-3c - ---Ela-40-36-3b E3-80-12-1S
E3-80-8,5-4b E3-80-8,5-4c —— Clay

Figure 5.17. Hy;. eq.= 12 cm: Tip resistance profiles normalized with respect to cone diameter.

Note that both stress level and relative density is quite different between these measures, with
D, going from ca. 30 to 40% in experiment 0 (purple), and D, going from ca. 40 to 60% in
experiment 3 (orange). The imposed loads on top of the chamber samples are respectively
13,5 kPa and 80 kPa, however, these blocks are placed at the lowest level in the chamber.
According to stress distributions worked out in ch. 5.3.3 the EO-units and the E3-units
experience respectively ca. 16 and 64-65 kPa.
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5.2 Supplementary laboratory results

In the following pages, most of the results from the supplementary laboratory tests will be
presented. The presented data will mainly be focused on the last experiment with natural clay.

5.2.1 Tests on natural clay

The natural clay was utilized in the last experiment, E3. Most of the measurements was done
during the excavation, and thereby, most results are from the moment with most accumulated
disturbance. The measured soil properties will first be presented alongside data from the
Flotten site report (L'Heureux et al. 2019). These data are followed by a compilation of soil
properties associated the different sounded specimens given alongside the tip resistance
profiles. Almost every specimen has been tested, and the centre specimens in the lower (a)
and middle (B) level have been cut in two, horizontally, i.e., they were tested twice. Most water
content samples are from during the excavation, as the cylinder specimens were kept intact
under preparation, and little excess clay was available. Three plots will be shown for the
measured water content, the first two consist only of measurements from the experiment: The
first is associated reference depth at Flotten, the second is reference depth in the chamber.
The third shows specimen results with values from the Flotten-site report as reference. The
water content measured: in the preliminary test is denoted wy; from sample build-in is
denoted wy; and from the excavation denoted w,. In addition, there were samples taken from
the clay blocks’ tops and bottoms. These latter, and w, was not part of the chamber sample,
but supplementary tests, hence placed in bottom of chamber graph.

Water content related field depth 1 Water content related field depth
w[- w
0,30 0,40 0,50 0,60 0,30 0,40 0,50 0,60
6 0
X %
7 x X IO XK X
XX
__ 40
‘g 8 % %x, E
N % - = X AKX
< <
= N X =
) 9 )
- o -
xx>5< x 80
KX X IR X
10 S THRX %
XK
11 120
X w1_sub-samples X w2_sub-samples %X w1_sub-samples X w2_sub-samples
X w0_test-sample w_mini-block top-bottom X w0_test-sample w_mini-block top-bottom

Figure 5.18. Water content with reference depth at Flotten (left) and in the chamber (right).
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Water content and concistency limits:

6-11,5 meter
0 10 20 30 40 50 60
6 T T
°
® 2 o
7 ° .
oo
°
8 — Ve
°

"1
9 |—'=|=|_| ° d.
h@ﬂr%’
10 )_§=EF.=#.1

[
11
Consistency limits-Flotten Consistency limits speciments
Difference wl-w2 o w-Flotten
® wl-speciments ® w2-speciments

Figure 5.19. Measured water content and consistency limits for all specimens, with reference to values from the
Flotten site report.

For the plasticity index, the nearest values with depths at Flotten are shown as reference,
including the regression line for field layer profile. For the liquidity index, different Flotten-
measurements are shown.

Plasticity index, I, Liquidity index, I,
0 10 20 30 0 1 2 3 4 5
8,0 8,0 X
+
8,5 8,5
°
o ° 8 ®
9,0 9,0
°l e o %
9,5 9,5 +
¢, 2%
A o &
10,0 ® °® 10,0 b J
10,5 10,5
® Measurements @® abc-spec @ S-spec_wl
Flotten - Nearest value ©  S-spec.w? IL<16
Flotten - Regression line + Flotten-54 mm X Flotten-block

Figure 5.20. Plasticity index and liquidity index for specimens with reference to extraction depth at Flotten.

Page 114 of 168



Further, other test results will be presented: Salitinity, liquid limit and shear strength
measurements.

Salinity
Salt content, [7/,], [%o]
0 2 4 6 8 10
6 T
I
I
8 ¢ I
I
L 4 » |
* I
= 10 * '
£ ¥ I
= I
‘g |
A 12 I
I
I
I
14 PR ,
I
'S |
16 '

¢ Saltin speciments
¢ SaltatFlotten
= = = Possibly quick behaviour

Figure 5.21. Measurements of salinity from the excavation, with reference values from Flotten.

For the liquid limit, the three-point method was used. As an excerpt, results from the lowest
of three clay layers are presented below.

w[—] The Casagrande method - Liquid limit - Lower level («)
0,60
055 y 4 -0,0353In(x) + 0,5872 e ppper
=>~xxl | |y3-0,0787In(x) + 0,6714
0,50 R N e B 1S-Lower
B s e P half
___________ TSI il 2 TR
045 || 7717 fpeRe---t R SR . S - LS o
\i:-: - _:. N la
0.40 y#-0,0769In(x) + 0,6595| ~ Iz |
’ )\ ST ae | ® b
035 y 3 -0,0188In(x) + 0,4972 ¢ [0 TSRz
' y $-0,0308In(x) + 0,4698 A 1c
0,30
5 6 7 8 910 n[-] 20 25 30 40 50

Figure 5.22. Determination of the liquid limit. Specimens from the lowest level (a).

S, was measured with some of the most basic tests: uniaxial compression test and falling cone.

Page 115 of 168



Undrained shear strength, 8-11m

Depth [m] S, [kPa]
0 20 40 60 80 100
8
A
A ® -+
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11
+ CAUC- Block ¢ CAUE - Block
® DSS-Block ¢ UC- Block
A FC-Block A FC-54mm
A  FC-specimen ¢ UC-specimen
A FC-Initial spec O PV - Initial spec

Su-classification

Figure 5.23. Different undrained shear strength measurements, with values from Flotten as reference.

Undrained shear strength,
remoulded, S, . [kPa]
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Figure 5.24. Remoulded undrained shear strength (left) and associated sensitivities (right).

In the sensitivity plot, the uniaxial compression test results are also included, by dividing their

measured S,, on the remoulded shear strengths determined by falling cone tests.
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5.2.1.1 Sounding 1S

20

40

60

80

100

120

Water content & consistency

Tip resistance, g, [MPa]

1

2 3 4 0

- qt-l [ ]

limits, w; ;5 [%]

25 50

FH e

e
He

wl_1S
w2_1S
w-Flotten

75 100

— P 1S
e |P-Flotten

Undrained shear strength, S, ; ;5 [kPa]

0

Ta

+A
+A

25 50 75

o R ¢

A +
A +

100

@ Su,UC - Block Flotten

+ Su,CAUC - Block Flotten
A Su,FC - Block Flotten

+ Su,r,FC - Block Flotten
A Su,FC

+ Su_rFC

Sensitivity S, ;5 [-]
0 100 200

X+ X

X+
X+

X X

+ St,FC - 54mm Flotten
% St,FC - Block Flotten
X StFC

OCRys [-]
5

Ao

4
*9

© OCR-chamber
A OCR-Reg
A OCR-Near

Figure 5.25. Sounding 1S, with associated soil properties: extracted from the Flotten site report; and determined in subsequent laboratory tests.

Note: Sometimes, values from Flotten will be duplications of each other, as the field reference values may be nearest to several specimens.
The top of each sand layer, which were directly vibrated during sample construction, are marked as orange dotted lines in the g,-profile.
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5.2.1.2 Sounding 3a

Water content & consistency

Tip resistance, q, [MPa] limits, w,, [%] Undrained shear strength, S,,; , [kPa] OCR, [-] Sensitivity S, , [-]
0 1 2 3 4 0 25 50 75 100 0 25 50 75 100 0 5 10 0 100 200
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20 FHH e
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40 > |
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80 — o
| —b +H oM e+ A0 X +
100
@ Su,UC - Block Flotten
+ Su,CAUC - Block Flotten
120 A Su,FC - Block Flotten
+ Su,r,FC - Block Flotten © OCR-chamber # St,FC - 54mm Flotten
° 2- ° Flott A Su,FC
qt-3a we-a w_tlotten +Su rFC A OCR-Reg % St,FC - Block Flotten
IP_a —IP_Flotten @ SuUC 4 OCR-Near % St,FC

Figure 5.26. Sounding 3a, with associated soil properties: extracted from the Flotten site report; and determined in subsequent laboratory tests.

Note that this sounding was in the periphery of the specimen. Furthermore, the data from 4a, was unfortunately not treated.
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5.2.1.3 Sounding 3b and 4b

. . Water content & consistency . e
Tip resistance, q, [MPa] limits, wy, [%] Undrained shear strength, S,;;, [kPa]  Sensitivity S, [-] OCRy, []
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20 H e
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0 —e + A O X+ X Ao
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100
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qt_3b e w2b ¢ w_Flotten A Su,FC % St,FC - Block Flotten A OCR-Reg
—qt-4b + Su_rFC
IPb —IP_Flotten @ SuUC % St,FC 4 OCR-Near

Figure 5.27. Soundings in sub-sample b, with associated soil properties: extracted from the Flotten site report; and determined in subsequent laboratory tests.

Note that the secondary sounding is higher in the top. This is due to the second build-in of zone BC above the upper clay layer.
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5.2.1.4 Sounding 3c and 4c

. . Water content & consistency . e
Tip resistance, q, [MPa] limits, w,, [%] Undrained shear strength, S,;. [kPa]  Sensitivity S, [-] OCR, [-]
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Figure 5.28. Soundings in sub-sample c, with associated soil properties: extracted from the Flotten site report; and determined in subsequent laboratory tests.
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5.2.2 Density tests

In this sub-chapter, the results from the density samples are shown, with the parameters: the
relative density and the porosity (shown with "predetermined boundaries", from Hammer's
(2020) work following instructions from DEGEBO). The height of the density sample cylinders
is marked in the charts with relative density.

EO - Relative density, D, [-] EO - Porosity, n [-]
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Figure 5.29. Experiment 0: Relative density and porosity.
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Figure 5.30. Experiment 1a: Relative density and porosity.
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E2 - Relative density, D, [-] E2 - Porosity, n [-]
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Figure 5.31. Experiment 2: Relative density and porosity.
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Figure 5.32. Experiment 3: Relative density and porosity.
In the last experiment, there was an excavation of zone BC above the upper clay layer,
intermediate soundings 3a-c and 4a-4c, with a subsequent build-in. Thereby there are two

density sample results for the same depth and zone in the graph. The latest build-in was more
improvisatory, giving a larger D,.. This is also reflected in the soundings.

Page 122 of 168



5.2.3 Tests on pottery clay

The determined soil properties of the pottery clay are mainly presented in ch. 4.2.2.3. These
are based on tests either prior to, or after, a chamber sample build-in and excavation. The lab
tests taken closest to unpacking of the clay blocks are prioritized in that table. The clay is very
homogeneous for all blocks, and typically yield roughly the same results for every test. Much
of the deviations are associated the test accuracies and the performed lab practice. The
simpler the lab test, the less deviance was experienced, e.g., for water content samples.

The sample standard deviation of the measured water content is 7 %o, with min and max
respectively 22,8 % and 25,8 %, including all measurements, i.e., from both before and after a
build-in. The tests with the most scattered data will be presented in the plots down below:
The liquid limit, in Figure 5.33 and the undrained shear strength found by the falling cone test

in Figure 5.34.

The Casagrandes method - Pottery clay
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Figure 5.33. Determination of the pottery clay’s liquid limit.

Sy [kPa] Falling cone test - EO
80
(]
60 )
(
40

20
H

0
® E0B-100g-S_u EO0a-100g-S.u A EOa-400g-S_u ¢ EO0B-100g-S_u,r
EOa-100g-S_u,r mEOa-400g-S_u,r AE0B-400g-S_u

Figure 5.34. Measured undrained shear strength based on falling cone test.
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5.3 Pressure cells

In this chapter the pressure measurements and the associated derived chamber stress
distributions are presented. Due to sensitivity drift, all of the earth pressure cell data in this
chapter are corrected with respect to starting- and ending points. If readings are missing for
longer periods, it is assumed that the last logged values in advance of a gap are correct. The
next readings are then corrected accordingly, with the change of water level taken into
account. These compensations are either linear: from start to end; or constants for the start-
up, and potential re-start-ups after time gaps. The readings could be altered to compensate
for obvious undershooting, e.g., effective stresses below 0 (suction), yet this kind of
interpretation is not well founded on any measurements, and is therefore typically avoided.
However, to obtain horizontal stresses that are possible to use further in the stress
assessment, this has been compensated in experiment 2 and 3. This has been visualized in the
second chartin ch. 5.3.2.

The reliability of the pore pressure sensor has been very good throughout the experiments,
and its readings should thereby be considered as correct. The sensor was positioned a bit over
the chamber bottom and a bit underneath the sensors. All effective stress measurements have
accordingly been adjusted for these height differences.

5.3.1 Sensitivity drift

The pressure cells were left in the chamber for some days to see the effect of sensitivity drift,
see Figure 5.35. It is evident that the cells behave differently, both with respect to white noise
and fluctuations over time. The plot also includes linear correction of readings, seen as
thinner, darker curves. As can be seen in the figure below, readings will be inaccurate to some
extent, regardless of corrections, but the magnitude of deviance is generally reduced by the
corrections.

o [kPa] Drifting - 4 day interval
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Figure 5.35. Sensitivity drift over 4 days, with no imposed load on the cell. The plot includes linearly corrected
data which ends up at zero stress level.
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5.3.2 Timelapse of sample construction

Only an excerpt of the time lapses of pressure readings are shown. The data have first been
averaged as to remove white noise and unreliable extremal readings. This has been
meticulously done as to not misrepresent the actual data (not exaggerated wide intervals, and
no averaging over transitions of datasets which are far apart time-wise). Furthermore, as the
datasets can be tens of thousands of rows, or even more for the most prolonged experiments,
the data sets have been compressed by retrieving data at fixed time intervals. These time
intervals were moreover shorter for more critical stages, such as loading and unloading. The
averaging prevented that fluctuations caused by white noise or unreliable extremal readings
were captured by the retrieving function which made the compressed data set. After both
these treatments, the data was corrected as previously explained.

The deviations due to drifting became increasingly apparent for each experiment as they
proceeded further. Thereby, the data from the start is regarded as the most reliable. In
experiment 1a, Figure 5.36, the readings of the 1st and the 274 cell descended below 0 kPa in
the excavation phase, regardless of corrections. Another characteristic that has not yet been
described is the typical inertia associated each building cycle (peaks followed by descents), as
is visible in the graph. The 2nd pressure cell in experiment 1a showed a substantial difference
in behaviour as compared to the other cells and was therefore replaced afterwards.
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Figure 5.36. Timelapse of readings during Ela.
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Gaps in the data were not untypical. The causes were many: sometimes logging was
interrupted by forced computer updates, other times, the program was altered or crashed
(generally due to erroneous file paths). In addition, some operations required the equipment
to be disconnected, where the subsequent reconnection of the equipment may have been
forgotten (uncertain). Regardless of causes, the logging was naturally not started again until
the interruptions were detected, and could consequently leave behind up to 2 days of data
missing.

In experiment 2, which is shown in Figure 5.37, the 5t cell descended a lot after build-in was
commenced. The readings descended well below the water pressure (at cell five’s level) and
started first to ascend again halfway into the excavation phase. The stress path of cell 5 is
expected to be more similar the proposed correction denoted as “5_manipulated” in the chart.
This latter data set was used for the stress distribution assessment in the next chapter.
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Figure 5.37. Timelapse of readings during E2.
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5.3.3 Chamber stress distribution: The silo effect

In the assessment of stresses in the test chamber K’ and 6’ are assumed to be constant along
the complete vertical depth in the silo. L.e., the ratio between average vertical effective stresses
and horizontal effective stresses working on the wall is constant through the whole sample.
The second element tells that the mobilized friction along the wall is constant with depth. The
constants K’ and &' have been determined by incrementally changing them to approach a
specified o, and ay,. This was done using the “excel solver” and setting upper and lower limits
for o, and oy,. These stresses were moreover based on the interpreted stresses from the cell
readings. For experiment 0 and 1a, K’ and 6’ could not be uniquely determined due to too few
in-put arguments, however, [’, which is a function of K’ and §' was possible to determine.
Thereby, as no unique combination of the two existed, the graphs for the horizontal stresses
are merely approximations, and may look quite different.

All of the vertical cell readings (cell 1-4) were averaged to determine oy, quite accordingly to
the assumption in the differential slides method. The notations in the graphs are as follows:
o, and g, respectively means vertical effective stress and vertical total stress at a certain
depth. The imposed normal stress on top of the sample is denoted g. The graphs show stresses
accumulated by both self-weight and the overburden load: ¢, + g and o,, + g. L.e., no plots
designated only distribution of overburden load or self-weight is shown, and no curves of the
stress-distribution without g are shown either. To illustrate how the arching effect reduces
the stresses in the sample, corresponding plots without influence of the silo effect will be
included too. These will be dashed. A last plot that is included is the vertical effective stress
curve for a completely dry chamber (u, = 0). In this curve, the constant [’ remains
unchanged. More info on the silo effect is written in ch. 2.4.1. The formulas that were used to
make the graphs accounts for the water table.
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5.3.3.1 Experiment 0

EO - Vertical stresses, o, [kPa]

EO - Horizontal stresses, o, [kPa]
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Figure 5.38. The interpreted stress distributions during soundings in experiment 0.
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Figure 5.39. The interpreted stress distribution from the load test succeeding the soundings in experiment 0.

Note that in this experiment, no horizontal stress was measured, and thereby, the graphs on the right hand side are merely approximations.
The vertical stress curves should anyhow be correct according to the differential slides method, only relying on the product of l'(K’, §"). Le.,

upper, and lower bounds are known, and the !" have been found accordingly. The graphs on the right hand side will for specific ['s have many
possible appearances, as too few boundary conditions are known to determine K’ and §'.
During the soundings in experiment 0, " is approximated to have been 1,86.

During the load test succeeding the soundings in experiment 0, [’ is approximated to have been 1,59.
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5.3.3.2 Experiment la

Ela - Vertical stresses, g, [kPa]
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Note that this experiment was conducted only in the base chamber, hence the reduced depth. No horizontal stresses were measured in
this experiment either, thereby, the graph on the right hand side remain only an approximation. The pore pressure sensor reading from
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Figure 5.40. The interpreted stress distributions in E1a.

this load stage was according to the graphs above. The clay block was placed at ca. 17-53 cm depth.

In this experiment I is approximated to be 1,52.
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5.3.3.3 Experiment 2

E2 - q =40 kPa - Vertical stresses, o, [kPa]
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Figure 5.41. The interpreted stress distributions during the soundings of E2 with 40 kPa overburden load.
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Figure 5.42. The interpreted stress distributions during soundings of E2 with 80 kPa overburden load.

In this experiment the horizontal stress was measured. The readings’ reliability is however unfortunately not too good due to drifting, and
some corrections have therefore been made. Thereby, the horizontal stress still remains an approximation, but with rather higher associated
confidence.

The approximations of I, K" and 6’ for the 40 kPa imposed load in experiment 2, are respectively 1,63, 0,548 and 19,6°.
The approximations of I, K’ and 6’ for the 80 kPa imposed load in experiment 2, are respectively 1,51, 0,494 and 21,8°.
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5.3.3.4 Experiment 3
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Figure 5.43. Interpreted stress distributions in E3.

In this experiment the horizontal stress was measured. Also in this experiment the readings’ reliability were unfortunately not too good

due to drifting. Some corrections have therefore been made. The horizontal stress still remains an approximation, but with higher
associated confidence than without measurements.

The approximations of I, K" and 6’ for the 80 kPa imposed load in experiment 2, are respectively 2,44, 0,198 and 31,6°.
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5.3.4 Stress paths

As the pressure cells are less reliable over large time spans, thereby giving readings from
certain time instances less reliable, another approach to get the decay length, I is possible: By
plotting the measured stresses in the cells versus the imposed load on top of the sample as
shown in Figure 5.44. This plot gives information about how much stresses are absorbed by
the walls, and how much go through the sample.
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Figure 5.44. Load imposed on chamber sample, with associated stress paths at the cells.

An estimate of the increased stress based on g and [’ only, is shown besides the readings of
cell 1-4, marked in green. The estimate is based on the formula {2.47} given in ch. 2.4.1., and
for q only, is repeated under in eq. {5.1}. To check the conformity between a loading sequence
(as above) and the data used in the silo stress distributions (based on “absolute” values at
specific instances in time lapses), the constant of I’ = 1,59 was used. The “wedge” at the end

of the stress path for the cells are related the previously described inertia in the cells.
VA

Ao, =Ac,=q-e 1 {5.1}
Further, some of the stress paths are presented for the measured cell pressures versus the
theoretical field values where no arching occurs. These graphs include data points from each
build-in interval retrieved from the time instances where the written build-in log states that
sand layers were finished. Furthermore, some datapoints have been added from the load
imposing procedures. The first graph will be on total stress basis, while the rest are on
effective stress basis.
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In the graphs of experiment 0, the readings after 30 kPa on the x-axis is from the loading test.
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Figure 5.45. Imposed load and self-weight without arching, versus the cell readings.
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Figure 5.46. Imposed load and self-weight without arching, versus the cell readings, on effective stress basis.
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Figure 5.47. Imposed load and self-weight without arching, versus the cell readings, on effective stress basis.
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Figure 5.48. Imposed load and self-weight without arching, versus the cell readings, including horizontal
measurement and associated field value (based on equal K’ as estimated in silo).

Cell 5is in Figure 5.48 in addition to corrections, manipulated as to yield assumed results, and
should therefore not be considered true. Yet, its actual readings from below 0 kPa are not
reliable either.
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Figure 5.49. Imposed load and self-weight without arching, versus the cell readings, including horizontal
measurement and associated field value (based on equal K’ as estimated in silo).

In Figure 5.49, the readings of cell 5 are not manipulated, and thereby some of its readings
remain below 0 kPa. These are cut out of the graph above.
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6 Discussion

This chapter is divided in three. First the methodology is discussed to some degree and how it
affects results. This includes a brief review of the latest experiment where quick clay was utilized.
Then the pressure cell readings are considered with respect to reliability and the stress state, as
affected by the silo effect. And lastly, the research topic of the thesis is regarded, i.e., an evaluation
of the soundings and the typic characteristics of the thin layering effect is given.

6.1 Sample construction

6.1.1 Alterations of the chamber
6.1.1.1 Treatment of the chamber wall

As previously mentioned, the treatment of the chamber wall entailed some hitches. It turned
out that the choice of treatment substances was rather poor. The product description was
carefully read, as none of those involved had experience with spackle and water. Yet, despite
no information about the spackle’s reactive response to water, it turned out behave
accordingly. The spackle was applied in good faith, but after the experiment 13, it was evident
that it did not withstand water very well. To make the matters even worse, the surface was
only treated from just underneath the pressure cells (ca. 20 cm on the walls), whereupon the
epoxy did not enclose the spackle completely. Thus, the water could enter into the spackle
upon sample construction. Even if the treatment were done for the complete chamber,
enclosing it with epoxy, scratching off epoxy from the walls would nonetheless occur during
sample building, leaving an entrance for water anyhow.

The result was that some parts of the spackle/epoxy surface was loosening from the wall, and
it started rupturing due to the epoxy cover’s contraction towards the centre of the chamber.
The quick fix was to put duct tape on the cracks, seen on the right in Figure 6.1. Furthermore,
as a preventive measure to counteract new arbitrary ruptures, new fissures were cut
vertically and taped, which was probably more efficient long-term, while it also assured that
flakes would not peel off as shown on the left in Figure 6.1.

Dv’r N

Figure 6.1. After experiment 1a. Left: Rupture of the epoxy cover. Right: First round of taping. Notice the dashed
line drawn with permanent marker. They circumscribe the area that bulges from the wall.
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Figure 6.2. The walls intermediate experiment 2 and 3.

Despite the abundant taping, the wall surface remained quite smooth as the tape itself was
smooth. No specific recommendations are provided as what to do with the walls further. The
walls may provide adequate reduction of silo effects, or they may become worse with time. If
itis decided to treat the interior surface again, any use of spackle is obviously discouraged and
instead a more hydrophobe substance is recommended.

6.1.1.2 Possible improvements to chamber

To ease the installation and deinstallation of the chamber extension, a hole could be drilled in
the side of the chamber and the cables threaded through it. The hole would then require
proper sealing to prevent leakage of water. During the experiments, some clay layers have
coincidentally been planned at the same height as the transition between the chamber base
and extension. This have required either build-in after installation of the extension (working
depth within chamber is a bit challenging), or alternatively, the clay must be properly
protected. L.e., protected from the cables (and the DAQ-box if this is put in together), and from
the possibility of the rubber gasket acting as a slingshot upon accidentally slipping it. It should
be noted that a solution involving boring a hole through the wall is rather permanent, meaning
that the cells will be only reserved this project. This implies that others at the institute that
might need one cannot get it, or a rather demanding disassemble and associated mending is
required upon allocation of cells.
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6.1.2 Chamber sample sand

This sub-chapter review the results from the density tests in ch. 5.2.2 with respect to the
described sand build-in procedures in ch. 4.2.3.2, and does in addition give a brief review of
the NGI-99-assessment method.

6.1.2.1 Chamber sample sand dependence on build-in/construction

It is natural that the build-in procedures alter the properties of the sand layers. Depending on
the different phases of sand layer construction, the sand may form a quite homogeneous
structure, or it may have large local differences in compaction. This does both apply in the
vertical and the horizontal direction. Regarding the homogeneity throughout horizontal
cross-sections, the first phase of build-in, is regarded as most critical. L.e., the procedure of
filling new sand into the chamber.

By utilizing the metal sieve in experiment 0, it was possible to distribute the sand evenly over
the entire area, with an equal fall energy for all of the inserted sand. This did likely provide
almost uniform horizontal layers of sand. For the subsequent experiments, the filling phase
was renewed in the pursuit of higher yielded tip resistance, and sand was simply shovelled
directly into the chamber from the sandbags. This is expected to have given large differences
in fall energy, with the sand distributed unevenly with every shovel. Thereby the associated
compaction probably became quite heterogeneous in the horizontal direction. However, there
was general awareness regarding this during build-in, and this effect was thereby
counteracted with high efforts.

Regarding the vertical homogeneity, many factors have been identified as influential:
1) Firstis the sand filling phase with its inherent different degree of compaction;

a. The fall impact of the different methods was quite large, where the method of
direct insertion is presumed to have compacted the sand a lot prior to
subsequent compaction phases.

b. The sand moisture during build-in decided how the sand would structure,
which involve many complex implications, such as e.g., apparent cohesion.

i. In the first experiment, 0, two sandbags were brought to the laboratory
in the initiation of the build-in, where the sand used to fill the
intermediate sand layer ended up being quite dry.

2) Secondly were the durations of each vibration phase which had to be timed correctly
to achieve undercompaction;

a. due to the requirement of using different sand layer thicknesses in build-in of
clay samples, the planning of undercompaction became substantially rougher.

b. This could furthermore not be adjusted for when the plate vibrator was used
directly on the sample.

Page 138 of 168



3) thirdly, the looser the sand is built-in, the more susceptible it becomes to compaction
upon impacts, making looser layers more prone to becoming inhomogeneous as
compared to dense layers.

a. This is evident by comparing e.g., the D,-plots of experiment 0 and 1a,
respectively see Figure 5.29 and Figure 5.30. The denser the chamber sample,
typically the more conformity is seen between the density samples taken from
different zones at ca. the same level.

4) the saturation level during vibration is assumed to have a large impact on how much
the sand is compacted.

a. If the water level is just close to the surface, the water pressure build-up
momentarily, reducing the effective stresses in the sand, enabling suspension
of smaller fraction and possibly even sand. At the same time, water is pushed
out of the medium, leaving lesser porosity in the sample.

i. The valves 2,3,4 in Figure 4.35 were open during this phase, i.e., the
water could flow freely in and out of the chamber.

ii. Sometimes, at the end of a vibration phase, the water would come up on
the sides of the wooden plate. This was tried counteracted in every
build-in, by letting the water level sink sufficiently before vibration, yet
it often seemed to remain more water in the sample as compared to what
was read of the pore pressure sensor. lL.e., the sand was very saturated,
yet there was not particularly high water pressure.

The last phase regarding build-in was raising and subsequent lowering of water level between
filling and vibration. This phase was executed equally every time, and is not regarded as being
particularly important.

Alast element of the build-in is the resulting lateral earth pressure coefficient. It is reasonable
to state that during compaction of each sand layer, the horizontal stresses increased as the
sand was compressed vertically, yet confined sideways. During the vibration phase, the sand
closest to the surface was most overconsolidated, and upon vertical relief, kept much of its
horizontal stresses. The concrete assessment of K’ is given in ch. 6.2.1.2.1.

6.1.2.2 Assessment of sample density

Looking at the results in ch. 5.2.2, a general trend of increasing relative density with depth is
seen. The largest increase was seen in experiment 1a, where the D, increased with ca. 30-40
% over a 70 cm height. It has both the both largest compaction level, and the most increase of
compaction with depth. This was expected due to vibration procedure, and show the
importance of performing under compaction. In experiment 3, some general “upper limit”
trend of D, may be seen, stretching from ca. 20 % in the top to 60 % in the bottom, there are
two deviations from this trend, which are probably caused by the large layer thicknesses
surrounding the thicker clay layers (8-12 cm) in this experiment. In experiment 2, D,
remained very homogeneous throughout the whole sample, with ca. 30-40 % D,.. And lastly,
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in experiment 0, the sample had an opposite trend with increasing density with height, yet the
data scatter was higher for this test. In the first experiment, one of the sandbags was very dry,
and may explain why the q,- profiles in the intermediate sand layer were so low.

In the plotted D,-profile from experiment 3, see Figure 5.7, the top surface of each built-in
sand layer is marked with orange dots. Due to the Geomil-probe’s high reading frequency, it
is possible to see that the CPTU-soundings do indeed reflect the soil’s properties in a very
detailed manner. However, readings during the current experiments have naturally been
obscured by the clay layers and the horizontal boundary conditions, being the chamber walls
and the proximity to previous sounded holes. Considering that the influence zone in sand is
extending ca. 20 d. from the probe, this is to be expected. To counteract the effect of lowered
yielded tip resistance in the CPTU-D,-assesment, the constant k,, was altered to reach
results resembling the density sample results. Mostly, a k, ,,_of ca. 11, yielded profiles which
trended with the sample results. For the samples with 80 kPa in overburden stress, the
original expression with k;, = 22 seemed to fit for the first 30-40 cm, but as the stress
typically decreased a lot with depth, the measured tip resistance in the sand decreased
substantially with depth. To compensate for this in e.g.,, sounding 2c in experiment 2, k, , was

linearly decreasing from 22 in the top to 11 in the bottom.

6.1.2.2.1 A mishappening

In the last experiment, there was a misfortune, where the units of a, b and c were placed with
their perimeters at their supposed centres. This misfortune decreased the value of the
soundings 3a-3c adversely. Luckily, it was detected at an early stage during excavations,
enabling a solution which fortunately turned out to give useful results. This involved cutting
new holes in the disc, with new holes 8 cm from the 3-tier holes. Moreover, the sand had to be
filled back into zone BC above the upper clay layer.

It was expected that the original sample was very compact, due to the build-in and the
following 80 kPa load on top. The new layer was therefore tampered well, actually, too well,
and the D, became ca. 60%, well over the previous 20%. Thereby, there are two density
sample results for this same zone and depth in the graphs. This latest build-in was more
improvisatory of nature and explains why the q; was higher for soundings 4b and 4c, despite
their proximate position to the previous soundings in 3b and 3c.

6.1.2.3 Conclusive words

As a conclusion regarding the sand construction, the last build-in procedure, 3, showed that
one can more efficiently make relatively homogeneous sand layers, but undercompaction
remains a challenge. If this is to be compensated for in future experiments, by compacting the
upper layers relatively more than the lower ones, then one must keep some things in mind: If
the undercompaction is done by only increasing the density as the sample is built in the height,
then the compaction may become dangerously high for the equipment. Le., the thrust
resistance can exceed the capacity of the actuator with respect to buckling. The pressure cell
attached to the actuator should however act as a safety net.
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6.1.3 Build-in of clay

The build-in of clay was generally a demanding and time-consuming operation. This was done
thoroughly as to get the precise dimension for each specimen and as to not disturb the
samples.

6.1.3.1 Assumptions regarding the unit construction

The samples that were to be used in units had to be completely flat at surfaces meeting other
clay specimens in order to achieve unity. Then, combining the specimens into one unit
required a lot of effort, but they seemed to be acting as one. E.g, in the latest experiment, when
the lowest centre block was to be cut out for further laboratory testing, it started rupturing in
the top and through another specimen besides. When the block was cut out, it acted as a
cantilever beam as the centre specimens had to be cut horizontally with the thread saw. This
gave tensions in the top and following rupture. This happened twice, and the ruptures went
far into the other specimens as well, indicating that the unit indeed acted as one, as the
neighbouring specimens acted with tension on the centre specimen. Another example is from
the preliminary test on the quick clay, where it was checked whether it was possible to unify
two specimens. This worked better than expected, and the results is illustrated in Figure 6.4.
Another important factor during unifying was to not exaggerate the clamping, as this would
initiate failure in the blocks.

Figure 6.3. Left: Two specimens ruptured a bit. Right: Centre specimen ruptured twice.

Figure 6.4. Preliminary test of unifying two Figure 6.5. Imposed failure through unit.

specimens.
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The methodology involves some implications, as if there are any hollows or cavities between
the layers, this may influence g, to some lesser extent. This may not be of great magnitude,
but for vertical stacked units, such as sub-sample 3b in experiment 3, the closing of gaps was
essential. And even thought this was counteracted with high efforts, the pore pressure in this
sounding reduced in the first interface between two clay specimens, indicating that there was
a small hollow in-between them. This hollow allowed excess pore pressure to disperse, and
thereby lowered the measurement of B,.

Even though some of the units had imperfections, they all acted as one unit, and it is assumed
that g, was not altered by the construction of such blocks, neither for the quick clay nor for
the pottery clay.

Furthermore, the relative sizes of the units had regularly minimal horizontal distances to the
sand higher than 3 d.. L.e,, it was previously mentioned that soundings in clay are influenced
at a distance of 2-3d.. For the standard probe this is equal to 7,1-10,7 cm, while it is 5-7,6 cm
for the mini-probe. The layers were not built larger than necessary considering that it
demanded a lot of workload and clay, and it was observed that the units were sufficient by
looking at rotation of the vertical sides of each unit. If any unit had rotated on one of its sides,
it would indicate the horizontal spread of the unit was not large enough.

6.1.3.2 The pottery clay

There were conducted some tests on the pottery clay at some different stages, where clay the
tested clay had experiences different degree of disturbance, i.e., some were tested prior to
build-in, and some were done in posterity. The test showed that the pottery clay was very
robust and only had slight changes for relative harsh treatment (being subjected to build-in
with charging and discharging of water, vibration by a vibration plate, and sounding through
the unit). Of course, it was tried to make samples for further supplementary lab tests from the
zones least effected. As can be seen in Figure 5.33, the liquid limit was quite similar for two
tests done in the current experiments, and the one done by Hammer. It can thereby be called
quite robust.

Regarding the shear strength, the falling cone test on the pottery clay was giving quite a span
of different values, mostly because two different cones were used, respectively 400 and 100
grams. These were not calibrated for the pottery clay but rather for local natural clays. It
should be noted however, that there was little conformity between measurements of the 400
and 100 gram cone on the quick clay either. For the quick clay it was shown that the calibration
sheets of the 10 gram, 60 gram and 100 gram cones were good.

6.1.3.3 The natural clay

[t was previous to experiment 3 examined if whether quick clay specimens would survive
build-in by the latest build-in procedures or not. These tests gave encouraging results. A
pocket vane was used to check the block prior to and after a build-in of a cylindrical specimen
equal to that of sub-samples a, b, and c. This proved to be successful with S, py of 35 and 24,4
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kPa respectively prior to and after build-in and following excavation. The deviance is thought
to be mostly caused by methodology accuracy. The specimen was further tested with the
falling cone test and showed averages of S, gc = 35,7 and S, gc = 0,191 giving a sensitivity
of 186. With these data, it was decided to commence the last experiment. This was however
done after easter unfortunately, leaving the mini-blocks in storage for another 1,5 weeks.

The sample construction elapsed in at a bit slower pace as compared to the previous ones.
This was due to the extra care upon handling the quick clay samples, which were actually
easier to cut as compared to the pottery clay and the natural low- to medium sensitive clay
which was used in some triangles in some centre units. The experiment as a whole involved a
much larger workload as compared to the previous experiments, due to the comprehensive
supplementary laboratory works, and the nature of handling specimens in lab with intention
of least disturbance.

6.1.4 Sample representativeness

In the Flotten site-report, all clay samples were tested in standardized laboratory procedures,
and have thereby only been subjected to sampling methods, storage time and lastly specific
preparation for their specific test, before actual testing. Necessarily, the clay specimens
utilized in the last chamber experiment was exposed to several more sources of disturbance,
and furthermore sources which may have greater magnitudes. Moreover, the utilized
specimens could have been exposed to many sources of disturbance for a longer period of
time, during build-in, sounding, the intermediate unplanned halt in progress, the second
round of soundings and lastly, excavation.

General sample deterioration was experienced for most of the samples, with associated
uncertainty upon when the most change in properties occurred. The unfortunate lowering of
water level intermediate the sounding rounds, and during the excavation, respectively
spanning 3,5 hours and 5-6 hours, also obscures the assessment. As the laboratory technically
also was a workshop or a storage room, the room temperature spanned around 18-21°C, and
the air was very dry (as is typical for storage rooms). This made the specimens visibly change
as from when they were first retrieved out of the chamber, until they were finally tested in
e.g., the falling cone test. In retrospect, it could have been possible to retrieve specimens and
bring them to another lab in order to maintain the specimens’ water content.

As a conclusion for further works, it can be said that is especially important to keep the quick
clay moist, which due to its structure and high water content, tends to dry out and chemically
deteriorate when exposed to the air. This can also be linked with Le Chatelier’s principle:
when the quick clay is no longer imposed to fully saturated boundary conditions (previous
equilibrium state), the position of chemical equilibrium is moved. In addition, as mentioned
in (L'Heureux & Kim et al. NIFS, 2014, p. 27), when a sample first is exposed to air, there may
initiate some chemical reactions within the pore water, with oxidation reactions ultimately
deteriorating samples to become some other material, as compared to the quick clay sample
that was once extracted.

Page 143 of 168



For future assessment of disturbance, the mentioned methodology by L’'Heureux & Kim et al.
(NIFS, 2014) of checking pore water pH upon sampling, possibly again during storage time
and once again after tests have been conducted, could give valuable data regarding how intact
the specimens remain.

6.1.4.1 Comparison of field data and experimental data

In this chapter, the supplementary results are reviewed rather briefly, as to assess to which
degree the samples were disturbed. There are some different measurements that can be used
for comparison basis. E.g., the S,, might be a good reference, as S,, deteriorate as a sample is
subjected to e.g., chemical reactions or physical impacts. It should also be kept in mind that S,
results depend on the test procedures, as S,, is not uniquely defined. This is evident upon
looking at the Flotten site report results shown in Figure 3.6 in ch. 3.3.1.

It was observed that the clay layers at the top of the chamber had altered the most, not
“sweating” upon getting cut, and upon remoulding in advance of falling cone tests it did neither
approached the quick clay’s characteristic soup-consistence. The water level was quickly raised
again after this was realised, leaving the upper layers exposed to non-saturated conditions for
up to 5-6 hours. As test were conducted further down into the chamber sample, the specimens
started resembling quick clay again. In the very bottom layer, S,, ;- was measured as low as 0,78,
but there was visibly very little difference between this test and that conducted on quick clay
earlier on. The resulting sensitivities shown in Figure 5.24 were quite low, but was mostly low
due to the disturbance of the samples prior to testing S,, both for the falling cone test and the
uniaxial compression test. L.e., with a low S, it is difficult to obtain a high sensitivity, even for
remoulded samples which have little resistance. Other parameters that were tested are the
consistency limits. These showed a general trend of increased liquidity limit and plasticity limit,
and with a substantial associated increase in the plasticity index, as seen respectively in Figure
5.19 and Figure 5.20. The consequence of these increases was that the liquidity index was
decreased, and by looking at eq. {3.4}, it is could be expected that the S, , would increase,
something which it namely did, see Figure 5.24. The “undisturbed” S,, had decreased since the
preliminary test, see Figure 5.23, something which is linked with the handling and the rough
history of build-in. A last parameter that was checked was the salinity which was smaller as
compared to the results from the Flotten site report. An assumption is that the cycle of charging
and discharging water has given some flow of minerals, and in addition due to the intermediate
time periods of exposition to air during, e.g.,, sample construction, there have also been some
changes in the pore water chemistry. In addition to the general trends, it should be
acknowledged that soil in nature is not strictly homogeneous, and samples do thereby also have
some natural variabilities.

As to conclude this sub-chapter: The lowest quick clay units showed in every sense very equal
behaviour to regular quick clay, but had went through a lot, not only prior to excavation, but
also especially during the supplementary tests due to a very dry and relatively hot
environment. It is thereby not reflected well that in the results that the samples probably
remained a bit quick, at least very sensitive and brittle. For the upper level however, there is
associated more uncertainty, yet these units had also quite a sensitive behaviour.
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6.1.4.2 Quality of soundings from experiment 3

The mishappening can be seen illustrated in the methodology chapter, with planned and
actual arrangements of the clay layers, respectively Figure 4.31 and Figure 4.32. The
specimens the bottom chamber (lowest and middle level) in sector 3a-a and 3a-f3 were not
penetrated in the centre and the perimeter. Instead, the penetrations were shifted relative
away from the original chamber wall, see Figure 6.6. This stem from the clay arranging
procedure, where clay units were placed with reference to the chamber walls, with basis on
the intersection between the outer steel frame. It was evident that the chamber wall in the last
experiment was quite deformed, caused by the unfortunate spackle- and epoxy solution. The
fact that the wall surface contracted unequal in different direction was not perceived during
construction of the last chamber sample. This first became evident during the excavations.
The interior wall was however only shifted in section 3a (~1,8cm), while the soundings went
exactly through the perimeter on all b- and c sub-samples, meaning they were not shifted at
all. For the upper clay layer in section a, the wall was not shifted, as the chamber extension
had not experienced much deterioration due to the improper choice of treatment substance,
see Figure 6.7.

Figure 6.6. Cylinder at the lowest level in sector a. The penetration of sounding 3a was completely confined by
clay. The unit in section a was shifted relatively away from the original chamber wall. The disc at top remained

fixed due to the artificial load framework fixed position.

The soundings of 4b and 4c was quite equal to 3b and 3c in the sand, looking at the profiles
below 30 cm depth. As usual, the secondary soundings were partially influenced by the earlier
soundings in the proximity, giving reductions of g; in the sand equal to ca. 0,25 to 0,5 MPa,
only considering the intervals that were not influenced by the clay layers. Obviously, in the
clay layers, the soundings 3b and 3c pierced the perimeters, giving a tip resistance most
influenced by the sand. Thereby, the value of these soundings is close to zero, except that the
middle parties of the sand layers are possible to compare with the other soundings.

Comparing the first soundings through the lowest and middle layer in 3a, with 4b and 4c,
shows that g, 3, was approximately equal or larger than both g, 45, and q; 4., meanwhile f; was
approximately equal for all three soundings f; 34 = fs4b = f54c- The measured water pressure
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was generally larger in soundings 4b and 4c. 3a can surprisingly be considered as quite valid
for the lowest layer, reaching a lower tip resistance than for instance q¢pin4c = 344 kPa >
Q¢ min3a = 328 kPa. For the middle level however, the data are more misrepresenting with

both lower tip resistance and lower measured pore pressure.

Figure 6.7. Left: Upper clay layer of sector a, sounding 3a went through the very perimeter. Right: Middle clay
layer of sector a, sounding 3a went somewhat inside the perimeter.

6.2 The silo effect

6.2.1 Earth pressure readings

6.2.1.1 Accuracy of readings

Before the results are discussed, it is of importance to explain the behaviour of the pressure
cells as this was not optimal with respect to reliability. An explanation will therefore be given
on fluctuations in measurements, with rather brief theory. This latter could have been in the
theory part, but due to its brevity, and to easier go through the steps of explanation it was
combined with the discussion.

All kind of measuring devices have inherent inaccuracy characteristic, i.e., measurement
instruments, regardless of being mechanical, analogues and to a lesser extent, digital
measurement devices, are all prone to drift of measurements. This can either be experienced
as zero-drift, sensitivity-drift, or a combination of both, as defined by Morris & Langari (2012).
The general drift is experienced as a change in ambient conditions, e.g., change of temperature,
pressure, and furthermore, for analogue instruments the energy supply will also alter the
magnitude of the measurements.

Figure 6.8. Pressure cell 1 and 4 with “white noise”. Dips were equal to ca. 1 kPa in this case.
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In addition, the different measurements will typically possess some white noise, this was
evident for e.g., the pressure cells, which fluctuated a lot. After the last update of the logging
program, it was possible to log several readings each second. The measurements were then
typically pulsating, with a large dip every 15 seconds. It may be linked with the power supply,
but the dip was not simultaneously for the different cells, see Figure 6.8, which contradicts
this assertion. The program averaged the readings if the time interval was stretched out,
meaning that white noise was eliminated. However, this give some implications regarding
accuracy, but this is regarded as neglectable for the research purpose.

6.2.1.1.1 Deviations and drifting

Large fluctuations (not white noise) and drifting were experienced for the cells, as see in e.g,,
Figure 5.35, with some inertia for each building interval that is not well understood, but
possibly linked with temperature of the added groundwater. The experienced inertia is very
disadvantageous if the data do not converge before a next step is taken in the building
procedure. To get better readings for single deviating cells, it is always possible to replace it
with a better one, but it is not expected that are exist any available in-house- or affordable
cells that may change the current trend of the readings.

Others that have experienced drifting in their experiments are Li et al. (2012). They filled a
silo with dry sand, but experienced large deviances going from one day to the other as well.
They could tell: “More work is required to investigate if this was only due to temperature
variation... ...over the night”. Likewise, it was attempted to control and log the temperature in
the latest experiments, by the use of a digital thermometer in the water container which the
groundwater was added from. However, the measurements proved to be not too transferable
to the pressure cell readings, and consequently most of this work was discarded for the thesis.
Most likely this was partly due to the position of the thermometer’s sensor probe, which
necessarily was in the water container to add correctly tempered water, instead of placing it
besides the pressure cells, to explain their ambient temperature condition. It was read in the
instruction manual (Geokon, 2019, p. 20) that it is possible to measure the temperature on the
cells by the integrated thermistors. It is then required to connect a digital ohmmeter for each
cell. As this may improve the pressure readings, this is recommended for further experiments,
even though it requires more labour, considering correcting procedures.

All water filled into the chamber should ideally have room temperature, as to not influence
any measurement devices in the chamber (if they are temperature-sensitive). If other sources
of drift are discovered these should also be counter-acted.
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6.2.1.2 Pressure readings from sample construction

The methodology used in the data-treatment, has made sure that white noise is cancelled out
and unreliable extremal values, moreover, the start and end points have been 0. Yet, due to
the sensitivity drift of the cells, there is some associated inaccuracy related the readings. This
is mainly seen for the 5t cell which is vertical. This cell descended below zero in both total
and effective stress the last two experiments, 2 and 3. There is generally less reliability for
measurements of horizontal stresses as explained by Lindgard & Ofstad (2017), yet this
identified issue cannot be said to determine the measured horizontal stresses in these
experiments as the stresses descended below 0 kPa. Thereby the only effect that can be
pointed out is the device’s accuracy. This may be linked to this specific cell, or in worst case
all the cells are quite inaccurate.

The measurements of the other cells must be said to be better, especially after experiment 1a,
when cell 2 was discarded. As can be seen in Figure 5.36, this cell was changed due to a
different behaviour as compared to the other cells, and secondly, due to the large deviance
after during the excavation. To assess the readings of ch. 5.3, it is first referred to the
arrangement of the pressure cells, seen in Figure 4.23. By looking at Figure 5.37, cell 4 in the
middle has the highest stress level; cell 2 and 3 with equal distances from the centre have
approximately equal values, below cell 4; and lastly cell 1 is lowest as expected. The fifth cell
was as mentioned not reliable with negative effective pressures, even upon correcting for
start/end. The courses of the different readings were unfortunately a bit uncertain, and
consequently all the processed data based on the cell readings have become a bit approximate.

6.2.1.2.1 Before and after epoxy

To assess the effect of treatment of the interior wall, different average vertical stresses are
presented with a high reference level of imposed stresses, that was common in all tests
(including load test in EQ). As a reference for experiment 1a, the stress levels of 42,4 kPa and
43,4 were used. The data from experiment 1a may not be regarded as valid for comparison,
but rather as of interest regarding stress state in a lower sample, therefore this is still added
in the assessment. The imposed load, g, and the estimated average effective stress in the

bottom of the chamber, g;, are presented in the table beneath.

Table 6.1. Table with reference level of imposed stresses, with
associated average vertical effective stresses. Units are given in kPa.

Experiment q o) q o D, [%]
0 42,4 34,1 43,4 34,2 32
2 42,6 27,7 43,6 28,0 35,2
3 42,4 323 43,4 32,6 35,8
Small chamber sample - 1a 42,5 29,5 43,5 30,0 50,9
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As may be deduced from looking at Table 6.1, there are large deviations caused by the pressure
cells characteristics, which result in rather illogical corelations between the data. The lowest
sample with largest height to depth-ratio is according to the data second worst in sustaining
imposed stress through the sample, and this is while chamber wall treatment is not regarded.
The data from experiment 0 is furthest away from initiation of sample construction time-wise,
and should thereby be regarded as least reliable among the data above. If the data were more
correct and possibly consistent showing trends, it would allow to analyse the effect of wall
treatment and maybe also looking at effects such as compaction. The latter is presumed to
alter not only the density and thereby the weight of the sample, but also the soil structure
(direction of stresses) and the overconsolidation, influencing ay,.

6.2.1.3 Pressure readings from imposed load

In ch. 5.3.4 the decay length was calculated by only evaluating the loading of a chamber
sample. This provided results conforming well with those found in the stress distribution
graphs. These latter were based on g;, and oy, based on the pressure cell loggings which as
previously told were not as reliable as hoped for. This might be a coincident, or it might show
that cell 1-4 in fact were quite accurate, at least for higher stress levels. Unfortunately, no time
was left for checking for every chamber sample.

Considering the graphs showing “pressure cell readings versus expected field values of self-
weight and surcharge”, Figure 5.48 must be said to be the best graph (experiment 2), as the
time span of this experiment was the smallest. Moreover, it may be seen that this graph is
smoother than the others and in a larger degree show some trends. At the left hand side of the
graph, i.e.,, when each sand layer and clay was built into the chamber, the readings exceed the
estimated expected field value. This is probably due to the mentioned inertia for readings, as
the readings were retrieved from the points in time where each layer was finished. It was at
exactly this moment in time, the inertia-tops were at their peaks. Further on with build-in, the
different cells showed more or less linear trends.

6.2.2 Comments on assumptions

There were as mentioned some assumptions for the estimations done in ch. 5.3. The assumption
of I'(K',8") remaining constant with depth, was a pragmatic solution used in the estimation of
stress level in a silo, and is in fact a bit inaccurate at a detailed level. The formulas behind the
estimations were presented in ch. 2.4.1. Situations with fully saturated bulk solids in silos are a
bit complicated, as will be explained here: The interaction between the fill and the wall is altered
by adjusting water level, as can be deduced by looking at an arbitrary increase of water pressure.
The effective stresses are reduced, Ag; < 0, while deviatoric stresses, g, are kept at the same level.
This means K" is reduced, 7 stays the same and the mobilized interface friction angle is increased.
Despite such effects, estimation of the stress distribution in a “uniform” sample that are either
completely saturated or completely dry, based on experimental measurements, using one specific
I'(6',K") for the complete depth, should be regarded as quite representative.
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It is expected that K’ would vary with depth due to the samples’ inhomogeneity. Different
build-in methods gave different levels of compaction, and with different degree of uniformity.
Especially for the top of each sand layer, it is expected that sand was more compacted or
consolidated, making the sand stiffer sideways, all of which made a higher K'. Moreover, the
estimations are based on an equal interaction between the wall and the sand for the whole
interior surface.

6.2.3 Future works

As for future experiments, it is recommended to keep the logging on at all times, as to not have
gaps in the data. Then the sensitivity drifting can be tracked. During the build-ins the valve nr.
1 was almost always closed and the water container either lifted or lowered as to regulate the
water level in the chamber. This was done in order to get continuous readings, also on an
effective stress basis. For future experiments, the pressure cells could be studied further, with
maybe some dedicated quick build-in tests as to assess the stress state and the cell readings
with more reliable data.
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6.3 Soundings

6.3.1 Tip resistance and normalized q;-profile

6.3.1.1 Areview of measurements

As the tip resistance has been identified as the most prominent CPTU-parameter for standard
probes upon assessing CPTU-profiles in search for thin layers of clay, this chapter is quite
detailed and separated in several parts. These present different aspects of both the analytical
and the empirical approach. But first a more general review of the results will be mentioned:

Sounding 3b in experiment 1a is shown in every normalized q,-graph as to have a comparison
basis of the characteristic tip resistance of the pottery clay. Something that becomes apparent
for this sub-sample is that the critical depth is never reached before the probe senses the clay
unit which laid ca. 17 cm below the surface. This is evident when looking at the other q;-
profiles with imposed load of 40 kPa on the top (green graphs). Thus, the sensing depth of this
sample cannot be considered as of the best quality, and consequently maybe giving a lower
developing depth in the same unit. The result is however valuable, as the characteristic tip
resistance can be assessed, being ca. 250 kPa.

For the other soundings, the critical depth is typically from 10 to 20 cm, for respectively heavy
loaded and lightly loaded chamber samples. It might not be as clear, but by looking at Figure
5.9, it is seen that sounding 3a, 3b, 3c and 1S reaches a change of curvature respectively after
4 and 6-7 cm, followed by a second change of curvature upon reaching the top of a built-in
sand layer. It is difficult to assess the critical depth for these ones, but the first 5 cm may be
suggested. As for soundings 4b and 4c, these were going through a much denser layer due to
the compaction upon rebuilding this zone. And in accordance with the info in ch. 2.3.3, the
critical depth is much higher in dense sands, explaining why 4b and 4c seem to have larger z,
than the standard probe sounding S1.

There was a general trend of increasing q; close to the bottom of the sample. This is linked
with the interaction of the probe with the rigid boundaries the pressure cells make up. An
exception is experiment 2, which had a very homogeneous sand and moreover was loaded
with 40-80 kPa on top, it is not well understood why these did not increase at the bottom.

6.3.1.2 Averaging effects: An analytical-empirical approach

Upon transitions in sediments, CPTU-readings do not correctly reflect the material properties
of neither the above- nor underlying material for some distance. As previously mentioned in
ch. 2.3.4.3, the scaling effect entails smoothening, or “averaging” of the q,-profile, giving an
intermediate value of g;. This intermediate value depends on the transition progression
through an interface, and the influence of each material. As this smoothening only account for
the geometry of the cone and the strata, it can be regarded as an analytical averaging effect.
For infinite readings, the g;-profile would be continuous, and its curvature would be
restrained by solely analytical effects such as the scale factor, the materials’ characteristic tip
resistances and the intermediate layer thickness.
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Besides this analytical averaging effect, there are other factors which cause averaging effects
on all of the parameter profiles: Namely the reading frequency associated the probe’s
electronics, and the subsequent data-treatment itself. Firstly, it can be understood that lower
reading frequencies give less data points, and thus the q;-profile becomes less accurate. The
lower the frequency gets, the more rarely extremal points are hit. Consequently, if the interval
between data points is extended, the more probable it becomes that the readings are cutting
the magnitude of the extremal points. l.e,, soundings in weaker interbedded layers are
susceptible for overshooting the magnitude of the analytical g;-curve, vice versa for stronger
layers. This is labelled as the frequency averaging effect. Secondary, the data treatment itself
can lead to further inaccuracy, if one base the derived CPTU-parameters (B, Q¢, Rf¢,...) on only
one associated parameter depth, e.g,, z,,. In this methodology, the other parameters u, and f;
are interpolated to get the value at depth z,,. This implies that extremal in-puts from f; and

u, in these functions are technically an interpolation of the measured extremal reading and
some other reading. This is denoted as the interpolation averaging effect.

To illustrate the different averaging effects, an arbitrary q;-profile is illustrated for a thin clay
layer in sand, see Figure 6.9. The blue and the red line represent respectively the analytical

q:-profile of a 10 cm? probe and a 5 cm? probe. As a reference, qtc’éfcfy and q{t%7 ; have been

added in the background as to reflect the materials’ actual properties. The imagined readings
of the standard probe are marked with yellow circles with solid black lines in-between. To
illustrate the interpolation averaging effect, black crosses have been added in-between the
imagined readings. This latter effect would only apply if one calculated derived CPTU-
parameters on the basis of either Zg, OF 7. For the CPTU-derivations made in this thesis, Zg,
have been used as basis, meaning that extremal u, and f; readings are not used directly in the
CPTU-derivations.

Averaging effect

z, 1 qc,—
\
\
\
\
* ‘.
e Theory-10cm2 e Theory-5cm2

X Approximation c—=:==>Readings

------ Theory-infinitesmall

Figure 6.9. Averaging effect from 1) scale factor, 2) reading frequency, and 3) interpolation.
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6.3.1.3 Stress levels influence on g,

[t is evident that for higher imposed stresses, the q; measured in the sand increase. The same
effect is seen for increased relative density. Meanwhile, the trend in the clay is that g, is quite
constant regardless of stress level. It is however not possible to assess this last assumption
based on the thin layers, as these are too affected by the high g, in the sand. By looking at g,
in the thicker layers, which are not as much affected by the surrounding sand’s resistance, it
is seen that g, is very uniform. A hitch about this statement is that the thicker units have
regularly been place at the bottom of the chamber, where the stresses have been quite equal
for the different imposed stress levels due to the silo effect. So, inserted thicker clay layers in
the top of the sample may show some deviance of reached g; based on the stress level. But as
previously stated, this is expected to be negligible different. Looking at sounding 1a, shows
that the g, reaches a rather constantlevel after some point, meanwhile the stress level through
this sample is ca. g, = 42 kPa to 37 kPa going from the top of the unit to the bottom. To
summarize, the sand’s yielded tip resistance is very dependent on the stress level, meanwhile
the clay is practically independent, this latter may also be seen in Figure E.1 in Appendix E,
where the g, is increasing very little for 3 meters of penetration.

6.3.2 Normalized g,-profiles for different layer thicknesses

Upon assessing the normalized graphs, it is important to note that the g,-profiles that are
dashed are secondary soundings. l.e., these soundings have been conducted in the proximity
of a previous sounding. The graphs are shown with “standard probe-equivalent clay layers
thicknesses”, denoted Hy; ¢4, i.€., the height of the mini-probe specimens was normalized so
that in normalized graphs, the layer thickness would be equal to those tested with the
standard probe.

If one look at the four solid purple graphs in Figure 5.15 with Hg; oq = 4 cm, there are two
soundings which reach a lower g, in the sand after the clay layer piercing, meanwhile two are
reaching a relatively higher g;. These pairs are respectively from experiment 0 and from the
latest experiment by Hammer. Even though they have quite different g, in the sand prior to,
and after the clay, they still show quite equal developing depth in the sand after penetration,
and while the similarity in advance of the clay layer is rougher. An assumption that was
proposed, may explaining a flaw of the testing, was that the quick approach towards qg’;g;d
after a layer piercing could be linked with the more compacted zone on the top of each sand
layer. The effect remained unknown, and it was assumed that the developing depths would be
different for each setting if all the sand were always homogeneous. This could be checked

when the mini-probe arrived, as will be explained.

To conclude this chapter: it has been verified that the g;-profile at transitions is relying on the
cone diameter, with results of the two different probes showing similar trends when their q,-
profiles are normalized with respect to d..
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6.3.2.1 Comparison of standard probe and mini-probe soundings

Due to the relative size of the cone, the measured tip resistance approached the qf’éﬁ{y during
a shorter penetration length as compared to the standard cone. lL.e., for a given distance in cm,
the mini-cone would approach qtc’;ﬁfy faster than the standard cone. This is due to the extent
of the failure zone surrounding the cone during penetration. When the penetration depth is
normalized with respect to the cone diameter, the penetration through the normalized clay
layers becomes very equal for the 5cm? and 10cm? probes. The sensing depth in the sand
above the clay, and the developing depth underneath the clay is practically equal in the graphs
shown for Hy; ., = 4cm and the Hy; ., = 8cm. This is visible if one looks at e.g,, the 4 cm graph,
Figure 5.15: the developing depth in the sand after penetration reaches a curved top after ca.
1,4 d. after the last interface. This is respectively equal to 3,5 cm and 4,9 cm for the standard
probe and the mini-probe.

Further ahead and further prior to the clay layer, it is visible that the graphs deviate between
the probes-sizes, but mostly due to the “shifting” or scaling. L.e., 2,6 d. after the interface, the
standard probe reaches a new top (i.e., distance to interface equal to 9,4 cm). Meanwhile, the
top is reached after 3,9-4,3 d. after the last interface, for the mini-probe, equal to 9,7-11 cm.
This shows that the developing depth in the sand is equal when normalized, but for
penetration in the rest of the sand, the probes reflect the compaction. This latest part is most
visible in the non-normalized plots, see. ch. 5.1.1.4.

This finding disproves that it is the vibration and the localized compaction of the top of the
next sand layer which decide when the developing depth in the sand is reached. This means
that the earlier findings of a ca. equal developing depth after the last clay interface, regardless
of stress level for every sounding, is true. This is an important implication, as it confirms a
trend which technically was uncertain, yet was very easy to assume as it was visible. There
were none way to prove it on the basis of the data prior to the arrival and testing with the
mini-probe.

The soundings of 3b-4b and 3c-4c had ca. 3,2 d, centre-distance, or 8 cm. By looking at ch.
5.2.1.3 and 5.2.1.4 it is evident that the proximate position to a previous sounded hole affects
the results of a new sounding. It is not visible in the top due to the reconstructed sand
however, but after ca. 40 cm one can start to evaluate this effect. It is important that one
evaluates this far from the clay layers, as the soundings 3b and 3c went through the perimeter
of the cylinder and the soundings 3c-4c and 3b-4b, and do thereby not reflect each other near
clay layers. With this in mind, one can see that the tip resistance in the sand is ca. 0,5-0,75 MPa
less in the sand.

In addition, it was found in the literature review (see ch. 2.3.4.3), that the grain size should
not affect the results as A. = 5cm? > 1,5cm?.
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6.3.2.2 Future refinement of presented normalized graphs

To refine the normalized gq;-profile assessment for each layer thickness, the graphs could
rather show the different profiles with colour gradients according to stress level in regarded
clay unit, and not based on the stress level imposed on the top of the sample. Moreover, if it is
possible to visualize the D, for the different soundings without making the plot too untidy,
this would also aid any such assessment.

6.3.3 Side friction

In the presentation of f;-results, it has been chosen to superimpose the associated readings
not to middle point of the sleeve, but rather at the very front, where the friction sleeve makes
it first encounter with the clay. By following that procedure, the extremal values of f; occur at
the same depth as the extremal values of u, and q;. The component’s relatively large size
should be kept in mind upon assessing f;, as it has an “averaging” or smoothening effect on
the results.

A phenomenon which is not well understood, is why the f; is reaching such high levels in the
clay layers. The values of f; in the sand is low with values ranging from ca. 5-15 kPa in medium
dense sand, and 10-20 kPa in the dense sample (experiment 1a). Upon piercing the
intermediate clay layers in the chamber sample, the side friction reaches level of 15-35 kPa.
For comparison, the side friction in the clay at Flotten is ca. 7-8 kPa. Due to lack of experience
with CPTU-interpretation, and no CPTU-data on the relevant type of soil stratigraphy were
available, it is not known well how f; regularly behaves in field soundings as opposed to the
chamber soundings. A coarse CPTU-profile was found in the article of L’Heureux et al. (2010)
which was conducted in a relevant soil-profile, see Figure 6.10, which showed that f; was
substantially lower for such weak thin interbedded layers.
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Figure 6.10. A CPTU-profile in deposits with weak interbedded clay layers.
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At the moment, the apparent deviance from the field experience and the CPTU-results from
the chamber experiments is not well understood. Some effects that may affect the results is
that some of the samples have large overconsolidation ratios. Some information on OCR is
given below:

The lowest stress state in a layer of pottery clay was experienced in experiment 0, giving the
highest OCR-value for the pottery clay: OCR = p. /o, =100kPa/14,7kPa~6,8; meanwhile the
lowest OCR-value was ca. 1,4 in experiment 2. For the quick clay, p. at Flotten laid at ca. 258
to 292 kPa in the extraction depth interval, giving OCR =3,8 to 4,2 (if disturbance is
disregarded).

An observation is that f; seems to reach higher values for greater stress states, this is
particularly visible in the f;-profiles from experiment 2, ch. 5.1.1.3, where soundings 2a,2b
and 3c had q;,4,4 = 40kPa, and 2¢,3b and 3c had q,,,4 = 80kPa. The peak value of f; was in
the upper clay layer in sounding 2c, experiment 2, with 35 kPa. This clay unit had only an OCR
of 1,4, so it is a bit uncertain whether OCR really is a factor of influence.

Otherwise, the unit are not covering the entire cross-section, which may or may not have an
impact. The high values may also be linked with the sand, and the interaction between the
sand and the clay upon pushing sand into the clay during penetration, i.e., some sand is
trapped in an intermediate position between the clay and the probe at top of the sample.
However, if any cause is identified, it is not evident why the field soundings are so different
from those obtained in the experiments.

A last possible reason, which was mentioned as the most probable in the project thesis was
that the sand yielded artificially low f; due to the low stress level in the sand. This may be true,
but this do not explain the very high f; in the clay as opposed to the field experience.

It is advised that future participants of the research program are provided CPTU-data from
survey projects which have been conducted in areas with soil stratigraphy equal to what this
very research program revolves around. Otherwise, the participants are recommended to
actively request such data from the institute or possibly from some company or external
institute, such as e.g., NGI. This can provide more information on the lack of conformity
between experimental results and field results of f;.

6.3.4 Pore pressure

The pore pressure readings are a good reference when trying to detect layers of undrained
material, surrounded by more permeable mediums. The difficulty regarding detecting thin
layers of clay in sand is much relying on two things, firstly the sampling rate and secondly on
the clay layer thickness.

The first is evident in most of the graphs for the standard probe, where typically, only two
readings were made in layers of 4 cm. For layers of 2 cm, it occurred that there was no
measurement made at all inside the clay unit. And certainly, whenever measurements were
done inside the clay, there were little to no pore pressure build-up. The effect of reading
frequency became even more apparent upon conducting experiment 3, as two probes with
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different reading frequencies were utilized. It is seen that the soundings 4b and 4c had ca. 10
measurements inside the clay layer of ca. 2,8 cm, meanwhile sounding S1 had only 2 in the 4
cm layer due to bad timing, otherwise it could have had 4. The adverse effect of conducting
soundings with too low sampling frequency is that frequency averaging or smoothening of the
u,-curve will occur, as described for g; in ch. 6.3.1.2.

For the second assertion, it is evident for the thinnest clay layers that there is no or little pore
pressure build-up. This is explained by the penetration deformation of the clay layer, where
sand is pushed downwards into the clay, and further pushed sideways. The amount of sand in
front of the cone will decrease as the probe is pushed further and ultimately, there will be only
clay surrounding the probe and the pore pressure filter. From this point on, the pore pressure
will build-up. As seen in Figure 6.11, for sufficiently small intermediate clay layers, the
penetration deformation may cause the clay to not surround, or only barely surround the pore
filter at any instance. In addition, the effect of reading frequency would give a very low
probability of making any measurement of any pore pressure build-up. An alternative, that
would increase the value of the pore pressure readings would be to use a probe with a sensor
at filter location u;, which naturally would be surrounded by more clay as the probe
penetrates a thin layer.

Another observation regarding pore pressure, is that after the penetration of a layer, the u,
drops below the hydrostaticline, i.e., the excess pore pressure becomes negative. As the probe
pierces the last interface, the trapped water with its high pressure is released creating a
relative suction. This may not be very visible in the data from experiment 3, but is apparent in
the u,-plots of the other experiments.

Figure 6.11. Deformation in 2 cm clay layer, little to no clay surrounds the probe at any instance.

The maximum measurement of u, was done in the largest clay unit, sounding 3b in
experiment 1a, with a total of 110 kPa. It is believed that this could have become even higher,
if the interface between the specimens was completely shut and no cavity or hollow existed.
The trend was that as a sounding went through a layer, the pore pressure built up gradually.
A strange observation was that the pore pressure build-up in some of the thicker quick clay
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layers was equal to u, in some of the thinner layers, see Figure 5.9. This was not as expected,
and is maybe linked to instances of intermediate siltier layers within the clay units. An
example of such a specimen is seen in Figure 6.12. This was however not entirely unexpected,
considering that the utilized specimens was of natural material, thereby entailing natural
variations.

Figure 6.12. Most likely an intermediate siltier layer in a mini-block consisting mainly of quick clay.

The rather low u,-reading in sounding 1a is assumed to be caused by insufficient or improper
saturation prior to sounding.

6.3.5 Derived CPTU-parameters

The D,-profiles obtained by using an adjusted NGI-99 method were discussed in ch. 6.1.2.2, as
it seemed more fitting upon discussion of sand compaction and the results from the density
samples.

6.3.5.1 Shear strength assessment

Among the three cone factors, Karlsrud et al. (1997) implied that N,,, had the best conformity
between CPTU-readings and measured S,,, and consequently should be weighted the most
upon evaluation of S, based on the cone factors. As can be understood from the relations
presented by Karlsrud et al. (1997), to find S,,, the cone factor must be known, and to find the
cone factor, S;, must be known. This self-reference requires either calibration for every site,
or relying on the approximate empirical relations given by Karlsrud et al. (1997).

The different cone factors were calculated for each clay layer based on interpolations of I, and
OCR for both the pottery clay and the quick clay. This was made on basis of previously
determined p¢ ,ottery ciay by Hammmer (2020), the field report (L’heureux et al. 2019), and

the estimated stress distribution in the chamber.
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The results are shown in ch. 5.1.1, and shows some general trends:

* S,au Wastypically very low, around 0-5 kPa, explained by the low measurements of B,
again explained by the low pore pressure build-up experienced in the thin clay layers.

o However, it approached the predetermined S,, of 27,5 kPa of the pottery clay
for sounding E1a-3b, see Figure 5.3. This took more than 12 cm of penetration,
and due to the pore pressure loss, it was not verifiable whether if the true S,

would be reached.

e It was evident that S, 4, and S, ,; was overestimating the layer strength for the thin
layers, and as the layers approached greater thicknesses, the estimated S, s became

more and more accurate.

o They both had extremities reaching quite near the true S, for 8 cm thick layers

o For 12 cm layers, they typically reached the §,,.

o For the 36 cm unit, 1a-3b, the S,, was reached at ca. 10-13 cm.

For comparison, some soundings from the Flotten-site were downloaded and treated with
regards to CPTU-parameters. In these CPTU-profiles the B, was about 1-1,2, which can be told
to be characteristic for the quick clay. Karlsrud et al. (1997) stated that N,, was the most
reliable of the cone factors in determining the shear strength of a soil. This suggestion do not
fit well for the thin layering effect, for layers of (H < 12cm), due to the low measured B,-
values. The other cone factors seem to coincide better, based on the CPTU-results in the thin
layers. However, by looking at the graphs of Flotten-soundings, the Ny, did not perform as
well and S, thereby fluctuated a lot. A brief summarize of the Flotten results are given in the

tables on the next page.

Table 6.2. Summarize of CPTU-results for depth 8-10,5 meters, part 1:

Parameter q: fs Au, qn
Depth [m]\Unit [MPa] [kPa] [kPa] [kPa] [MPa]
8 0,70 8 700 650 0,65

10,5 0,90 8 825 800 0,7

Table 6.3. Summarize of CPTU-results for depth 8-10,5 meters, part 2:

Parameter Q; Rep B, Su,Au, Suke Sukt
Depth [m]\Unit [-] [%] [-] [kPa] [kPa] [kPa]
8 5 1,0 1,0-1,2 110 20-50 65
10,5 4,5 1,0 1,0-12 120 25-55 75
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As to underline previous mentioned information: Upon assessing thin layers of clay in sand, it
is highly important the CPTU-assessment is done meticulously. l.e., u, should be assessed at
the same depth as q;. If this is not done, the B,-values will become even lower than those

presented in the graphs in ch. 5.1.1.

Alastnote in this chapter is that Lunne et al. (1997) could tell that a recognized approximation
of remoulded shear strength S, . was f;. This would be true for a low sensitive clay, yet for the
soundings gathered from Flotten, it seems that f; was manyfold larger than the §,,, for the
quick clay, so this approximation do not work at all sites and for all conditions.

6.3.5.2 THE NTH-method

Regarding the soundings data points placed in the NTH-chart, from sounding S1, see Figure
5.12, the N,,, value was reaching some values asymptotically, around ca. 2. This falls within the
spectre of the soft clay in

Table 2.3. However, due to a low By, the interpreted friction angle become very small, =
16° «29-32° which were interpreted in the Flotten site report. It is of course natural that the
results deviate, considering that the parameters upon transitions don’t reflect neither the
upper nor lower layer. For the evaluation of N,, attraction was set to 10 kPa, while § was set
to 0°.

The same attraction and plastification angle were used in the assessment of the CPTU-results
from Flotten, shown in Figure E.3 in Appendix E. There B, was approximately 1-1,2, and Ny,
was thereby estimated to be ca. 4,8, giving a friction angle of tan(¢’) = 0,85 or ¢’ = 40,4°.
This must be told to be very high, especially compared to the 29 — 32° suggested in the site
report. This is probably due to the high estimated N,,, which moreover is caused by the low
predetermined attraction. It was stated in the report by Senneset & Janbu (1985) that the
apparent attraction obtained by CPTU-test is typically much larger than those typically found
in laboratory testing. If they based their N,-charts on attractions obtained by CPTU-
assessment only, then this may describe the deviance. By inserting an attraction of 200 kPa
(as mentioned in their text), N, for the same profile would become 2, giving ¢ =
tan~1(0,6) = 30,96°. This would conform very much with the interpretations in the site report
(L’Heuerux et al. 2019).

6.3.6 Classificiation charts

Only a few classification charts were included, as to illustrate how CPTU-readings behave for
layer transitions. Moreover, the charts are only of sounding 4b from experiment 3 which went
through quick clay. This sounding was chosen as one could expect that the characteristic B,-

value is ca. 1-1,2 for this clay, as can be seen in the B -plot for the quick clay interval at Flotten

in Figure E.2 in Appendix E. As is clearly visible in all the classification charts, the soundings
are approaching slowly towards their characterized classification zone.
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For the Robertson diagrams, sector 1 is defined as “sensitive, fine-grained” and should
embody quick clay. Sector 5 and 6 should respectively embody “sand mixtures; silty sands to
sandy silts” and “sands; clean sands to silty sands”. For soundings affected by nearby layers
these extremities are never maintained, and for soundings experiencing the thing layering
effect, i.e., where the influence length is never surpassed, the intermediates layer’s associated
extremity is never reached.

In the Q;-F. diagram, Figure 5.11, the penetrations of the thin layers are following scythe alike
paths/patterns. This is explained by the logarithmic scale of the diagram. It is however a bit
strange that the f;-value becomes so large, as explained in ch. 6.3.3. As can be seen in sounding
3b in experiment 1a, f; is reduced after some piercing distance through the clay, and it is
therefore expected a much lower value of f;. Anyhow, the effect of a large f; relative to g,
makes the data path in the diagram go toward 2 instead of 1. However, if one looks at the Q,-
B, diagram, the data path for each clay layer piercing is shown as approaching zone 1, through
zones 3 and 4. As the pore-pressure never build up, the typical B, of 1-1,2 is never reached, as
reflected in the chart. This is also apparent in the NTH-classification chart, see Figure 5.12,
where the trend is similar with an undershooting Bj,. Yet, in this chart, the low g, of very soft
clays is reached, meanwhile the B, moves the data out of defined borders.

With all of this information, it is apparent that the classification charts do not sort the data in
a well manner for transitions. This is expected as they only regard measurements at certain
depth or time instances. In order to create a chart that would manage transitions well, the
relative change of each parameter would also have to be assessed.

6.3.7 Reading frequency

An advantage of using the mini-probe equipment by Geomil, was the increased reading
frequency as opposed to the standard probe. This attribute should not be linked with the size
but rather the electronics within. Anyhow, the tip resistance curves of the treated mini-probe
readings are discrete as is reflected in the jagged behaviour. Because of the very high reading
frequency, these curves became more or less continuous. This implies that one can with a
better accuracy correlate the thin layering effect empirically with potential analytical
approaches. As was explained in ch. 6.3.1.2 this higher reading frequency would ease the
detection of thin weak interbedded layers as the probability of measuring the analytical
extremal value is increased.
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6.4 Regarding documentation

In order to build high quality chamber samples, it has been of outmost importance to first
become acquainted with construction of chamber samples, and to further document all
constructions and excavations with photos and regularly logging. As experience was gained,
the sample procedures could be adjusted accordingly, in an incremental fashion as new
experiments were conducted. In posterity, the documentation has been very helpful, as
whenever a memory has been unclear, or some explanation is sought, much have been found
in previous documentation. However, the abundant documentation has also made it easy to
fumble, regarding things to explain and retell, so keeping a focus one task at the time has been
essential. A hope was to show more pictures of the project, but this seemed perhaps too
excessive for the master, as the level of detail would either fluctuate through the written
thesis, or a higher degree of detail would be necessary for the entire master. All
documentation and pictures have been structured and left as a copy at the university, in order
for later participants to gain insight in what has been done.
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7 Conclusion

The results show that the piezocone penetrometer is an excellent tool with a repeatable
methodology that provides results which reflect homogeneous soil’s properties. However, it
has been made clear that for transitions between layers, the measured tip resistance becomes
an intermediate value of the characteristic tip resistance of the lower layer and the
characteristic tip resistance of the upper layer. This implies that it can be difficult to determine
soil stratigraphy and the layers’ physical properties for deposits of thin interbedded layers of
clay in sand. Regarding this issue, the results indicate that 8-12 cm thick clay layers can be
identified using the conventional CPTU-tool normally used in practice. The tip resistance in
the thin layers does not reach the material’s characteristic tip resistance since the failure
mechanism around the tip will involve both materials. In practice this implies that the shear
strength of thin layers is overestimated, and consequently should be corrected for. Moreover,
the measured pore pressure build-up starts after some distance in the clay, and does not reach
the characteristic level of clays. Thus, regular classification charts cannot be used for detecting
thin weak layers, as they only regard measurements at specific depths or time instances. It is
apparent that during transitions, the relative changes of the measured parameters must be
considered.

This study suggests that tip resistance is the most prominent parameter in detection of thin
clay layers in sand, while pore pressure readings provide a good support for the findings.
Three elements have been identified to influence the thin layering effect the most, these are:
the cone geometry; the intermediate layer’s thickness; and lastly, the contrast in soil strength,
or more specifically, the contrast in the materials’ yield of characteristic tip resistance. The
use of a mini-probe (5 cm?) has reinforced previous assumptions regarding the scaling effect
and supports the reliability of the previously obtained CPTU-results (see ch. 6.3.2). In addition,
this equipment has illustrated the effect of reading frequency.

The experiment on natural quick clay proved that it is possible to build easily disturbed quick
clay specimens cut from field block samples into the chamber. However, some moderate
deterioration of certain properties was experienced. This confirms that sensitive clays, such
as quick clay, require considerable awareness, precision, and careful execution when thin
layers are built from clay sampled by a mini-block sampler at depths in the field.

The 4 different chamber samples that have been tested provide an abundant amount of data,
creating a good foundation for further work in the research program. The tests have been
executed thoroughly, with accompanying supplementary laboratory tests to provide more
information on the testing conditions, this may ease interpretation work in the future, and
make it more reliable.

Regarding the stress state in the chamber, the data foundation is a bit inaccurate due to
sensitivity drifting. This makes the estimations a bit imprecise, but they are regarded as
adequate for the purpose of this research.
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8 Future work and recommendations

8.1 Documentation of laboratory work and results

The laboratory work has been quite comprehensive and executed thoroughly in the aim of
valuable results for further research. The data and information gathered throughout this
master’s thesis is too excessive to fit into this paper. A large selection of this data and
information will therefore be left as a copy in systematized folders, available for future
participants of the program that may want to delve deeper into the matter if they find anything
missing, or if they are generally curious. The data includes literature, procedures, photographs
of the different procedures, logging templates, raw files of sounding results and pressure cell
readings, and processed tables and figures in Microsoft Excel, etc. The most important and
useful information has been refined in specific documents and their titles will be presented
below. The quality of these documents will hopefully make them very useful for future
participants. The highlighted documents are:

Procedures:
Building procedures and logging templates
Sounding procedures and logging templates
Excavation procedures and logging templates
Results:

Compilation of sounding results, with all performed parametrizations, and documents
on the associated stress state for each experiment.

Compilation of supplementary laboratory results

In posterity the comprehensive documentation has been very helpful, as whenever a memory
was unclear, or some explanation was sought, many answers have been found in previous
documentation in the form of photographs or logs. It is therefore highly recommended for
future participants to document their work thoroughly as well.
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8.2 Propositions and further work

8.2.1 Further data treatment of obtained results

As previously told, the data assessment regarding the thin layering effect is not very in-depth,
and further processing of the data is possible in the pursuit of more new knowledge about the
phenomenon. A compilation of sounding results is transferred to the project, so the data will
be available for assessment regarding both thin layering correction and calibration of the
reversed spatial filtering method presented by Hammer (2020).

8.2.2 Refinement of laboratory facilities

8.2.2.1 Possible improvements to the chamber

The improvements elaborated in ch. 6.1 are relevant, but may not be necessary. Another idea
that may improve future experiments is inspired by the set-up explained by Houlsby &
Hitchman (1988). They inserted flexible rubber membranes both along the interior wall and
at the chamber base, which were used to apply normal stresses by the means of water
pressure. Such improvements would enable determination of stresses along sample
boundaries. However, the set-up was never illustrated in their article, and it is thereby
unknown whether such a solution would require extensive alterations of the current chamber,
or if the solution would be rather simplistic. If this is feasible, the chamber can be defined as
a true calibration chamber, according to most definitions found on the internet, e.g., from
ISMGEO’s website. In the meantime, the chamber could rather be defined as a semi-calibration
chamber, as the vertical boundary can be adjusted with respect to g,,.

8.2.2.2 Possible improvement of devices

It is of high interest to get more reliable pressure cell reading. In the instruction manual of the
earth pressure cells (Geokon, 2019, p. 20) it is stated that they are equipped with integrated
thermistors, which allow for logging of temperature. This would require a digital ohmmeter
for each cell, which may either already be available at the campus, or possibly it could be
invested in a couple of new ones, if they are affordable. In the same manual it is stated that the
readings can be corrected for the temperature changes. The subject requires more study, but
might yield better results for the research program in the long run. If other sources of the
drifting are identified, these should naturally be counteracted as far as practically possible.
Elsehow, it could also be an alternative to replace the cells with better ones, if this exists.

Another suggestion in the pursuit of enhanced detection of thin clay layers, is to introduce a
new CPTU-probe with a pore pressure sensor located at the cone, u;, to the future
experiments. This may be available at NTNU in the near future.
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8.3 Future experiments

8.3.1 Further assessment of stress distribution

To assess the normal stresses acting on the wall, either the proposed calibration chamber
advancement may be utilized, or possibly, an experiment similar to that explained in the field
and laboratory compendium, p. 321 (NTNU Geoteknikk, IBM, 2017) could be of interest. This
experiment is based on measuring lateral stress by waterfilled pressure cells with rubber
membranes mounted on the wall, see Figure 2.38. A hitch regarding the latter is that the cells
must be concave to fit along the wall.

Furthermore, experiments focusing solely on describing the silo-effect in the chamber can be
conducted. This could involve e.g., placing the pressure cells at different positions in the
chamber, with respect to both height and distance to centre. This could be included with a
regular experiment, where one section is not sounded, as the pressure cells may obstruct the
paths or affect the soundings.

It could also be interesting to conduct a fast build-in, with succeeding load application, as to
assess the stress level with more reliable pressure cell data.

In the article by Li etal. (2012) the interface friction angle was measured by some preliminary
lab test. This test may also be conducted for the chamber wall, but it is uncertain whether
there is such equipment available at NTNU.

8.3.2 Layer set-up

New experiments can be conducted in order to gain data on other combinations of stress

states and layer thicknesses. This would enable further development of e.g., charts for the thin

layering correction, Ky, (an initial chart made by Hammer is presented in Figure 2.34).

Moreover, it will give a better foundation for calibration of the spatial filtering method, also

presented by Hammer (2020, appendix B). To specify regarding the first proposition: In order
char

to get a larger contrast of g;;*" between the sand and the clay for the thicker clay layers, the
thickest clay layers can be placed at upper level in some experiments.

8.3.3 Sand sample construction

It is evident that the construction of sand samples is a complex matter as seen in e.g., the
lengthy list of influences on the sand’s density in ch. 6.1.2. Unfortunately, reviewing every
detail of the procedures and the practices would be rather excessive for the thesis. Instead, it
is proposed that future participants of the research program get acquainted with the sample
build-in, based on the given information, and the supplementary written procedures. In
addition to this, some supplementary experiences may be transferred orally. The desired
density was obtained with the sand preparation procedure 3, which is thus recommended in
future build-ins. However, refinement is still possible, regarding homogeneity and under-
compaction. An important notice to keep in mind during the build-in of the sand, is the max
capacity of the actuator, as to prevent buckling.
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8.3.4 Use of natural clay

Considering the quick clay’s susceptibility of deterioration upon exposure, the practice of
watering and covering the specimens should have been emphasized even more in the
laboratory work. In this regard, the lowering of the ground water during the excavations
should have been held to a bare minimum. The failure, or neglection to keep the environment
surrounding the quick clay specimens wet at all times, is regarded as the most likely reason
for alterations of the clay’s properties. To assess the changes of soil properties during an
experiment, more tests could have been conducted prior to the chamber-build-in.
Furthermore, this assessment could have been improved by following the mentioned
methodology by L’'Heureux & Kim et al. (NIFS, 2019) with pH-measurements at different time
instances.

8.3.5 Comparison with field data

For future participants of the research program, it is recommended to request CPTU-data
from survey projects which have been conducted in areas with soil stratigraphy equal to what
this very research program revolves around as it would allow for the opportunity to cross
reference the results from the chamber soundings with that type of soil stratigraphy in its
natural habitat. This could provide better insight and understanding into why f; is so high in
the chamber experiments as opposed to the field soundings.

8.3.6 Proposed advancements in the distant future

The large-scale model testing facility developed at NTNU provides a good opportunity to test
a range of different chamber sample arrangements, beyond the current scope of the research
program, which is namely looking at thin layers of clay in sand. By this, it is meant that once it
has been acquired enough data for the research topic of thin clay layers in sand, it is possible
to utilize the facility for testing other materials and other sample layouts. A change of scope
for the sample production may be a rather smooth transition. Considering that soil
stratigraphy in historic estuaries typically contain all soil separates, testing many different
combinations of materials being sand-silt-clay interbedded each other, may help improve
future CPTU-assessment both regarding identification of the layering of materials, but also in
determination of their associated soil properties. This last statement is based upon the
apparent uniqueness of specific soil type’s influence on the curvature of the g,-profile. That is,
as an addition to the already mentioned effects of: the contrast in characteristic tip resistance;
and the ratio of the layer thickness and the cone size. These parameters are rather deciding
the extremal values obtained, but it is evident by looking at e.g., the figures Figure 2.28 and
Figure 2.29 in ch. 2.3.4.2 - Tip resistance profiles, that the g;-curvature is more complex than
practically regarded in current thin layering assessments.
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8.4 Recommendations for CPTU application in the industry

8.4.1 New procedures in prone areas

According to the CPTU-results, some specific recommendations can be suggested for the
industry regarding investigations in areas susceptible for thin layers of clay in sand deposits,
i.e., for locations under marine limits, which moreover can be narrowed down to areas with
soil stratigraphy consisting of larger fractions. The penetration rate can with great benefits be
reduced to 1,5 cm/s to increase the data point density by ca. 33 %. This implies that the rate
effects in silts first should be investigated, as this material acts partly undrained under
penetration, depending mainly on the grain size distribution, see ch. 2.2.1.2. The effect on the
CPTU-parameters must then probably be taken into consideration in the CPTU assessment.

For a 30 meter deep sounding, the reduced penetration rate would imply increasing operation
time from 25 minutes to 33,3 minutes. The 8 minutes of prolonged operation time is of high
value, while the increased cost is not substantial. Karlsrud et al. (1997) stated that the length
of sounded meters a day ranges around ca. 80-100 meters for a one-manned advanced multi-
purpose rig. This implies that ca. 67-83 minutes of effective penetration is conducted in a day’s
work, which by a decrease in speed, would require 89-111 minutes, i.e., an increase of 16-28
minutes work for each day with surveys in such areas. Considering that setting up the rig and
that other associated activities have to be performed regardless of the speed used during the
soundings, this would be a feasible way of increasing chances of detecting thin layers of clay
in sand. If such thin layers are detected, an increased data point density would moreover
provide a better foundation for determining the soil’s properties. L.e., there is a higher
probability that the extremal point determined by the cone’s geometry (analytical g;-profile
for the specific cone) is measured.

8.4.2 Further development of the CPTU-equipment

The effect of reading frequency was apparent for the 5 cm? probe as compared to the 10 cm?
probe. This is of course only depending on the electronics, and not the geometrical design.
However, the probe size is a prerequisite to which electronics may be inserted. Thereby the
reading frequency may be restrained by the size. However, in this thesis it was apparent that
this is not a constraint for the 10 cm?2 probe, as this intuitively is larger than 5 cm? probe.

Refinements of equipment electronics with an increased reading frequency can provide
significant improvements to the resolution of CPTU-profiles. The CPTU-assessment would
then be more based on the theoretical or analytical limitations of the method, and not so much
on the discrete nature of the data which is seen today for the standard equipment.
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Tiller-Flotten research site, located south-east in Trondheim municipality,
Tregndelag county. Edited by Skrede, H., Bjarkan (2017) Kart som viser plasseringa til
kommunen Trondheim i Trondelag fylke i Noreg. Available at:
https://no.wikipedia.org/wiki/Fil:NO_5001_Trondheim.svg [Accessed: 22.06.2021].
Bjarkan (15.12.2017) Map of Trgndelag county within Norway. Available at:
https://commons.wikimedia.org/wiki/File:Norway_Counties_Tr%C3%B8ndelag_Positi
on.svg [Accessed 22.06.2021]. Google maps, kartdata. Flotten, Tiller, EUREF89, UTM-
zone 32, N-7023917.027, E-571088.273, masl.-123.546. Standard map. Available at:
https://www.google.com/maps/ [Accessed: 22.06.2021]

Left: Quaternary geology map of the site, mainly based on superficial deposits.
The blue dashed line marks marine limits. Right: Map with the positions of field
tests subjected the NGTS-project at Flotten. Geological survey of Norway (NGU)
Flotten, Tiller, EUREF89, UTM-zone 32, N-7023917.027, E-571088.273, masl.-123.546.
National database of superficial deposits and sediments, including marine limit. Available
at: http://geo.ngu.no/kart/losmasse_mobil/ [Accessed: 22.06.2021] Geocalcs, DataMap.
Project NGTS-Quick_clay. Flotten, Tiller, EUREF89, UTM-zone 32, N-7024000.000, E-
571100.000, masl.-123.500.

Sampling hole position, with filtered CPTU-soundings. Edited by Skrede, H.,
Geocalcs, DataMap. Project NGTS-Quick_clay. Flotten, Tiller, EUREF89, UTM-zone 32, N-
7023917.027, E-571088.273, masl.-123.546.

Technical drawing of the mini-block sampler. Emdal et al. (2016) Fig. 2: Mini-block
sampler: (a) technical drawing. p. 4 (1238).

Basic soil stratigraphy with index properties. MS = magnetic susceptibility.
L’Heureux et al. (2019) Figure 7: Basic soil profile, stratigraphy and index properties at
the Tiller-Flotten site. w = water content, y, = bulk unit weight, ys particle density, MS =
magnetic susceptibility. p.10 (840).

Different field (mid) and laboratory measurements (left) of undrained shear
strength, accompanied by shear strength ratio (right). L'Heureux et al. (2019)
Figure 25: Undrained shear strength and undrained shear strength ratio with depth from
laboratory and in situ field tests at Tiller-Flotten. p. 30 (860).

Depth profile with liquidity index, sensitivity, and remoulded strength. ’Heureux
et al. (2019) Figure 12: Plot of liquidity index, sensitivity and remoulded strength with
depth. p.15 (845).

CPTU-profile of basic parameters, including the pore pressure ratio, B,. Trimmed
by Skrede, H., L’'Heureux et al. (2019) Figure 14: Typical CPTU and RCPTU test results for
Tiller-Flotten showing corrected tip resistance qt, sleeve friction fs, pore-pressure during
penetration u2, pore pressure parameter Bq, and electrical resistivity p. 17 (847).

Chamber partition, with marked: sectors; sections; and sounding holes in the metal
disc. Skrede, H.

Chamber base, with some guiding height lines. Skrede, H.

The chamber extension, note the rubber gasket on the rim of the chamber base. Skrede, H.
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Sand from Kval. Skrede, H.
Above: Wrapped pottery clay block. Below: cut block. Skrede, H.

Pocket vane test prior to (left), and after (middle), build-in. Excavated intact
specimen (right). Skrede, H.

Intentioned layering in experiment 0, the horizontal width of each clay layer is misleading.
Edited by Skrede, H,, Original Hammer H.B. (2020b) Email sent to Skrede, H., 04.11.2020.

Utilized gravel. Skrede, H.

The first 10 cm of the chamber was filled with gravel. Skrede, H.

Filter cloth. Skrede, H.

The cloth was squeezed to the wall by pushing and stubbing the sand. Skrede, H.
Metal sieve hanging from brackets. Skrede, H.

1st phase, newly rained sand. Skrede, H.

2nd phase, fully saturated sample, excess water on top. Skrede, H.

After 4th phase, water discharge, followed by vibration. Skrede, H.

4th phase, plate vibrator on wooden plate. Skrede, H.

Sand layer thicknesses adjusted the clay units’ heights. Skrede, H.

Schematic construction of sand layers. Hammer, B.H. (2020) Figure A.26. lllustration
of the stages in the preparation of each sand layer. p. 114 (134)

Collection of impurities, mainly soft lumps, and a little gravel. Skrede, H.

Height measurement device. Measurements were made after every phase. Skrede, H.
Broken silt-/clay lump. Skrede, H.

A chain hoist provided a good solution for the plate vibrator handling. Skrede, H.
Arrangement of pressure cells, with numeration and sector denotation. Skrede, H.
The pressure cell set-up in experiment 2 and 3, from different angles. Skrede, H.

Slightly inclined pressure cell. It appears more inclined in the picture due to
camera angel. Skrede, H.

Zero-calibration procedure, with cells submerged under a 5 mm water film. Skrede, H.
Calibration set-up. Skrede, H.

Passive failure in a quick clay specimen, upon clamping of a unit. Skrede, H.

The layer design in experiment 0 and 2. Skrede, H.

Layout for sample 1. Skrede, H.
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Figure 5.1

Figure 5.2

Intended design for experiment 3. Skrede, H.
Actual layer layout for experiment 3. Skrede, H.

Unit dimensions for EO and E2 (left) and E3 (middle and right). Specimens were
numerated according to that shown in the octagon. Skrede, H.

Excerpt of clay layer preparations. Skrede, H.

The hydraulic system for the model. Eggum, .

Actual footage of the in-/oulet-system. Skrede, H.

Metal disc and loading framework lowered unto the sample. Skrede, H.
Metal disc dimensions and section partitioning. Skrede, H.

Loading framework, initial (left), redesign with chamber base (middle) and
extension (right). Skrede, H.

The framework with bellows and rods. Skrede, H.

The tension sensor installed on a rod. Skrede, H.

Steel frame for actuator, with actuator installed. Skrede, H.
Penetrometer fixed to rod, placed above sub-sample 2a. Skrede, H.

Crane used for lifting heavy equipment. Here with the actuator placed on the
actuator frame. Skrede, H.

Picture of a density test. Skrede, H.
Falling cone test and uniaxial test on (possibly disturbed) quick clay. Skrede, H.

Line of code from a typical CPTU-data series that has been post-treated in the
automatized manner. Note the roundoff of position and inherit of values. Skrede, H.

Code with un-treated raw data. Skrede, H.

The mini-probe was cabled. The depth was measured with a linear-wire position
sensor. Skrede, H.

The two utilized probes besides each other. Skrede, H.
Mini-probe (5 cm2) saturation chamber. Skrede, H.
Saturation of standard probe (10 cm2). Skrede, H.

Standard parameter profiles: q;, f and u,, followed by excess pore pressure, Au,,
and interpreted relative density, D,. Skrede, H.

Normalized parameters, Q;, R¢y, Rfy, Bg; Interpreted cone bearing factors Ny, Nay,
Nkt Nke; and interpreted undrained shear strength, S, 5, S, xt» Sy ke With reference
value. Skrede, H.
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Standard parameter profiles: q;, f; and u,, followed by excess pore pressure, Au,,
and interpreted relative density, D,. Skrede, H.

Normalized parameters, Q;, R¢y, Rfy, Bg; Interpreted cone bearing factors Ny, Ny,
Nkt Nke; and interpreted undrained shear strength, S, 5, S, xt» Sy ke With reference
value. Skrede, H.

Standard parameter profiles: q;, f; and u,, followed by excess pore pressure, Au,,
and interpreted relative density, D,. Skrede, H.

Normalized parameters, Q;, R¢y, Rfy, Bg; Interpreted cone bearing factors Ny, Nay,
Nkt Nke; and interpreted undrained shear strength, S, 5, Sy kt» Su ke With reference
value. Skrede, H.

Standard parameter profiles: q;, f; and u,, followed by excess pore pressure, Au,,
and interpreted relative density, D,.. Skrede, H.

Normalized parameters, Q;, R¢y, Rfy, Bg; Interpreted cone bearing factors Ny, Nay,
Nkt Nke; and interpreted undrained shear strength, S, 5, Sy kt» Su ke With reference
value. Skrede, H.

Standard parameter profiles: q;, f; and u,, followed by excess pore pressure, Au,,
and interpreted relative density, D,.. Skrede, H.

Sounding 4b: Robertson diagram for B, and Q;. Skrede, H.

Sounding 4b: Robertson diagram for F, and Q. Skrede, H.

Sounding 4b, NTH-classification chart. Skrede, H.

Readings of extremal q;-readings in sand (red) and clay (blue). Sounding 18. Skrede, H.

Hg;. eq. = 2 cm: Tip resistance profiles normalized with respect to cone diameter. Skrede, H.
Hg.. eq. = 4 cm: Tip resistance profiles normalized with respect to cone diameter. Skrede, H.
Hg;. eq. = 8 cm: Tip resistance profiles normalized with respect to cone diameter. Skrede, H.

Hg;.eq.= 12 cm: Tip resistance profiles normalized with respect to cone diameter.
Skrede, H.

Water content with reference depth at Flotten (left) and in the chamber (right). Skrede, H.

Measured water content and consistency limits for all specimens, with reference
to values from the Flotten site report. Skrede, H.

Plasticity index and liquidity index for specimens with reference to extraction
depth at Flotten. Skrede, H.

Measurements of salinity from the excavation, with reference values from Flotten.
Skrede, H.

Determination of the liquid limit. Specimens from the lowest level («). Skrede, H.

Different undrained shear strength measurements, with values from Flotten as
reference. Skrede, H.
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Figure 5.42

Figure 5.43
Figure 544
Figure 5.45

Figure 5.46

Figure 547

Remoulded undrained shear strength (left) and associated sensitivities (right). Skrede, H.

Sounding 1S, with associated soil properties: extracted from the Flotten site
report; and determined in subsequent laboratory tests. Skrede, H.

Sounding 3a, with associated soil properties: extracted from the Flotten site
report; and determined in subsequent laboratory tests. Skrede, H.

Soundings in sub-sample b, with associated soil properties: extracted from the
Flotten site report; and determined in subsequent laboratory tests. Skrede, H.

Soundings in sub-sample c, with associated soil properties: extracted from the
Flotten site report; and determined in subsequent laboratory tests. Skrede, H.

Experiment 0: Relative density and porosity. Skrede, H.

Experiment 1a: Relative density and porosity. Skrede, H.

Experiment 2: Relative density and porosity. Skrede, H.

Experiment 3: Relative density and porosity. Skrede, H.

Determination of the pottery clay’s liquid limit. Skrede, H.

Measured undrained shear strength based on falling cone test. Skrede, H.

Sensitivity drift over 4 days, with no imposed load on the cell. The plot includes
linearly corrected data which ends up at zero stress level. Skrede, H.

Timelapse of readings during E1a. Skrede, H.
Timelapse of readings during E2. Skrede, H.
The interpreted stress distributions during soundings in experiment 0. Skrede, H.

The interpreted stress distribution from the load test succeeding the soundings in
experiment 0. Skrede, H.

The interpreted stress distributions in E1a. Skrede, H.

The interpreted stress distributions during the soundings of E2 with 40 kPa
overburden load. Skrede, H.

The interpreted stress distributions during soundings of E2 with 80 kPa
overburden load. Skrede, H.

Interpreted stress distributions in E3. Skrede, H.
Load imposed on chamber sample, with associated stress paths at the cells. Skrede, H.
Imposed load and self-weight without arching, versus the cell readings. Skrede, H.

Imposed load and self-weight without arching, versus the cell readings, on effective
stress basis. Skrede, H.

Imposed load and self-weight without arching, versus the cell readings, on effective
stress basis. Skrede, H.
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Figure 6.3
Figure 6.4
Figure 6.5
Figure 6.6

Figure 6.7

Figure 6.8
Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Imposed load and self-weight without arching, versus the cell readings, including
horizontal measurement and associated field value (based on equal K as
estimated in silo). Skrede, H.

Imposed load and self-weight without arching, versus the cell readings, including
horizontal measurement and associated field value (based on equal K as
estimated in silo). Skrede, H.

After experiment 1a. Left: Rupture of the epoxy cover. Right: First round of taping.
Notice the dashed line drawn with permanent marker. They circumscribe the area
that bulges from the wall. Skrede, H.

The walls intermediate experiment 2 and 3. Skrede, H.

Left: Two specimens ruptured a bit. Right: Centre specimen ruptured twice. Skrede, H.
Preliminary test of unifying two specimens. Skrede, H.

Imposed failure through unit. Skrede, H.

Cylinder at the lowest level in sector a. Skrede, H.

Left: Upper clay layer of sector a, sounding 3a went through the very perimeter.
Right: Middle clay layer of sector a, sounding 3a went somewhat inside the
perimeter. Skrede, H.

Pressure cell 1 and 4 with “white noise”. Dips were equal to ca. 1 kPa in this case. Skrede, H.
Averaging effect from 1) scale factor, 2) reading frequency, and 3) interpolation. Skrede, H.

A CPTU-profile in deposits with weak interbedded clay layers. Edited by Skrede, H.,
L’'Heureux et al. (2010) Figure 3: Shaded relief image and morphological interpretation of
the 1888 landslide in the middle portion of the bay of Trondheim... Profile B-B’ ... CPTu test
(Ud359B-613) p. 6.

Deformation in 2 cm clay layer, little to no clay surrounds the probe at any
instance. Skrede, H.

Most likely an intermediate siltier layer in a mini-block consisting mainly of quick
clay. Skrede, H.
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Summarize of CPTU-results for depth 8-10,5 meters, part 1. Skrede, H.
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Appendix A Deduction - Method of differential slices

An illustration with an infinitesimal vertical increment, with thickness dz, is shown below as

background to the deduction of g}, (2). In the figure, g is the gravitational acceleration, and ¢,
is the wall-soil interface friction angle, denoted &’ in this thesis.

T ‘l« cross-sectional area A
z

on(z) = K-0y(2) &ov(z)

\ * on(2)
St dz | Po
/

t(2)
Tw(2) =K-tan(@y) -6y(2) ¢ fO‘V(Z+dZ)

| Y
a. b.

Figure A.1. Incremental slice element (b.) of cylinder (a.), with associated forces acting on slice
notated. Schulze (2017a) Fig. 6: a) Slice element of height dz in the vertical section; b) Stresses
on the boundaries of the slice element.

From the elements presented in Figure 2.35 an equation for the sum of vertical forces, ). F,,
can be deduced, {A.1}. U is here the perimeter of the silo, i.e.,, - D,.

ZFZ=0=A-(a,;(z)—a,;(z+dz))+g-p,’)-A-dZ—TW-U-dz {A.1}

a;,(z) will for the following equations be simplified to ¢, to improve the visual impression of
the deduction. The term ¢;,(z) — 0,,(z + dz) can be substituted by doy,, and the term pj, - g by
y', this gives eq. {A.2}. Here 7,, has been substituted by K’ tan(d") in order to be able to solve
the differential eq. {A.3}.

A-do,+y'-A-dz—K'o,tan(8') - U -dz =0 {A.2}

fzdz = fa{; doy {A.3}
0 q (y’ — K'ag), tan(6") %) '

By substituting the variable o, with the term A, we get expression {A.4}, with the relation
reformulated in eq. {A.5}.

U ,_ ¥V -4
A=y -Kojtn(s) = {A%) o (A5)

K'tan(8') - %
The differential of the integral is substituted by eq. {A.7} using the relation in eq. {A.6}. A step
further, the new integrand shown on the right hand of eq. {A.8}.



da
aA = (—K’tan(5’) E) {A.6} doy = , n.U {A.7}
doy, A —K'tan(8") T

1 di

<y WU/U W) (k' tan(en - ¥)

With the new integrand the last step is substituting former boundary conditions with 1, (a;,)
and A,(q). Considering the right hand side of eq. {A.3}, the integral is solved in steps {A.9} and
{A.10}, giving us the complete eq. {A.11}.

—dA

o =

1 U
K'tan(6") -7 {A.8)

_K'optan(8")u K'cjtan(8")U
—A V—————72a — dA — y'— v
) A'9 T e rSINTT ]'n A ! A ! A-10
K'tan(6") U fy,_K’qtan(& N L (A9} K'tan(8") U [In( )]y’—K qta:(& U { }
A
[2]Z =z = —4 [+ K'o;tan(8") U (v K'qtan(s§")U
2o =2= Y ran@nu | "\V ) e (A e (A11)

From fluid mechanics we have the hydraulic diameter, D;, which represent the ratio of the
cross-section area and the perimeter (Schulze, 2017a). It is expressed by eq. {A.12} and for a
cylindrical cross-section it is equal to the diameter. By also introducing the term decay length,
l', (Duran, 2001, as cited by Hammer, 2020) the equations above can be simplified to the one
in eq. {A.14}.

4-4 A1} I = D - koA
Dy = =D, {A.12} _4.K’.tan(6’)_K-K'-tan((sl)'U

= [m <y’ —(l’—,) In (v’ —f—,)] 14

Finally, by solving the last equations {A.14} and {A.15} we get the formula {A.16}.

el B) - A EH

{A.13}

ll
— _z _z _Zz
o,(z)=0,=qe U +y'l (1 —e l’) =y'l'+e U'(q—y'l) {A.16}

For the case where g = 0, the equation becomes:

@ =yl (1- e_%) (A17)


https://www.researchgate.net/publication/239635060_Sands_Powders_and_Grains_An_Introduction_to_the_Physics_of_Granular_Materials

It should be emphasized that all solutions presented are based on some assumptions as e.g.,
the 6', y' and K' are all constant with depth. The vertical stress in every slice is an average
over the whole cross-section area, giving us a oy, (see ch. 2.4.1.5). The horizontal force that is
accounted for, through K’, is working along the wall, meaning that the horizontal stress
elsewhere in the fill material does not necessarily have the same proportionally with g, this
can be imagined by looking at Figure 2.35. The estimation of K’ is discussed in ch. 2.4.1.4.

A.1 Terzaghi’s arching theory

In Terzaghi’s analysis of the arching effect (Terzaghi, 1943, ch. V), the focus was laid on
arching effects experienced in the field and not specifically for silos. He developed a similar
equation to that of eq. {A.1}, with the difference being a plane strain-condition over a width
2 - B,where 1, - U - dz was substituted by 2 - (¢ + 7) - dz, and A substituted by 2 - B. This gave
the eq. {A.18}. He conducted a trap door experiment to back up his theory in 1936 (Terzaghi,
1936, as cited by Tien, H.-]. 1996), see Figure A.2 and Figure A.3.

2:B-do,+y-2-B-dz—2-(c—1)-dz=0 {A.18}

€& F "“_T“":Q $ 44y
L Lo
Z; "JB : f' i " z=nB
D | : : " 2r |, % |eton tan $
\ I ' i / _wl[__++ *I* +_
) @—————~—1f ! L R L L
=m0\ | . ! /f
| Y ! dW=2|Bydz
,7—] o o N
Solid base & ! &
5l
Figure A.2. Vertical lowering of a base with width 2B Figure A.3. Incremental slice of a lowered

under cohesionless sand, inducing yield zones in-plane  rectangle with  associated
“following arching geometry” / “governed by ’

arching”. Terzaghi, K. (1943) Figure 17. Failure in n(_)tatlon'_ Terzag.hl, K (194??) Figure _18:
cohesionless sand preceded by arching. Diagram illustrating assumptions on which

computation of pressure in sand between
two vertical surfaces of sliding is based.



Appendix B Additional sample arrangements

~44 cm |/

~33 cm I~11 cm

~11cm

Figure B.1. Other evaluated sample arrangements for the natural quick clay samples:



Appendix C Depth profile and specimen set-up

Table C.1. Depth profile:

Block-
Mini-block: Specimen Level position
[-11 6,7-6,78 1 2,8 S-6
I1-1 7,185-7,225 2 3,Y S-6
7,225-7,345 3 1, a S-6
7,345-7,465 4 1,a S-7
I11-1 7,865-7,905 5 3,Y S-7
7,905-7,985 6 2,8 S-2
7,985-8,105 7 1,a S-2
8,105-8,185 8 2,8 S-7
IV-1 8.63-8,715 9 1,a a
8,715-8,8 10 1,a b
8,8-8,885 11 1, a C
IV-11 8,915-9,035 12 1, a S-3
9,035-9,155 13 1,a S-1
9,155-9,235 14 2,8 S-3
[V-III 9,265-9,385 15 1, a S-4
9,385-9,505 16 1, a S-5
9,505-9,585 17 2,8 S-4
V-1V 9,615-9,672 18 2,8 a
9,672-9,752 19 2,8 S-1
9,752-9,808 20 2,8 b
9,808-9,865 21 2,8 C
9,865-9,893 22 3,v a
9,893-9,933 23 3,v S-2
IV-V 9,965-10,005 24 3,v S-3
10,005-10,033 25 3,Y b
10,033-10,073 26 3,v S-1
10,073-10,102 27 3,Y C
10,102-10,182 28 2,8 S-5
10,182-10,222 29 3,v S-4
10,222-10,262 30 3,v S-5




Appendix D List of equipment

Table D.1. List of 1ab facility equipment.

Earth pressure cells (5)

Pore pressure sensor

Tension measurement device

Actuator

Computers, 2+

Rack for actuator

10 cm2 CPTU-probe, acoustic with logger Crane

Input/output modules for transition pressure

sensors and DAQ-box

Equipment related mini-probe (DAQ-box: GME-
700, junction box, proximity switch etc)

DAQ-boxes to pressure sensors and actuator

5 cm2 CPTU-probe, cabled

Artificial overburden load frame (complex,

elaborated in ch. 0)

silicone oil)

Probe saturation liquids (glycerol, antifreeze, and

Chamber base

Valves (4)

Cutting stand for clay

Chamber extension

Hoses (water, air)

Wire saw

Chamber water in-/oulet

20-litre water container

Silicone lubricant

Chamber rubber gasket Sedimentation basin (small crate) Small plates for clay handling
Filter cloth Shovel tray (2) Small and large F-clamps
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Appendix E CPTU-data from the reference site

A few soundings from the Flotten research site were downloaded from the open-content site DataMap and assessed by the same
parametrizations as the data assessment from the current experiments. This was done as to provide some foundation for comparison of
results. The position of each sounding is shown in Figure 3.3. Only an excerpt from the sampling depth at Flotten is shown, as this is the
depth which reflects the material used in the latest experiment. Note that RCPTU-sounding TILC34 (Yellow in charts) has a general trend
of deviating from the rest of the result.
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Figure E.1. Standard CPTU-parametrizations.
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