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Abstract:

Consolidation settlement analysis is an essential part of the design process for suction caissons.
However it is a complex task since soil volume important for settlement analyses is directly affected by
the installation process. Consolidation settlements have been found to be the critical design criterion in
several subsea developments, adequate and correct analysis is therefore vital.

The FEM code PLAXIS has been used to evaluate the reconsolidation process after completed
installation of the suction caisson. Emphasize has been placed on studying the shear strength increase
with time along the skirt walls. During consolidation dissipation of excess pore pressures result in higher
effective stresses. Consequently the modeled undrained shear strength increases. However the increase
is small compared to the expected increase in shear strength due to the set-up phenomenon. To
account for the deviation an adjusted simulation procedure incorporating incremental increase of
friction angle in the interface zones has been suggested. The results were found to be reasonable with
respect to final consolidation settlements and development of mobilized shear strength with time.

Adequate modeling of the changes in the interface zones adjacent to the caisson walls during
consolidation is vital for correct prediction of long term settlements. Modeled undrained shear strength
with time have huge impact on the analysis results due to different mobilization of the surrounding soil.
Appropriate evaluation of soil structure interaction is essential to assess the reliability of the analysis.
Taking into account changes to the soil volume important for settlement analysis is also vital.

A simple physical model test has been performed. Due to delays and relatively short test period the
results were inconclusive. However the importance of considering short term set-up effects has been
underlined by recorded resistance and physical observations in the field.
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I Abstract

English version:

Consolidation settlement analysis is an essential part of the design process for suction
caissons. However it is a complex task since soil volume important for settlement analyses is
directly affected by the installation process. Consolidation settlements have been found to
be the critical design criterion in several subsea developments, adequate and correct
analysis is therefore vital.

The FEM code PLAXIS has been used to evaluate the reconsolidation process after
completed installation of the suction caisson. Emphasize has been placed on studying the
shear strength increase with time along the skirt walls. During consolidation dissipation of
excess pore pressures result in higher effective stresses. Consequently the modeled
undrained shear strength increases. However the increase is small compared to the
expected increase in shear strength due to the set-up phenomenon. To account for the
deviation an adjusted simulation procedure incorporating incremental increase of friction
angle in the interface zones has been suggested. The results were found to be reasonable
with respect to final consolidation settlements and development of mobilized shear strength
with time.

Adequate modeling of the changes in the interface zones adjacent to the caisson walls
during consolidation is vital for correct prediction of long term settlements. Modeled
undrained shear strength with time have huge impact on the analysis results due to different
mobilization of the surrounding soil. Appropriate evaluation of soil structure interaction is
essential to assess the reliability of the analysis. Taking into account changes of the soil
volume important for settlement analysis is also vital.

A simple physical model test has been performed. Due to delays and relatively short test
period the results were inconclusive. However the importance of considering short term set-
up effects has been underlined by recorded resistance and physical observations in the field.

Norwegian version:

Setningsberegning utgjer en viktig del av prosjekteringen av bgttefundamenter. Korrekt
beregning av endelige langtidssetninger er spesielt viktig da dette ved flere anledninger har
vist seg a vaere det kritiske dimensjoneringskriteriet. Tilstrekkelige analyser er derfor
ngdvendig, men det er en kompleks oppgave blant annet fordi viktige styrke og
stivhetsparametre i jorden blir direkte bergrt under installasjon av fundamentet.

| denne oppgaven har elementmetodeprogrammet Plaxis vaert benyttet for a studere
rekonsolideringsfasen i etterkant av installasjonen av et bgttefundament. Det er lagt vekt pa
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a studere utviklingen av skjeerstyrke med tid, spesielt med tanke pa hvordan dette pavirker
de dimensjonerende langtidssetningene. Grunnet dissipasjon av poreovertrykk gker
effektivspenningene langs skjgrtet pa bgttefundamentet med tiden. Dette medfgrer en
gkning i skjaerstyrke, men gkningen samsvarer ikke ngdvendigivs med forventet kapasitet
over tid i henhold til set-up tankegangen. En alternativ modelleringsprosess som inkluderer
periodisk gkning av friksjonsvinkelen i grensesonene langs skjgrtet er foreslatt. Ut i fra de
resultatene som foreligger virker det som om den justerte modelleringsprosessen tar bedre
hensyn til gkningen av skjaerstyrke med tid. De tilhgrende endelige langtidssetningene virker
a ligge innenfor forventet omrade.

Den modellerte udrenerte skjaerstyrken pavirker langtidssetningene i stor grad. Over- eller
underestimering av styrken medfgrer feilaktig mobilisering av omliggende havbunn. Dette
gjenspeiler seg igjen i langtidssetningene. Det er viktig @ vurdere forholdet mellom jord og
konstruksjon med tanke pa @ modellere en realistisk oppfarsel. | tillegg er det svaert viktig a
ta hensyn til endringen i styrke og stivhet som konsekvens av installsjonen av
bpttefundamentet.

| denne masteroppgaven er det ogsa gjennomfgrt et enkelt modellforsgk i felt. Pa grunn av
utsettelser og uforutsette hendelser lar det seg ikke gjgre a trekke slutninger ut i fra
resultatene. P3 en annen side viser observasjoner av pabygning av leire pa stalplatene, samt
tendensene i utvikling av motstand at det er viktig a ta hensyn til gkning av skjaerstyrken selv
etter kort tid med konsolidering.
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C Notations

Surem —remolded undrained shear strength

d — caisson diameter

t — caisson wall thickness

K — final radial effective stress ratio
o'rc — radial effective stress

o’wo  —initial effective vertical stress

lp — plasticity index

Qi —total penetration resistance

Qsige  — shear force along the skirt wall
Qup  — bearing capacity at the skirt tip

Awar  —skirt wall area (sum of inside and outside contribution)
Aip — skirt tip area
a — shear strength factor (normally assumed equal to the inverse of the sensitivity)

Sup'. —average DSS shear strength over penetration depth
Sutp — average undrained shear strength at skirt tip level (average of triaxial compression,
triaxial extension and DSS shear strengths)

Y — effective unit weight of soil

Nc — bearing capacity factor, plane strain condition

Z — skirt penetration depth

wW’ — submerged weight of suction caisson during installation
A — plan view inside area where underpressure is applied

Ainsge —inside skirt wall area

Su,tipLB — 2/3 of the average of compression, extension and DSS shear strengths at skirt tip
level
— skirt wall thickness

R — radius of skirt compartment (inner radius suction caisson)
I — vertical strain
g —radial (horizontal) strain
—depth in clay plug
S,”*°  —average undrained direct simple shear strength over the penetration depth
St — sensitivity of the clay

AU:o, —applied underpressure (relative to hydrostatic) at the top of the clay plug
Ao, —change in octahedral total stress in the clay plug

Auy  —generated pore pressure due to shear strains
Oy —vertical total stress

Oh — horizontal total stress

K'o — lateral earth pressure coefficient

o,  —initial vertical in situ effective stress

c' — effective cohesion
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Notations

L — design load

D — suction caisson diameter
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w — distributed weight of plate elements
A-A  —distributed load at suction caisson top
A* —virgin compression ratio soft soil model
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D Abbreviations

API — American Petroleum Institute
CRS —the constant rate of strain
DSS —direct simple shear

FEM —finite element method

NTNU — Norwegian University of Science and Technology
OCR —overconsolidation ratio

POP — pre overburden pressure

TxCuD — undrained triaxial compression test

TxEuD — undrained triaxial extension test
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1 Introduction

Suction caissons are an important foundation solution in several offshore projects. Skirted
foundations represent viable and attractive qualities with respect to capacity and cost
efficiency. In later years FEM analysis for design of suction caissons has become an
important tool. Consolidation settlement analysis is an essential part of this, however
evaluation of consolidation settlement is a complex task. To underline the importance of
adequate and correct analysis it should be mentioned that consolidation settlements have
been determined to be the critical design criterion in several subsea developments.

Throughout application of the FEM code PLAXIS and procedures proposed in literature the
principles of consolidation settlement analyses will be studied. Emphasize will be put on
modeling the increase in undrained shear strength with time along the skirt wall and
assessment of final consolidation settlements.

The remainder of the thesis is organized as follows: Chapter 2 gives a short review of
important literature and research including suggested calculation procedure for suction
caissons. In Chapter 3 the problem to be addressed is thoroughly described and aims for the
MSc thesis outlined. Chapter 4 describes the general simulation procedure applied in the
FEM analyses and the contents of the model test, field- and laboratory work. Chapter 5
contains primarily two parts, describing and evaluating the results from the FEM analyses
and model test respectively. An adjusted FEM analysis is also included in this chapter. Finally
a summary and recommendation for future work is given in Chapter 6.
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2 Literature review

Installation of suction caissons is performed by self-weight penetration and applied
underpressure. This process changes the initial stress distribution in the soil plug inside the
suction caisson and the surrounding soil. Displacement of the soil plug, remolding of the
adjacent soil in the interface zone and generation of excess pore pressure contributes to the
change in effective stress. Accounting for the change in shear strength with time and
transition from an undrained to a drained design situation is important to avoid limitations
in the FEM analysis. (Hernandez-Martinez, Rahim, Strandvik, Jostad, & Andersen, 2009)

— | MANIFOLD |

Top outlet
closed

Water out

Seabed level

\ Manifold weight

NN ﬁ ﬁ
+I.mdtrpnr«tssl.lrt + +

Prraryy

iy r
1 l } side friction
1
|

L \
\ Anchor weight \

water path

—, — —> —> —> —> —» — —>
_— — — —> — —p —p — —b

Side friction

r Anchor weight

r I
r r

AN o

f — i i

Tip resistance
Figure 1 Left hand side: suction caisson with forces during installation (Andersen & Jostad, 2002). Right hand

side: caisson with installed manifold and forces acting on the skirted foundation (Hernandez-Martinez,
Rahim, Strandvik, Jostad, & Andersen, 2009)

|

Suction caissons can be subjected to vertical loads, horizontal loads and moments. The loads
are often categorized as permanent loads, high frequency loads and low frequency loads.
(Andersen & Jostad, 1999) Permanent loads are primarily due to installed subsea structure
modulus e.g. manifolds. The frequency loads are often environmental loads like waves, tides
and resonance oscillations. Requirements of lifetime foundation stability demand for both
short term and long term analysis. Short term capacity analysis with loading and undrained
soil response must be verified. In addition interconnected subsea structures and pipelines
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may require long term settlement calculations to guarantee adequate alignment throughout
the service time.

The dissipation of excess pore pressure as a result of the installation and loading of the
caisson is indicated in Figure 1. After installation the top valve is sealed and the pore water
pressure will dissipate slowly. Accordingly the transition from an undrained load situation to
a drained load situation changes slowly with time. Additionally the skirt friction will increase
with time (set-up phenomenon) due to increased effective stresses, pore pressure
dissipation and thixotropy. (Hernandez-Martinez, Rahim, Strandvik, Jostad, & Andersen,
2009)

2.1 Impact of installation on the soil outside the suction caisson

Skirt penetration during installation will reduce the shear strength of the clay along the
outside of the caisson. The remolded undrained shear strength (Syrem) Which is the original
undrained shear strength (S,) divided by the sensitivity (S) is believed to be a good
approximation. For comparison the final design undrained shear strength after installation
and full regeneration (set-up) of shear strength can be as high as 25-35% higher than S, rem.
(Andersen & Jostad, 1999)

The soil displacement pattern and hence also the effect on the stress distribution along the
skirt is strongly dependent upon penetration procedure. During penetration due to self-
weight only, there is significant soil displacement to the outside of the suction caisson
(Figure 2). The displacement extends the furthest at the tip of the skirt. Along the upper
parts of the skirt wall the mainly influenced zone has a thickness approximately equal to the
skirt thickness. (Andersen & Jostad, 2002) Chen & Randolph (2007) performed a series of
centrifuge tests which indicated that on an average around 50% of the soil displaced after
complete installation (both by self-weight and suction) flows inward into the suction caisson.
The same tests also indicated an inward soil flow of approximately 20% during self-weight
penetration (modeled by jacking) to a depth equivalent of four diameters.

i

Flat fip, r = 0.5,
! Setweight

Figure 2 Incremental soil displacements during self-weight penetration of skirt tip (Andersen, Andresen, H.P.,
& Clukey, 2004)

The outward flow of soil results in increased octahedral normal stresses outside the skirt tip.
This continuous process will also increase normal stresses along the skirt wall above the
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present skirt tip elevation. The stress change initiates an increase in excess pore pressure.
With dissipation of excess pore pressure increased effective normal stresses is anticipated.
Additionally it gives potential for increasing interface friction (set-up) with time. (Andersen &
Jostad, 2002)

When underpressure is applied in order to penetrate the skirted foundation further (after
reaching equilibrium between self-weight and skirt friction resistance) the soil distribution
changes character. FEM analyses (Figure 3) by Andersen, Andresen, H.P. & Cluckey (2004)
show virtually no soil displacement outside the skirt wall as most of the displaced soil moves
inside the skirt wall. This is contradictory with the findings of Chen & Randolph (2007).
However it should be noted that the diameter (d) to wall thickness (t) ratio (d/t) as well as
the design of internal stiffeners differ from the assumptions in the FEM analysis of Andersen
et al. (2004). Despite no outwards soil displacement the penetration of the skirt tip could
leave some strains outside the skirt wall. In addition, increased shear strength due to high
strain rates as a result of the thin shear zone could contribute to the thickness of the
remolded zone. Other centrifuge tests, e.g. the centrifugal studies of Renzi, Maggioni, Smits
& Manes (1991), indicate that an assumption of a remolded zone with a thickness of one
skirt width is reasonable. (Andersen & Jostad, 2002)

Casel
Fiat tp, r= 0.5,
Sucion

Figure 3 Incremental soil displacements during penetration by self-weight and suction of skirt tip (Andersen,
Andresen, H.P., & Clukey, 2004)

2.2 Impact of installation on the soil inside the suction caisson

Soil displacement pattern and the effect on shear strength inside the suction caisson are
strongly influenced by geometry and design. Inside stiffeners will affect both the remolded
zone and the clay plug inside the caisson. (Andersen & Jostad, 2004) In this MSc thesis a
simple design without inside stiffeners will be emphasized. Hence the effect of inside
stiffeners and geometry change will not be further discussed in the literature review.

The clay sample inside a soil sampling tube is a good analogue to the clay plug inside a
suction caisson after installation. From Figure 4 it is evident that a soil sample may
experience extreme shear strains along the soil sampling tube wall. Additionally the clay plug
within the thin shear zones seems to deform quite uniformly throughout the sample. This
assumption is supported by experience from model test results (Renzi, Maggioni, Smits, &
Manes, 1991) and the strain path method. (Andersen & Jostad, 2004)
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Figure 4 Longitudinal section of a clay sample inside a soils sampling tube (Andersen & Jostad, 2004)

The thickness of the remolded zone along the skirt wall have been studied and described
comprehensively, e.g anchor model test (Renzi, Maggioni, Smits, & Manes, 1991), pile model
test (Karlsrud & Nadim, Axial Capacity of Offshore Piles in Clay, 1990) and theoretical
analyses of soil sampling (Baligh, Azzouz, & Chin, 1987). The basic concept of a remolded
zone with a thickness approximately equal to the thickness of the skirt wall seems
incorporated in most studies.
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Figure 5 Soil displacement during installation of suction caisson with applied underpressure (Andersen &
Jostad, 2004)
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As described in Chapter 2.1 the soil displacement depends on the driving force for the
penetration.

Figure 5 indicate the soil displacement path during installation with applied underpressure
(suction). For a simple suction caisson without inside stiffeners point 1 and point 2 is
relevant. Point 1 is representing the in situ conditions prior to the penetration, while point 2
indicates the situation after caisson penetration of the soil element. Calculation wise it is
assumed that the soil element is not subjected to any stress changes before it enters the
caisson. This is a reasonable assumption since the caisson is penetrated by suction and there
is no additional external load. Subsequently it is assumed that an intact clay plug deforms
uniformly. This generates shear strains in the clay plug while deformed inside the suction
caisson. Since there is no volumetric change in an undrained load situation the imposed
horizontal displacement generates equivalent vertical displacement. (Andersen & Jostad,
2004)

After completed penetration to required depth the underpressure will be turned off.
Consequently the total skirt friction will be reduced to equilibrium with the submerged
weight of the suction caisson. Since this friction is relatively small compared to the weight of
the clay plug, the total stress relative to the seabed after completed skirt penetrations is
assumed to be the equivalent effective stress. (Andersen & Jostad, 2004)

Horizontal stress equilibrium is assumed between the clay plug and the remolded zone
inside the skirt wall. With no external load this means that the horizontal total stress is the
same within the suction caisson. Due to the large shear strains and the remolding of the soil
an isotropic stress condition is assumed for the remolded zone. Effectively the vertical total
stress is assumed equal to the horizontal total stress inside the remolded zone after
completed skirt penetration. The pore pressure in the remolded zone depends on the soil
properties. For soft clays the pore pressure is anticipated to be equal to the octahedral total
stress after installation. This implies that the initial effective stresses are zero. This
assumption is supported by direct simple shear (DSS) testing and field measurement on piles
during installation in normally consolidated clays. For overconsolidated clays the tendency of
dilatation will affect the generation of excess pore pressure. Generally smaller excess pore
pressures are anticipated, and sometimes even buildup of negative pore pressures can occur
for large overconsolidation ratios (OCR). Figure 6 indicate a possible tendency that can be
used to consider the change in pore pressure in the remolded zones. Despite of the
limitation in data there is a clear tendency of high excess pore pressure for low OCR, and low
as well as negative excess pore pressure for high OCR. These measurements are further
supported by experience from piles and laboratory tests (DSS). However it should be noted
that the pore pressures from the CPTU and piles are measured outside the wall. Therefore
the generation of excess pore pressure inside the skirt wall might differ, but the data clearly
indicate the influence of OCR. (Andersen & Jostad, 2004)
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Calculation of strains, excess pore pressure and stresses in both the clay plug and remolded
zones are further described in Chapter 2.4.
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Figure 6 Measured pore pressure normalized by undrained shear strength versus overconsolidation ratios
(OCR) along the shaft of a CPTU test device (Andersen & Jostad, 2004)

2.3 Set-up effect on steel skirts in soft clay

The increase in shear strength with time described earlier in Chapter 2 is often referred to as
“set-up”. The phenomenon describes increase in shear strength due to a combination of
dissipation of excess pore pressure, increased horizontal effective stress and thixotropy.
Thixotropy is gain in shear strength with time despite no volume change. The individual
contribution of the three factors is time dependent and closely related to soil properties
(indicated in Figure 7).
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Figure 7 Suggested values for shear strength in remolded zone inside skirt wall after 3 months of horizontal
pore pressure distribution and thixotropy effect (Andersen & Jostad, 2004)

Installation method (penetration by self-weight or additional underpressure) will affect the
soil displacement pattern as well as the relative importance of the set-up mechanisms.
Generally the soil displacement during penetration will cause significant increase in normal
stress in the soil. During penetration by self-weight this will be applicable for both sides of
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the skirt wall. For the penetration with applied underpressure it will primarily be valid for the
remolded zone inside the suction caisson. The increased normal stresses give potential for
high effective normal stresses after dissipation of the excess pore pressure. Nevertheless the
soil displacement outside of the suction caisson also generates additional excess pore
pressure further away from the wall. This will increase the time of dissipation and
regeneration of shear strength. Set-up for suction caisson during self-weight penetration is
comparable with set-up for piles. With applied underpressure it is very different as the
interface friction may be smaller than the initial shear strength (because of the lack of
increase in normal stress). (Andersen & Jostad, 1999)

Det Norske Veritas (DNV, 2005) has proposed to use the set-up factors summarized in Table
1 and Table 2 unless more site specific data is available. The set-up factor values are lower
bound estimates for skirts penetrated by applied underpressure. For overconsolidated soils a
correction factor (a°</ a) for the set-up factor along the outside skirt wall is given in Figure

Set-up factor a = S, em/S," after 2 months

‘“

I <25% 25-50% >50%
s>3 058 0.65 0.65
$<3 058 0.65 1.95/5,<1.0

Table 1 Outside set-up factor (a) for suction caissons penetrated by underpressure (DNV, 2005)

‘ Set-up factor a =S, rem/S,”

1, [%] 10 days 3 months
<30 1.15/S, 1.4/S,
30-50 1.15/S; 1.4/S,
0.41-0.07(1,-50))/ St 0.55
50-80 (1.15+0.025(I,,-50))/St 1.9/S,
0.34—0.16(Ip-50)/30 0.55—0.17(Ip—50)/30
> 80 1.9/S, 1.9/S;
Table 2 Inside set-up factor (a) for suction caissons penetrated by underpressure (DNV, 2005)
1
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Figure 8 Correction of set-up factor (a) as a function of overconsolidation ratio (DNV, 2005)
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Investigating and understanding the set-up effect for suction caissons is important since the
design holding capacity is strongly influenced. According to Andersen & Jostad (1999) a
suction caisson with a d/t ratio of 5 installed in typical subsea clay with a sensitivity of 4 may
have a potential for a 25-35% increase in capacity after full regeneration of the shear
strength. Additionally it is important to understand these mechanisms in relation to
consolidation settlement calculations. The modeling of the transition from an undrained to a
drained design situation in the remolded zones will influence the final consolidation
settlements. (Hernandez-Martinez, Rahim, Strandvik, Jostad, & Andersen, 2009)

For his Dr. of Philosophy Thesis, Karlsrud (2012) reported on a comprehensive analyses and
interpretation of pile load test results work. Several interesting aspects applicable for suction
caisson consolidation settlement problems were discussed. Among them semi-empirical
methods for determining capacity build up (re-consolidation/set-up) with time following pile
installation as a result of consolidation were proposed. Neglecting surface and tip effects
three main factors were determined to influence the radial consolidation process:

1. The extent of the radial excess pore pressure field
2. The shape or form of the excess pore pressure field
3. The coefficient of radian consolidation (stress dependent)

Despite some scatter in the measured and calculated consolidation times, Karlsrud
concluded on some very interesting observations:

1. There seemed to be no clear differences in scatter between open- and closed-ended
piles
The effect of pile diameter was apparently insignificant in relation with the scatter
3. The scatter seemed to be induced by difficulties in determining correct permeability
values

In other words the computational model seem applicable both for open- and closed-ended
piles, and might be comparable with suction caissons (even though d/t-ratio often is
somehow larger). Additionally permeability is pointed out to be a key factor for estimating
correct consolidation times, hence also correct consolidation settlements in the case of
suction caissons. (Karlsrud, 2012)

Figure 9 show final radial effective stress ratio (K.=0',c/ 0'\) plotted versus OCR for the
interpreted data in the thesis. The trend of increasing K. with OCR is distinctive, and the
effect of soil properties (plasticity index, Ip) is apparently quite significant. The empirical K.
data presented in the figure may for the time being give the best guideline for assessing final
radial effective stress after completed set-up. However ultimate shaft friction might deviate
from the expected values when considering development of K.
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Figure 9 Final radial effective stress ratio K. (K.=0',./ 6',0) versus OCR for piles (Karlsrud, 2012)

Karlsrud (2012) has proposed two different models for prediction of final shaft friction (a-
model and B-model). Both are based on the ideas behind the method originally proposed by
the American Petroleum Institute (API). Additionally they are normalized by either an in-situ
undisturbed undrained shear strength or vertical effective stress respectively, and also
adjusted by soil properties such as I, and OCR. The main tendency for all the data is that the
ultimate shaft friction will increase with increasing horizontal effective stress. However the
scatter in data made it impossible to conclude on a design approach based on correlations
between horizontal effective stresses and shaft friction. (Karlsrud, 2012)

For low to moderately overconsolidated clays it is also likely that the increase in horizontal
effective stress as a result of consolidation is determining the increase in shaft friction with
time. The thixotropy effect will affect the shaft friction continuously and simultaneously with
reconsolidation, but is quite hard to isolate and individually determine the relative
contributions. Karlsrud (2012) therefore suggests that the increase in ultimate shaft friction
for piles is related to the degree of consolidation (Figure 10). Consequently it is worth
noticing that the consolidation time is proportional to the square of the pile diameter
(important for suction caissons with generally large diameters compared to normal piles).
For a pile with a diameter of 2 m and a wall thickness of 50 mm installed in lightly
overconsolidated plastic clay the difference in consolidation time (tqo) for a closed-ended pile
compared to an open-ended pile is approximately a factor of 10. This also underlines the
importance of considering plugging during design of the suction caisson. (Karlsrud, 2012)
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Figure 10 Suggested increase in ultimate shaft friction during re-consolidation ("set-up" effect) (Karlsrud,
2012)

2.4 Calculation procedure

The calculation procedure of initial strains, stresses and pore pressures subsequent of
suction caisson installation is thoroughly described by Andersen & Jostad (2004).
Penetration analysis and design of ultimate capacity is considered many places in literature,
among them the European Standard (EN ISO 19902:2007), Recommended Practice report
from DNV (2005) and an article by Andersen & Jostad (1999). This chapter will briefly
summarize the calculation procedures and assumptions made for the following FEM analysis
in this MSc thesis.

The penetration analysis (also referred to as installation analysis) of a suction caisson is
divided in three different assessments; calculation of penetration resistance, necessary
underpressure to complete the installation to required depth and maximal allowable
underpressure to avoid critical soil heave or cavitation inside the suction caisson. The total
penetration resistance (Qu) for skirts without stiffeners is calculated as the sum of the shear
force along the skirt wall (Qsige) and the point end bearing capacity at the skirt tip (Quip):

Qtot = Qsige + Qtip =Apau-a- 3% + (N - g,IZip +v' - Z) 'Atip

where

Awar = skirt wall area (sum of inside and outside contribution)

Aiip = skirt tip area

a = shear strength factor (normally assumed equal to the inverse of the sensitivity)

Sup. = average DSS shear strength over penetration depth
Sutip = average undrained shear strength at skirt tip level (average of triaxial compression,
triaxial extension and DSS shear strengths)

Y’ = effective unit weight of soil
N = bearing capacity factor, plane strain condition
Z = skirt penetration depth
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At the end of self-weight penetration (equilibrium between suction caisson weight and
penetration resistance) the necessary underpressure for further required penetration is

given by:

AU, = QfL_W, (2.2)
Ain

where

w’ = submerged weight of suction caisson during installation

A = plan view inside area where underpressure is applied

In order to avoid to large soil heave within the suction caisson due to bottom heave
allowable underpressure can be calculated from:
— . cLB . cav _ Ainside (2.3)
AUa - Nc Su,tip t+ a u,D A
m
where
Ainsde = inside skirt wall area

LB

Sutip . = 2/3 of the average of compression, extension and DSS shear strengths at skirt tip

level

Additionally it should be checked that the allowable underpressure does not exceed the
cavitation pressure at shallow waters. (DNV, 2005)

The installation procedure is relevant to the settlement calculation since it strongly affects
the shear strength and displacement pattern of the soil. Andersen & Jostad (2002) suggest
that the effect of self-weight penetration linearly reduces to zero from the depth of self-
weight equilibrium to a depth of one diameter below this point. In the transition zone
between self-weight penetration and penetration by underpressure the solution for self-
weight penetration should be used to the depth where it gives the most favorable results.

The formulas and calculation procedure below is based on the discussion in Chapter 2.2 and
the findings in Andersen & Jostad (2004). Given that all the displaced soil moves into the
caisson during penetration with applied underpressure, and that the clay plug deforms
uniformly, the strains in the inner clay plug can be derived from:

£r=£ &, =—2"& y=(,—&)=15-¢,=-3"-¢, (2.4)
where

t = skirt wall thickness

R = radius of skirt compartment (inner radius suction caisson)

gy = vertical strain

g = radial (horizontal) strain
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During skirt penetration the average vertical total stress at depth z in the clay plug is:

DSS

av=y’-z+2-£-5“5—t AUy (2.5)
where

Y’ = effective unit weight of soil

z = depth in clay plug

S = average undrained direct simple shear strength over the penetration depth
St = sensitivity of the clay

AUy, = applied underpressure (relative to hydrostatic) at the top of the clay plug

After installation of the suction caisson the applied underpressure is turned off. It is a
common assumption that the top of the suction caisson then is totally sealed, and that the
underpressure at the top of the clay plug will be zero. Accordingly the mobilized friction
along the skirt wall will be reduced to equilibrium with the submerged weight of the suction
caisson. Since the friction usually is very small compared to the weight of the clay plug, the
vertical total stress relative to seabed after installation is assumed to be:

o, =y z+u (2.6)

The resulting horizontal total stress in the clay plug is then calculated from:

Op=0,—2"7T (2.7)
The shear stress is determined from a triaxial extension test stress-strain curve. Figure 5 in
Chapter 2.2 illustrates how the shear stress is determined at the vertical strain given by the
actual caisson geometry (equation (2.4)).

Another important aspect during installation of the suction caisson is the generation of
excess pore pressures. For the inner clay plug the excess pore pressure (Au) is given by:

Au = Aogyer + Au, (2.8)
where
Ao, = change in octahedral total stress in the clay plug
Auy  =generated pore pressure due to shear strains
The change in octahedral total stress in the clay plug can be expressed as:
Adyee = 5 (A, + 2 Aay) (2.9)
where
’ (2.10)

Ao, = 0, — 0y ¢
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Aop, = 0, — Ko - Uv,c, (2:11)
and

oy = calculated according to equation (2.5) or (2.6)

Oh = calculated according to equation (2.7)

K'o = lateral earth pressure coefficient

o = initial vertical in situ effective stress (Y’-z)

Shear strain induced pore pressure (Auy) is determined from a triaxial extension test pore
pressure — strain curve (Figure 5 in Chapter 2.2). Appurtenant strain is calculated according
to equation (2.4). The shear induced pore pressure measurements in Figure 5 are adjusted
according to pore pressure changes due to changes in octahedral stress.

Horizontal and vertical stress equilibrium and changes in pore pressure in the remolded
zones are discussed in Chapter 2.2. The last contribution to changes in pore pressure is the
remolding of the interface zones next to the skirt walls. Further soil testing (cyclic and static
DSS test) or correlation with CPTU test can be used to assess the amount of excess pore
pressure generated due to remolding. (Andersen & Jostad, 2004)
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3 Problem

Evaluating consolidation settlement for suction caissons is a complex task. Important soil
volume and parameters are directly affected by the installation process. Soil strength and
stiffness are changed differently during penetration by self-weight and penetration by
applied underpressure. For several subsea developments final consolidation settlements
have been the critical design criterion.

The main problem to be addressed in this MSc thesis is; how do the installation and
reconsolidation process of suction caissons affect undrained shear strength along the skirt
wall and consolidation settlements? Focus should be on understanding the principles of
consolidation analyses of suction caissons. In particular FEM analyses will be used to
evaluate the modeled shear strength increase with time along the skirt walls and final
consolidation settlements.

The aims for this MSc thesis are better understanding of soil behavior after installation of
suction caisson, adequate prediction of final consolidation settlements and suggesting a
modeling procedure to account for the increased shear strength with time.
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4 Approach

An extensive literature review formed the basis for this MSc thesis. From the amount of
relevant and substantiate literature it was evident that defining a set of premises from the
beginning was crucial. Studying consecutive consolidation after installation of suction
caissons with FEM analyses on a general basis was at first overwhelming. Consequently the
calculations, FEM analyses, discussions and general work presented in this master thesis are
based on the following main premises:

e Static vertical load (monotonic load situation)

e Simple caisson geometry without stiffeners

e Simplified installation procedure of the suction caisson (only penetration with
applied underpressure)

e Uniform and homogenous soil profile (soft clay)

Introductory FEM analyses of a suction caisson applying initial stress situation according to
the discussions in Chapter 2 and performing consolidation analysis provided basic
conceptual understanding of the problem. However this was quite time consuming due to
numerical challenges in the FEM model. General experiences with generating a functional
FEM model are further described at the end of Chapter 4.1.

During the early stages of combined FEM analyses and search for literature on specific topics
it was discovered a need for further understanding of the consolidation process and set-up
of the remolded zones next to the skirt walls. Therefore it was decided to establish a simple
model test in order to study the effect of reconsolidation (Chapter 4.2). Ideally it would
contribute to making better assumptions for some of the less certain parameters in the FEM
model. In the end the goal was to correlate some of the findings in the model test with some
of the suggested assumptions in the FEM model.

4.1 FEM model of suction caisson

FEM code PLAXIS 2D version 2010.01 (PLAXIS, 2012) was used for the numerical
consolidation analysis. The Soft Soil material model using stress dependent stiffness and
failure criterion according to Mohr-Coulomb was preferred. Two dimensional axis symmetry
analyses consisting of 859 15-noded soil elements were utilized in the FEM model. Figure 11
indicates the connectivity plot and model boundaries, eight times (8d) and twenty-four
times (24d) the suction caisson diameter in width and depth respectively. Several square
clusters surrounding the suction caisson tip was added to improve soil element geometry.
Plate elements were used to model the suction caisson top lid and skirt wall. The material
properties were determined by choosing a structural stiffness considerable higher than the
soil stiffness, and being rigid enough to avoid large deflections of the steel structure (Table
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3). Interface elements were added to make the skirt wall impermeable. However they were

not switched on in the “staged construction interface” in order to avoid too slender

elements in the relatively thin interface zones. The modeled interface zones next to the skirt

wall had a thickness of 0.04 m. The load was applied on the suction caisson using a

distributed load across the top lid. The total load was assumed to be 2500 kN.

Material parameters suction caisson

Design load, L [kN]

2500

Caisson diameter, D [m]

5,0

Skirt wall thickness, t [m]

0,03

Axial modulus, EA [kN/m]

3,19E+12

Rigidity modulus, EI [kN/m?/m]

2,58E+08

Distributed weight plate elements, w [kN/m/m]

0

Distributed load, A-A [kN/m?]

127,3

Table 3 Material parameters suction caisson (plate elements)

0.00

8.00

16.00

24.00

e
o
=]

%
=

N
o
o

N
iy
=

s
e
o

:

&
(=]
(=]
‘o ‘o ‘o ‘o ‘o ‘o ‘O ‘
Cocbon oo bechc e b oo b beec e b b e

v
&
o

2

e
o

|
w
[]

o
=

©
=

—
g
o

-15.0

-18.0

-21.0

0.00 3.00
Lo b b b
] A A
0
|
_] \ /
- T~
0 ] L
-] |
0
0 4
0 4
0 4
] SO K

Figure 11 Connectivity plot and dimensions complete FEM model and detailed cut of the suction caisson
(note: the interface zones are automatically scaled up by PLAXIS and displayed too large in this figure)
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The soil consists of a homogeneous layer of soft clay. The clay plug and interface zones close
to the skirt wall have updated soil properties to account for initial conditions and numerical
convergence problems. Typical soil parameters for deep water soft clay from the west-coast
of Africa was used (Appendix A). The built-in soil test functionality in PLAXIS was utilized to
adjust the input parameters to correlate better with the available soil investigation data. The
oedometer curves from the constant rate of strain (CRS) consolidation test were prioritized
in order to obtain best possible soil deformation parameters (Figure 12). The stiffness from
CRS oedometer test from depth = 6.7 m below seabed was used to determine a
representative stiffness. Secondly the soil parameters were adjusted by correlation between
the shear strength obtained by an undrained triaxial test (TxCuD) according to the suggested
undrained shear strength profile (Figure 13). Total overview of the soil test correlation is
given in Appendix B. Evaluation of actual modeled undrained shear strength based on
generated effective stress state in PLAXIS is discussed in Chapter 5.1.
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Figure 12 Constant rate of strain consolidation test correlation from PLAXIS soil test
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Figure 13 Undrained shear strength values from TxCuD in soil test plotted versus suggested undrained shear
strength profile

From the soil investigation data (Appendix A) and correlation with original test data and soil
test in PLAXIS (Figure 12 and Figure 13) the general clay parameters utilized in the soft soil
material model are given in Table 4. The unloading-reloading Poisson ration (vy) is often
assumed to be between 0.10-0.20 for soft lightly overconsolidated clays, and a v, = 0.15 was
used for all of the FEM analyses. The lateral earth pressure coefficient for normally
consolidated clay is calculated from Jaky’s formula (Ko™ = 1 —sin(¢)) (Jaky, 1948).

NTNU — Geotechnical Division 33 Anders Ulvestad



Consolidation Settlement of Suction Caissons Approach

Clay parameters soft soil material model Surrounding clay  Interface zones
& clay plug
Effective unit weight soil, Y' [kN/m’] 3 3
Virgin compression ratio, lambda*, A* [-] 0,148 0,136
Recompression ratio, kappa*, k* [-] 0,014 0,019
Cohesion, C'..¢ [kPa] 1 2
Friction angle, ¢' [°] 39,5 8
Dilation angle, ¥ [°] 0 0
Poisson ratio unloading-reloading, v',; [-] 0,15 0,15
Lateral earth pressure coefficient (NC), Ko™ [-] 0,36 0,86
Lateral earth pressure coefficient (in situ), K’q [-] 0,45 0,45
Horizontal permeability, k, [m/day] 2,01E-04 2,01E-04
Vertical permeability, k, [m/day] 1,54E-04 1,54E-04

Table 4 Clay input parameters for the soft soil material model

According to the deduction in Chapter 2 the installation of the suction caisson creates three
main zones; the clay plug, the interface zone inside the skirt wall and the interface zone
outside the skirt wall. The effect of the installation process is embedded in the initial stress
generation in the FEM model. For the inner clay plug the excess pore pressure generated is
calculated by formula (2.8). In order to account for the remolding of the inner interface zone
additional excess pore pressure is added. The remolding induced pore pressure is estimated
from static DSS test to high stains and the relation between undrained shear strength and
OCR (Figure 6). Due to the high water content and plasticity the average value from the
static DSS test was assessed more representative compared to the relation with undrained
shear strength. For less plastic clays with higher effective unit weight and/or lower
normalized undrained shear strength profile (S,/0’y < 0,43) the CPTU measurements may be
more emphasized. During penetration with applied underpressure generation of excess pore
pressure in the outer interface zone is assumed to be only due to remolding of the clay.

In general, soil properties in the FEM model can be adjusted to incorporate the effect of
initial stress and pore pressure changes after complete installation of the suction caisson.
For the soft soil model incorporated in PLAXIS (PLAXIS, 2012) the following adjustments were

done:
K’ — Shup~Uup _ Tv0= 2T Uup (4.1)
O,up,plug Opup~Uup Ov,0 " Uup
' _ Uup,plug=Uup,rem (4.2)
K O,up,rem — K o,up,plug + ' vo
__ OCRg (4.3)
OCRyp =
a'vo
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Complete derivation of formula (4.1), (4.2) and (4.3) is given in Appendix E. The K’y is
updated to account for the change in horizontal effective stress due to the increase in pore
pressure. Since the soft soil model is dependent on the OCR, it is updated to account for the
increase in pore pressure in the initial phase stress generation. In the remolded zones the
stress history is assumed to be “reset” due to the remolding of the clay, hence OCR=1. Based
on the idea of no outward soil displacement during ideal conditions K’y is not updated in the
outer interface zone.

Input data used to calculate the adjusted initial stress generation is given in Table 5. An
average value for OCR and K’y was determined directly from the available soil investigation
data. The shear stress at maximum vertical strain and shear strain induced pore pressure
was derived from the triaxial extension test at depth = 21.6 m. These values were assumed
to be most representative since it presented data at the necessary strain level and
experienced localized necking at a later stage compared to the shallower test specimens.
Correction of shear induced pore pressure due to the octahedral stress changes in the
triaxial test is derived in Appendix A.

‘ Input for updated soil parameter calculations

OCR [-] 1,7

K'o[-] 0,45
Shear stress at maximum vertical strain, t/o', o [kPa] -0,10
Shear strain induced pore pressure, Uy/a', o [kPa] -0,05
Remolding induced pore pressure, AU/c', [kPa] 0,58

Table 5 Input data for adjusted inital stress generation calculation

Table 6 present the updated input parameters for the clay plug and the two interface zones.

Parameter Clay plug Inner Outer
interface  interface
zone zone
Radial strain, g, [%] 1,20 1,20 -
Vertical strain, g, [%] -2,40 -2,40 -
Octahedral total stress change, Ao,/ 0 [kPa] 0,50 0,50 -
Shear strain induced pore pressure change, AUy/o', o [kPa] -0,05 -0,05 -
Remolding induced pore pressure, AU/c', [kPa] - 0,58 0,58
Excess pore pressure, AU/ad', o [kPa] 0,45 1,03 0,58
Updated K’o, K'oup [-] 1,36 0,78 -
Updated OCR, OCR; [-] 3,10 1,00 1,00

Table 6 Updated parameters for the different zones

The generation of pore pressure in the initial phase was done by specifying user defined
pore pressure distributions in the clusters representing the three updated zones (Appendix
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B). General phreatic level defined the pore pressure distribution in the rest of the model.
These settings were reset in the simulation stages following the “equilibrium phase”, and
general phreatic level defined pore water pressure distribution in the complete model. This
ensure that the numerical model consolidate to an original pore pressure distribution prior
to suction caisson installation. An overview of the general simulation procedure is given in
Table 7.

#

1 |Initial phase K’o-procedure User defined pore pressure (p.p.)
2  Equilibrium phase Plastic, staged construction User defined pore pressure (p.p.)
3 Addload Plastic, staged construction General phreatic level p.p.

4 Consolidation Consolidation, staged construction Sufficient time interval (20 years)

Table 7 Simulation procedure in FEM (PLAXIS)

Some important aspects when analyzing final consolidation settlement on a real suction
caisson case have been simplified in this MSc thesis. Martinez et. al (2009) emphasized the
importance of modeling correct soil behavior with respect to interface zone thickness,
remolded undrained shear strength and remolded stiffness parameters. This is further
discussed and exemplified in Chapter 5.1 (Figure 20). Based on the absence of soil data and
aims for the MSc thesis remolded stiffness in the interface zones have been neglected (intact
stiffness applied). Additionally the thickness of the remolded zone was assumed to be 0.04
m without further assessment. The lower bound estimates for undrained shear strength
(completely remolded) were used in the remolded zones. Permeability is often considered to
be significantly different in remolded material compared to the in-situ condition. However
this is not accounted for in the FEM analyses. According to the discussions in Chapter 2
installation procedure strongly affects the soil displacement. Additionally the suggested
calculation procedure for penetration analysis is given (see Appendix C for detailed
calculation sheet). However a simplified installation procedure with applied underpressure
during all stages of the penetration is assumed. This translates to the aim of understanding
the effect of this installation procedure quite unique to suction caissons. Self-weight
penetration is relatively well documented through work done on piles, as well as the process
is more intuitive with respect to soil displacement and stress changes. For comparison one
FEM analysis considering a complete penetration procedure (both self-weight and applied
underpressure) has been performed (Case 3, Figure 20).

During initial construction and trial of the FEM model the author experienced some
unexpected difficulties. In the early stages there seemed to be difficult to run analysis with
the relatively slender elements generated in the interface zones (as a consequence to the
small thickness). Alternative methods for modeling the interface zones were considered,
unfortunately without sufficient success. This process was quite time consuming and
distracting, and in the end the numerical problem was solved by applying a small cohesion to
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the material input parameters. The FEM model’s very high sensitivity to such an adjustment
was somewhat surprising.

During the later stages of the MSc thesis better conceptual understanding of the problem
and model procedure revealed some faulty assumptions and small errors with quite large
impact on the estimated settlements. Somewhat comprehensive understanding and
assessment of the material model’s behavior and features was needed to ensure best
possible results. The application of cohesion (c’) in the soft soil model is discussed in Chapter
5.1, and the importance of understanding the input and output of the FEM model is
highlighted.

Other practical aspects are the user interface and appurtenant zoom functionality in the
PLAXIS software. With model dimensions approximately 500 times larger than the thickness
of the interface zones (with respect to width) changing and operating the interface zones
were quite impractical. In order to be able to select the interface zone clusters both in the
input and calculation (“define”) interface the clusters had to be temporary expanded. After
the adjustments to soil parameters, cluster material or pore pressure generation input had
been completed, the cluster size was reset to correct dimensions before running the FEM
analysis. This made small adjustments to the FEM model quite time consuming.

4.2 Model test

The need for in-situ measurements of stress and strain during installation and subsequent
consolidation of a suction caisson has been stressed by several articles referred to in the
literature review (Chapter 2). Several possibilities were conducted during the early stages of
the MSc thesis. Both the use of actual downscaled geometry in the laboratory as well as
large scale in-situ plate test were considered. However it was in the end decided to keep the
model test as minimalistic and simple as possible due to time and cost assessments.
Therefore a simple set-up on plate in soft clay model test was designed. The general idea
was to underline some of the assumptions that form the basis for the FEM analysis. In short
the main aims for the model test were to investigate the following hypothesis (assumptions):

1. Plate (skirt) thickness and amount of displaced soil will have significant impact on the
reconsolidation time as well as final set-up factor.
Set-up effect on the remolded zone is closely related to thixotropy at an early stage.
3. Effects related to consolidation will dominate the influence on set-up after necessary
elapsed time.

Figure 14 indicates the design of the model test equipment. The 20 individual plate systems
were designed with a common plate height of 500 mm and a plate width of 100 mm. For
investigation purposes two different plate thicknesses were used (10 mm and 20 mm). The
rod and casing was used for installation purposes. Installation with a casing ensures enough
capacity with respect to bending moment. This is important to make sure the plates are
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installed in a satisfactory vertical position and to avoid decisive deflections. Additionally the
casing avoids significant influence of rod resistance by pre-pulling the casing before lifting
and measuring resistance of the rod and plate. Any influence of soil-rod interaction is then
assumed to be insignificant compared to the plate side friction resistance. Initially the design
included tapered upper end of the plate to minimalize the influence of point end bearing
capacity, however this was not included in the final design. The steel plates were made from
crude hot rolled steel (5235 JR) and had no initial treatment, neither significant corrosion
compared to anticipated corrosion on suction caissons prior to installation. Initial design of
the model test equipment is given in Appendix G.

W\
Lﬂ \ \—Rod (D ~ 16,0mm)

N
N
AN
N\
*“—Casing (@ ~ 25,0mm)

500,0mm

100,0mm ~—
T “\"

Figure 14 Model test equipment design

After conducting a soil investigation at the desired test area at Tiller (Trondheim) the
appropriate installation depth of 3.5 m was decided, implying a rod and casing length of
approximately 3 m. All of the plate arrays were installed simultaneously, at least in
perspective to consolidation time in the soft clay. Figure 16 indicates the installation pattern
and numbering of the individual plate systems. At given intervals one plate of each thickness
was tested (pulled upwards) while measuring the resistance. The old geotechnical soil
investigation rig at the Geotechnical Division was utilized. Since there was no automatically
adjustment of upward vertical movement rate an approximately constant speed was
manually controlled. Further comments are made to the interpretation of the test results. A
portable load cell device and preconfigured software ensured correct reading of resistance.
The data is presented in time-force (t-f) plots. Based on the progression and apparent
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reconsolidation process the time intervals were assed throughout the test period. The
results are further discussed together with all available data from the model test in Chapter
5.3.

T A RS N TRRY " ‘

Figure 15 Model test equipment pre-assembled (left hand side), ready for installation (in the middle) and
ready for testing (right hand side)

Installation pattern 7023450
Min. 1.0m
P1 O O Pwl 7023400
Min. 0.5 m
7023350
P2 O O Pw2
7023300
P3 O O Pw3
T023250
P4 O O Pwd N
7023200 7] N
ﬁ' N - a—ﬁ...
P5 O O Pw5 7023150 r ! Red square —
;f / indicates model test
) Plate t=10 mm ! installation site
7023100 ! | |

(O Plate t =20 mm
568900 568950 569000 569050 569100 569150

Figure 16 Model test installation pattern and detailed map indicating model test installaiton site
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The simple model test with has some notable limitations that are important to consider
when evaluating the test results. An important aspect dealing with reconsolidation is time.
Due to several delays in the process of creating the model test equipment the maximal time
from installation to testing was invidiously short. However the model test results give an
indication of the reconsolidation with time during the early stages of consolidation. Since the
resistance is measured at the top of the rod influence of possible installation flaws, rod
resistance and point end bearing capacity at the top of the plate have to be evaluated.
Adjusting the data for measured simple rod resistance and possibly assumed bearing
capacity could isolate the increase of side friction with time. Plain strain conditions are
assumed when designing and calibrating the test results, assuming insignificant three
dimensional effects. This is believed to give decent results, but abnormalities in the eventual
test results could originate from such effects. Impact and evaluation of these aspects in
relation to the model test results is discussed in Chapter 5.3.

Originally back calculation of the model test results utilizing FEM analysis was planned. This
could couple the assumptions in the FEM analysis with model test results. Further
correlation and adjustments could increase understanding and viability of the assumptions.
Due to the model test delays and consequently relatively short model testing time period it
was aborted. Primarily the short time aspect is thought to make the results too rough for
correlation with FEM analysis and hence the results to uncertain. However the extensive
documentation of soil properties through the soil investigation including CPTU and
oedometer tests origin from this idea. Adding additional advanced soil tests (TxEuD and CRS
on remolded soil) would make these data a good basis for correlative FEM analysis.

4.2.1 Soil investigation

The model test site at Tiller in Trondheim (Figure 17) has been used by the Geotechnical
Division at NTNU for several years. Sandven (1990) conducted a series of CPTU tests in the
same area, and the Geotechnical Division has an extensive soil investigation booklet with
index-, oedometer- and triaxial test results. In general the soil profile consists of relatively
homogenous layers of dry crust, relatively stiff silts, soft moderately overconsolidated clays
and quick clay. The quick clay appears at a depth of approximately 7 m, while the layer of
moderately overconsolidated soft clay reaches from approximately 3-7 m. The clay layers are
quite sensitive (S; > 5-10) and increasing rapidly in the transition zone towards quick clay.
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Figure 17 Overview of Trondheim marked with test area at Tiller
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Figure 18 Detailed map with coordinates of soil investigation area
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In cooperation with another technology student also working on his MSc thesis which
included model testing in the same area, a soil investigation was planned and executed. The
most critical parameters for the “set-up” model test was undrained shear strength,
sensitivity, water content, plasticity limits and unit weight. With respect to this the basic
routine soil investigation contained:

e Unconfined uniaxial tests

e Triaxial tests

e Oedometer tests

e Water content

e Liquidity index

e Plasticity index

e Fall cone tests

e Pycnometer (relative density) tests

Four soil specimens were extracted and index testing performed in 0.8 m intervals from 0.0-
3.8 m. Additionally a CPTU test was executed for additional basis of comparison with the
undrained shear strength profile suggested by index test result.

Lightly overconsolidated soft clays are often representative for deep water soil profiles. The
soft clay at Tiller is slightly too sensitive and overconsolidated for a perfect fit. However it is
believed that the effect of reconsolidation also is representative for less sensitive and
overconsolidated clays. In general the soil samples from Tiller were of good quality, and
seemed to be quite homogenous and undisturbed (with exception of the sample from the
dry crust including buildup of frozen peat from the winter). One of the triaxial tests indicated
a somewhat disturbed sample. Unfortunately there were also some complications when
consolidating this sample (delayed registration of increase in cell pressure) that makes it
hard to conclude on the sample quality directly. Despite this indication the rest of the index
tests seemed to correlate very well with older test results as well as the other soil samples.
All test results from the soil and field investigation is given in Appendix F.

4.2.2 Thixotropy test

As discussed in Chapter 2 thixotropy is gain in shear strength with time despite no
volumetric changes. It is an important part of the set-up effect in early stages of
reconsolidation. For correlation and comparison purposes it was decided to conduct a simple
thixotropy test with the fall cone test.

Another soil sample from Tiller at the depth of installation of the model test (3.0-3.8 m)
formed the basis of 10 fall cone test samples. The soil sample was divided into 13 test
specimens. Three of the pieces (from the top, middle and bottom) was used to determine
average undrained shear strength for the soil sample, and used for plasticity testing.
Additionally water content was also measured across the sample to make sure the sample
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was representative compared to the other soil test in Chapter 4.2.1. Secondly the 10 pieces
used for the fall cone thixotropy test were satisfactory remolded before the remolded
undrained shear strength was tested. The test pieces were then stored in standard plastic
cups (water and air tight) in a storage refrigerator (Figure 19). A small piece of saturated
paper was added between the soil sample and the plastic lid in order to avoid any dissipation
of pore water (consolidation). At given time intervals the undrained shear strength was
determined by a fall cone test on the stored test specimens.

Figure 19 Remolded sample stored in plastic cup prepared for thixotropy fall cone test

Originally the idea was to use the same time intervals for the thixotropy test as for the
model test. Due to the delay of the model test it was however decided to run the thixotropy
test separately, with reasonable time intervals. Appendix H includes all the data from the
thixotropy test.
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5 Results and evaluation

The general idea was to compare the output from the FEM analyses with the data available
from the model test. Correlation between model test results and FEM analysis of the actual
model test would form the basis of discussion for some of the different assumptions made in
the “real case” analysis. However delay of the model testing made correlation of test results
with FEM analysis of the model test impossible. This idea was abandoned and emphasis was
placed on evaluating the available FEM analysis output. If possible the model test results
were used to underline different aspects of the FEM model. Chapter 5.1 first presents some
introductory FEM analyses. Secondly general aspects of FEM analysis of suction caisson
installation and consolidation process, as well as experiences during FEM modeling with
respect to different parameters and modeling principles are discussed. Subsequently
Chapter 5.3 presents the model test results and general discussion of applicability for
assessing different assumptions in the FEM model.

5.1 FEM analyses

Initially a series of FEM analyses was carried out to put final consolidation settlement
estimates in perspective with different assumptions (Table 8). Figure 20 indicates the results
of the FEM analyses. Base case 1 is a reference analysis assuming no initial stress changes or
material parameter updates prior to the loading and consolidation of the suction caisson.
This situation is not realistic with respect to a normal installation process. However it gives a
lower bound value and highlights the effect of adding the design load to a similar
preinstalled and completely reconsolidated foundation structure. Estimated settlements of
approximately 10 times less than the upper bound estimate (Case 5) underline the effect of
installation and initial changes of stresses and soil properties.

Comparing base case two with case four and five indicate how the remolded interface zones
influence consolidation settlement. The effect of only updating initial soil parameters and
stress properties in the clay plug (inner interface zone embedded as the clay plug) is hardly
noticeable when comparing base case one and two. However adding interface zones (Case 4
and 5) have a significant effect on the final consolidation settlements. Although the
installation procedure in general was simplified (assumed applied underpressure during the
complete installation) a more advanced FEM analyses incorporating both self-weight and
suction penetration was performed (Case 3). In short the simplified installation procedure is
somewhat conservative. Self-weight penetration would generate different excess pore
pressure distribution due to installation and allow for buildup of higher horizontal stresses
along parts of the skirt wall, consequently reducing final consolidation settlement.

Initial vertical displacement during undrained loading between simulation case four

DSS

assuming intact undrained shear strength in the interface zones (S, ) and case five utilizing
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remolded undrained shear strength (S, rem) reveal an expected pattern. Case four
experiences lower initial vertical displacement than case five due to higher undrained shear
strength in the remolded zones, hence also mobilization of more surrounding soil.
Development of final consolidation settlement also compares very well with initial
expectations with case five being the most conservative.

Case 5 was used for all further analyses, interpretation and evaluation of different aspects
regarding the FEM analysis.

Simulation case Aberration from soil parameter updates described in Table 5 and Table 6
Clay plug Inner interface zone Outer interface zone

Base case 1 No updates applied No updates applied No updates applied

Base case 2 - Updated according to No updates applied

the clay plug

Case 3 Combined penetration Combined penetration Combined penetration
analysis (self-weight analysis (self-weight analysis (self-weight
and underpressure)* and underpressure) * and underpressure) *

Case 4 - ¢'=39.5° ¢'=39.5°

Case 5 - - -

Table 8 Aberration from original updates for the initial simulation cases
* Complete input data for the FEM analysis is described in Appendix D

Time [day]
0 1000 2000 3000 4000 5000

0 T - T T T T
N~

-0,25

-0,3
Case 4 Case 5

——————— Base case 1 Base case 2 Case 3

Figure 20 Settlement of suction caisson center point for the initial FEM analyses

5.1.1 Initial stress generation

In accordance with the deduction in Chapter 2 and the described procedure in Chapter 4.1
evaluation of the output from the initial stress generation is important. During penetration
with applied underpressure all displaced soil is assumed to move inside the suction caisson
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leaving the surrounding soil intact (except for the thin remolded zone). The initial stress
generation in the FEM code is based on the assumed stress state just after completed
installation. Secondly the design load is applied generating excess pore pressure and stress
changes with time during consolidation. During phase 2 (Table 7) equilibrium with respect to
the effective stress generation in the initial phase (K’o-procedure) and applied pore pressures
is achieved. This stress state must be verified to ensure that the FEM model is adequately
correct.

Figure 21 display the initial stress conditions after phase 2 in the FEM analysis. The
generated pore pressures are consistent with the applied pore pressure for the clay plug and
inner interface zone. Comparing the pore pressure distribution for the outer interface zone
with the distribution in the clay plug it is obviously smaller than the specified pore pressure.
Additionally it is too low since the pore pressure for the inner interface zone should equal
the sum of the two contributions. This is explained in Figure 22 were pretty large excess pore
pressures (suction) is generated in the outer interface zone, as well as a small contribution in
the clay plug. For the inner interface zone a slight excess pore pressure (overpressure) is
generated. The excess pore pressures are a result of a non-equilibrium state during
application of initial pore pressure and stresses.

The vertical total stress inside the clay plug is approximately equal to the vertical total stress
prior to installation. In the interface zones the results show a slight increase (inner interface
zone) and decrease (outer interface zone) in total vertical stress. Total horizontal stress is in
equilibrium between the clay plug and inner interface zone. However it is higher compared
to the surrounding soil, generating radial stress on the skirt wall. Additionally the horizontal
stress in the outer interface zone is equal the in-situ value (reference value at x = 20 m) with
exception of some abnormalities at the skirt tip. The soil tends to swell both inside the
suction caisson as well as outside the skirt wall. For the soil inside the suction caisson the
magnitude of swell and generated excess pore pressures are negligible. In the outer
remolded interface zone the remolding process is comparable with filling an imaginary
predrilled hole in the ground with a heavy liquid (Y = 13 kN/m?). This would generate an
isotropic stress condition implying an increased total lateral earth pressure coefficient
(approximately Ko = 1.0) and higher total horizontal stress. This generates significant suction
in the lower part of the outer interface zone (Usycion =24 kPa, Figure 22). However it is quite
small to the generated excess pore pressures during undrained loading and the influence on
the final results is believed to be minor.
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Figure 21 Pore pressure (U..iv), vertical (o,) and radial total stresses (o,) after initial stress generation
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Figure 22 Excess pore pressures from initial stress generation

Figure 23 indicate vertical and horizontal displacement during initial stress generation. In
conformity with the deviation in initial stress generation and generation of excess pore
pressure the displacements are related to inaccuracies in the FEM model. All assumptions of
displacement and stress changes due to installation of the suction caisson are accounted for
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and supposed to be embedded into the initial stress generation. The horizontal
displacements indicate swelling of the soil outside the skirt wall. Below the skirt tip a counter
movement due to the undrained behavior comes into being. Comparable displacement
paths apply for the vertical displacements as well. However the displacements in the
equilibrium phase are very small (less than 0.3 mm), hence the impact on the final results
are most likely small.
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Figure 23 Vertical and horizontal displacement during initial stress generation

Despite of the initial correlation between the modeled soil behaviors in Soil Test and

available soil investigation data (TxCuD plot versus undrained shear strength profile) actual

modeled undrained shear strength should be validated. The soft soil material model utilizes

a perfectly-plastic Mohr-Coulomb type yield function to model the failure state. Figure 24

illustrates the Mohr-Coulomb failure criterion in the p’-q — plot. In general the Mohr-

Coulomb criterion in the p’-q — plot is given by:
o'xt+a'y

Sy = Tmax =Cos@ ¢’ + () sing

A 1
q ]M

(5.1)

threshold ellipse

Y
AN

< | > Pp
ccotQ
Figure 24 Yield surface of the Soft Soil model in p'-g-plane including Mohr-Coulomb failure criterion (PLAXIS
Manual)
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From equation (5.1) the undrained shear strength profile has been calculated from the
effective stresses given by PLAXIS after phase 2. The result is compared against the design
undrained shear strength profile (Figure 25).
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Figure 25 Undrained shear strength calculated from effective stresses during initial stress generation

For the clay plug and general clay the modeled undrained shear strength is somewhat lower
than the average design undrained shear strength (S,/0’y = 0.43). However it fits reasonable
well with the lower bound undrained shear strength profile from the soil investigation
(Appendix A) indicated with the correlation points (TxCuD) from Soil Test. Generally the
undrained shear strength is conservative to a depth of approximately 22 m below seabed.
The transition between the clay plug and the undisturbed soil below fits very well, and is
mainly influenced by the change in pore pressure distribution hence effective stresses. For
the remolded interface zones the initial effective stresses are quite low, or zero in the case
of the inner interface zone. This is reflected in the modeled undrained shear strength where
the cohesive contribution is dominant. Consequently the increase in undrained shear
strength is minor meaning that the average undrained shear strength along the interface
zones is conservative. The modeled undrained shear strength profiles were assumed
accurate enough for further analyses. The aspect of modeled undrained shear strength is

extensively discussed in Chapter 5.1.3.

Another possible issue related to initial low effective stress state and the soft soil model is
the interpretation of OCR. The cap in g-p’ plane is determined by the M-parameter (height of
the ellipse) and the pre consolidation stress (p,). Effectively very low effective stresses will
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neutralize the effect of OCR since it is a factor times the mean effective stress. In the case of
the remolded interface zones (OCR = 1.0) it will not directly affect the analysis, but in case of
other assumptions regarding OCR particular consideration is needed. Alternatively to OCR it
is possible to specify a pre overburden pressure (POP) independent of the effective stress
state. Unfortunately the soft soil material model do not allow for manual input of K’y if POP
is used to describe the previous stress history.

5.1.2 Undrained loading and consolidation

During undrained loading of the installed suction caisson excess pore pressure is generated.
The buildup of excess pore pressure is largest at the bottom of the clay plug (inside the
suction caisson). Generally the excess pore pressure is larger along the inner interface zone.
Below the clay plug excess pore pressure generation is reduced accordingly to the shape of a
point end bearing capacity failure pattern. Figure 26 displays how the excess pore pressures
are reduced within the clay plug and interface zone through global dissipation, hence the
excess pore pressure just below the suction caisson lid is reduced the slowest.
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Figure 26 Excess pore pressure (U.,.ss) after undrained loading and at the end of consolidation

Many of the global aspects related to stresses, strains and displacement are closely related
to the modeling of the remolded interface zones. Different assumptions with respect to
selected material parameters and increase in horizontal stress and pore pressure during
installation of the suction caisson will affect the general analysis results. The pore pressure in
the interface zones dissipates through horizontal redistribution within a short period of time.
Horizontal cross section at a depth of 10 m at different time intervals during consolidation
indicates the difference in horizontal redistribution and global dissipation (Figure 27). Within
half a day the difference in active pore pressure in the inner remolded zone is reduced from
approximately 20 % of hydrostatic pore pressure to less than 5 %. During the same time
interval the difference between the outer interface zone and surrounding soil becomes
neglectable. The first period of consolidation (illustrated at t=10 days) redistributes the
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excess pore pressure between the inner remolded zone and clay plug (Figure 28). After 100
days of consolidation the active pore pressure is about equalized within the suction caisson.
From this point and beyond further consolidation ensure global dissipation towards a
uniform hydrostatic pore pressure distribution in the entire FEM model.
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Figure 27 Horizontal cross section of normalized active pore pressure in the interface zones at depth =10 m

and different time intervals
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Figure 28 Horizontal cross section of normalized active pore pressure in the clay plug, interface zones and
surrounding soil at depth = 10 m and different time intervals

During dissipation of excess pore pressure increasing effective stresses are expected. Both
horizontal effective radial and tangential stresses (Figure 29 and Figure 30) show some

similar tendencies at the end of loading as well as the end of consolidation. However there
are some notable differences along the skirt wall as well as below the skirt tip. After being

significantly reduced due to high excess pore pressures in the remolded zone during loading,

radial effective stress along the outside of the skirt wall increase with time during

consolidation. The initial high radial stress inside the suction caisson due to installation
(equivalent with TxEuD) is reduced with time, however the final pattern also show higher
radial effective stress along the inside of the skirt wall. At the clay plug and skirt tip a final
radial stress concentration develops. Below the clay plug the increase in radial effective

stress can be explained by load transfer (dissipation of excess pore pressure) from the clay
plug to the soil below the suction caisson. The tangential effective stress is however less
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affected during loading of the suction caisson outside the skirt wall. Additionally it only
shows a modest increase during consolidation. The effect of the skirt tip is also less

compared to the influence on radial effective stress.
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Figure 29 Radial effective stress (0’,) after undrained loading and at the end of consolidation
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Figure 30 Tangential effective stress (0’g) after undrained loading and at the end of consolidation
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Figure 31 and Figure 32 indicate the change in effective radial stress with time. Compared to
the change in active pore pressure the radial stress change is more dominant through the

clay plug. Additionally the elapsed time until significant increase in effective stress in the

remolded zones is longer. The change in radial effective stress in the outer interface zone is

primarily due to dissipation of excess pore pressure (K’g is not updated). There is some
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increase relative to in-situ horizontal effective stress prior to installation with time after
approximately one year, although it is less than maximum 5 %. Inside the suction caisson
analogues increase corresponds to approximately 10 %. During consolidation the average
radial stress in the clay plug is first reduced below the original in-situ value before gradually
increasing after sufficient time interval (somewhere between 1-10 years). The radial
effective stress in the inner interface zone is rapidly increasing from zero (due to high excess
pore pressure and low effective soil unit weight) to a significant level. Between 0.5-10 days
of consolidation the radial stress increases by approximately 18 % to 40 % of final stress
level. The extensive change in radial effective stress would be less if the generated excess
pore pressure during installation versus soil effective unit weight ratio was lower.
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Figure 31 Horizontal cross section of normalized horizontal radial stress in the interface zones at depth = 10
m and different time intervals
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Figure 32 Horizontal cross section of normalized horizontal radial stress in the clay plug, interface zones and
surrounding soil at depth = 10 m and different time intervals

The increase in radial effective stress in the interface zones is also related to radial strains.
Figure 33 show that there is some radial strain (swelling) in the clay plug after consolidation.
However it is very small compared to the radial strain in the inner interface zone that is
considerably compressed (almost 25%, Figure 34). The radial strain at the edge of the skirt

NTNU — Geotechnical Division 53 Anders Ulvestad



Consolidation Settlement of Suction Caissons Results and evaluation

wall corresponds with the influence on effective stresses described earlier. Development of
radial strain during consolidation is shown in Figure 35. Initial dissipation of high excess pore
pressures and compression of the inner interface zone generates swelling in the clay plug
close to the skirt wall. In the time interval between 10 days and 100 days of consolidation
the radial strain maximizes closes to the model center line. Effectively this expansion
squeezes the remolded and weak interface zone against the skirt wall, generating potential
higher effective radial stress.
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Figure 33 Radial strains after undrained loading and at the end of consolidation
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Figure 34 Horizontal cross section of radial strains in the interface zones
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Figure 35 Horizontal cross section of radial strain in the clay plug, interface zones and surrounding soil at
depth = 10 m and different time intervals

Figure 36 show how the vertical effective stress increases inside the clay plug during
dissipation of excess pore pressure after loading. The clay plug and appurtenant zone below
experience the largest increase, while the effect reduces with increasing radial distance to
the suction caisson. Evaluation of the effective vertical stress from Figure 37 and Figure 38
underline some interesting tendencies. The effective vertical stress increases above the
initial in-situ value in the surrounding soil after consolidation, radially reducing to the
original in-situ value. In the outer interface zone the final vertical effective stress is
approximately 45 % lower compared to this value. Inside the suction caisson the increase in
vertical effective stress is a response to the applied load. However the vertical effective
stress is also lower in the inner interface zone (despite evenly distributed load), creating a
final accompanying radial increase in vertical effective stress from the model center line.
Despite the applied load the final vertical effective stress in the inner interface zone is
minimally larger compared with the outer interface zone, and 50 % lower than the in-situ
value prior to installation.
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Figure 36 Vertical effective stress (¢’,) after undrained loading and at the end of consolidation
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Figure 37 Horizontal cross section of normalized effective vertical stress in the interface zones at depth = 10
m and different time intervals
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Figure 38 Horizontal cross section of normalized vertical effective stress in the clay plug, interface zones and
surrounding soil at depth = 10 m and different time intervals

Due to the high excess pore pressures in the remolded zones (consequently low initial
effective stress) the load is primarily carried by pile tip resistance during undrained loading.
Dissipation of excess pore pressures and increase in effective stresses give potential for
increased shear stress. Accordingly the mobilized friction increases with time and the load is
distributed more to skirt wall friction. Figure 39 and Figure 40 clearly show how the
mobilized friction is very low in the clay plug after undrained loading and significantly
increasing during consolidation. The increase is largest along the inner parts of the skirt wall,
while similar effect is primarily seen at the lower parts of the outer skirt wall.
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Figure 39 Mobilized shear stress (t.,0,) after undrained loading and at the end of consolidation
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Figure 40 Relative mobilized shear stress (tmon/Tmax) after undrained loading and at the end of consolidation

The vertical displacement of the suction caisson is shown in Figure 41. As indicated in the
development of settlement versus time (Figure 20) the maximal initial undrained vertical
displacement is approximately 5 cm. During consolidation the clay plug settles the most,
affecting the surrounding soil at the seabed to some extent. This radial effect is rapidly
reduced with depth, and the low shear strength in the remolded zone enhances the
reduction in surrounding settlement. To some extent the suction caisson is modeled as being
installed into a predrilled hole with a thin and very weak interface layer in between the skirt
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wall and surrounding soil. Increasing the shear strength along the interface zone will reduce
this effect and more evenly distribute the settlement across the cross section. Consequently
it will reduce the final vertical settlement of the suction caisson center point. Comparing
settlement across the upper part of the clay plug indicate a potential drag-down effect on
the soil. The clay plug settles more at the center line compared to the soil close to the skirt
wall just below the top lid (with uniform settlement). This effect is neutralized at a depth of
approximately 5 m of an opposite trend (larger settlement close to the skirt wall).
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Figure 41 Vertical displacement after undrained loading and at the end of consolidation

The applicability of the FEM model is partially determined by the ability of correctly
modeling the consolidation process after initial stress generation based on the assumptions
related to the installation of the suction caisson. Some features such as increasing effective
radial stress, strains as well as pore pressure dissipation indicate that the FEM model can
cope with some realistic “set-up” features during consolidation. However the magnitude of
this effect is uncertain and some aspects seem to be highly sensitive to small changes. E.g.
the effective stress in the remolded zone is primarily related to the generation of excess
pore pressure. This has huge impact on the final settlement calculation as shown in the
initial analyses (Figure 20). Since the remolding induced contribution to excess pore pressure
utilizes quite conservative values there might be potential for using less conservative and
more correct values beneficial for design.

In Chapter 2.3 final effective radial stress ratio (K¢) was discussed. In Figure 42 Final effective
radial stress ratio (K¢) versus depth in the outer interface zone and surrounding soil K. versus
depth is plotted for two vertical cross sections, inside the outer interface zone and at the
edge of the surrounding soil. According to Karlsrud’s (2012) compilation of pile test results
suggest that the final effective radial stress ratio for soft soil with OCR = 1.7 and I, > 20 %
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should have a magnitude of 0.8-1.0. For the representative parts of the vertical cross section
(excluding the upper 2 m and transition from skirt tip to undisturbed surrounding soil) the K
is between 0.4 and 1.0. The average value is approximately 0.5, somewhat larger than the
original K’ value (0.45). This could indicate that the final effective radial stress is within
satisfactory limits. However care should be taken in concluding since the dimensions (d/t
ratio and diameter) is quite different for the suction caisson compared to the average pile
discussed by Karlsrud.
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Figure 42 Final effective radial stress ratio (K.) versus depth in the outer interface zone and surrounding soil

5.1.3 Undrained shear strength

According to the discussion in Chapter 2.3 significant increase in undrained shear strength is
expected during consolidation after undrained loading. It is important that this is covered by
the FEM model since development of consolidation settlements is highly influenced and
subsequent loading might be dependent on the increased shear strength with respect to
design.

At first the undrained shear strength in the outer interface zone was evaluated. The modeled
undrained shear strength after phase 2 (t = 0) was assumed acceptable compared to the
design undrained shear strength profile and used as a reference value. For initial comparison
the expected set-up factor for 3 months of consolidation was used. This value is indicated by
the line in Figure 43 denoted a/S:*t_max, and is the equivalent of the set-up factor times the
original undrained shear strength. The figure show modest increase in undrained shear
strength (t_max) with time, however the values are far from the expected increase due to
set-up. The relative mobilized shear strength (t_rel) is the ratio of mobilized shear strength
by undrained shear strength (t_mob/t_max). With exception of the first phase (t = 0) close
to all of the available skirt friction outside the skirt wall is fully mobilized. Interference at the
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skirt edges (top and bottom) is mainly due to numerical and model related issues.
Nevertheless some irregularities around the skirt tip are expected for an in-situ situation

where perfect idealized conditions are not valid.
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Figure 43 Maximal shear strength, mobilized shear strength and relative mobilized shear strength at different

time intervals in the outer interface zone (x = 2.52 m) for Case 5

In order to improve modeling of the undrained shear strength increase with time it was

decided to update the friction angle (¢’) for the interface zones during consolidation (Table

9). Set-up factors were calculated from Table 1 and Table 2, and derivation of a simplified

formula for updated friction angle is given in Appendix E.

10

Time [days]

Set-up factor, a [-]

Inner interface zone

Friction angle, ¢’ [°]

Outer interface zone

Set-up factor, a [-]

Friction angle, ¢’ [°]

0.475

16.4

0.45

15.5

100

0.475

16.4

0.55

19.0

Table 9 Set-up factor and corresponding updated friction angle for the interface zones

Changing the friction angle in the soft soil material model will automatically update KoN©

(according to Jaky’s formula) hence also adjusting the M — parameter. Since the M —

parameter determines the height of the ellipse this will impact the cap. After updating the

friction angle in the remolded zones the output from the staged construction was evaluated.

Figure 44 show plastic points for Case 5 after 100 days of consolidation compared against
only updating the friction angle in addition to updating both friction angle and KoN©
(adjusting the M-parameter). In both cases with updated friction angle the shear strength is

sufficiently increased for the majority of stress points in the interface zones to be reduced

NTNU — Geotechnical Division

60

Anders Ulvestad




Consolidation Settlement of Suction Caissons Results and evaluation

below the failure line (reduction in MC-points). However the stress state representation
seems better when updating Ko\ in addition to the friction angle as the cap points is less
affected. According to Figure 49 development in relative mobilized shear strength with time
after further consolidation correspond better with the initial development (after t = 0 days)
when updating KoC. Gradually increasing mobilization upwards along the skirt wall from a
maximal value at the skirt tip is intuitively more realistic. Based on this both updating the
friction angle and Ko''© was determined as the best option. This will increase the shear

strength and maintain the stress state at the cap.
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Figure 44 Plastic points after updating friction angle in the remolded zones (t = 100 days)
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Figure 45 Relative mobilized shear strength after updating friction angle in the remolded zones and further

development
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Figure 46 Maximal shear strength, mobilized shear strength and relative mobilized shear strength at different
time intervals in the outer interface zone (x = 2.52 m) for Case 5 with updated friction angle and Ko'©

Figure 46 show development of shear strength with time before and after updating friction
angle in the interface zones at t = 100 days. The adjusted friction angle gives potential for
higher mobilized shear strength in the interface zone. Since the increase in effective stresses
in the interface zones is limited, adjusting the friction angle will be necessary to sufficiently
take into account the increasing undrained shear strength. However it is still conservative
compared to the proposed set-up factor in literature (denoted a/S:*t_max). Additional
adjustment (increase) and evaluation of the friction angle could improve the fit. Prior to the
update at t = 100 days maximal shear strength is mobilized (t_rel = 1.0). After the increase in
shear strength relative mobilized shear strength is gradually changed towards the initial
tendency. With exception of the upper parts of the skirt wall most parts are fully mobilized
by the end of consolidation. The reduced mobilization in the upper parts is a response to the
general increased skirt wall friction. Gradually increasing the friction angle in several steps
according to set-up theory could contribute to a smoother transition, and help avoid the
large leap in relative mobilized friction (1.0 = 0.6 at t = 100 days). Consolidation settlement

development and further assessment is given in Chapter 5.2.

62 Anders Ulvestad
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5.1.4 Cohesion (C)

During the initial FEM analyses cohesion (c’) in the remolded interface zones was found to
have surprising impact on the final consolidation settlements. To avoid numerical issues
during the beginning of consolidation a small cohesion (¢’ =1 kPa in the clay plug, ¢’ = 2 kPa
in the remolded zones) was required. The numerical issue is related to equilibrium in upper
most parts of the clay plug where a small suction is generated when applying the load. As
indicated by Figure 24 the soft soil material model uses a preconsolidation stress (p,) of
minimum c*cot(¢). In other words specifying cohesion could result in a state of
overconsolidation depending on the value and the initial stress state. Additionally the
cohesion related undrained shear strength contribution (c*cos(¢)) in the Mohr-Coulomb
criterion will be dominant for the interface zones as the initial effective stresses are very low
(or zero in case of the inner interface zone). Figure 47 illustrates the huge impact different
assumptions regarding cohesion in the interface zones have on final consolidation
settlements. The extreme value (¢’ = 10 kPa) is not realistic with respect to the evaluated soil
properties, but a factor of difference of 1.8 between ¢’ = 3 kPa and ¢’ = 1 kPa is still
somewhat disturbing.

Time [day]
0 1000 2000 3000 4000 5000 6000 7000
O T T T T T T T

c'=1 c'=2 c'=3 c'=5 c'=7 c'=10

Figure 47 Development of consolidation settlements with time for different cohesion values in the interface
zones (Case 5)

The cohesion has negligible effect on the compressibility in the normally consolidated stress
range, but increasing the cohesion significantly decreases compressibility in the
overconsolidated stress range. Combined with the increasing ability to mobilize friction
(Figure 49) in the interface zones this could partially explain the difference in consolidation
settlements. Figure 48 show vertical displacement profile just below seabed after
consolidation for 20 years. It is evident that increasing the cohesion also enhances the
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mobilization of the surrounding soil, reducing final settlement for the suction caisson.
Smaller cohesion enhance the modeling effect of installing the suction caisson in a “pre
drilled” hole with a thin and very weak interface zone between the skirt wall and
surrounding soil. Evaluating vertical displacement profiles compared to modeled undrained
shear strength and remolded compressibility is important to achieve the expected results
with respect to believed soil structure interaction.
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Figure 48 Vertical displacement profile after consolidation (t = 20 years, depth = 0.1 m)
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Figure 49 Mobilized friction in the interface zones after equilibrium phase (phase 2)
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5.2 Adjusted FEM analysis

Based on the findings and discussion in Chapter 5.1 an updated simulation procedure is
described in Table 10. The adjusted FEM analysis is denoted Case 6.

# Identification Calculation type (PLAXIS) Comment

1 Initial phase K’o-procedure User defined pore pressure (p.p.)
2 Equilibrium phase Plastic, staged construction User defined pore pressure (p.p.)
3 Add load Plastic, staged construction General phreatic level p.p.

4 Consolidation 1 Consolidation, staged construction  Time interval = 10 days

5 Adjusting ¢’ 1 Plastic, staged construction Set-up factor (a) for 10 days

6 Consolidation 2 Consolidation, staged construction  Time interval = 40 days

7 Adjusting ¢’ 2 Plastic, staged construction Linearly interpolated set-up factor
8 Consolidation 3 Consolidation, staged construction  Time interval = 50 days

9 Adjusting ¢’ 2 Plastic, staged construction Set-up factor (a) for 2-/3-months
10 Consolidation 4 Consolidation, staged construction  Sufficient time interval

Table 10 Adjusted FEM analysis procedure

Adjusting the friction angle according to the simplified formula was found to model too
conservative undrained shear strength in Chapter 5.1.3. Nevertheless the same friction angle
was kept to avoid interfering with the basis of comparison. Further adjustment of the friction
angle and evaluation of the maximal shear strength would ensure a better fit (not the scope
of this section). Figure 50 show development of shear strength and mobilized shear strength
at the different time intervals in the adjusted FEM analysis. The undrained shear strength
(t_max) is unaffected by the shorter updating intervals. Compared to Figure 46 relative
mobilized shear strength has less significant leaps during adjustment of the friction angle.
Consequently the modeled soil response after adjusting the friction angle is believed to be
more realistic. Incremental increase of shear strength with time reduces the final relative
mobilized shear strength along the skirt wall with approximately 5% along the skirt wall. Still
final consolidation settlement is within expected limits and the average reduction along the
outside of the skirt wall seems negligible.

NTNU — Geotechnical Division 65 Anders Ulvestad



Consolidation Settlement of Suction Caissons Results and evaluation

0O 2 4 6 8 10 12 0 2 4 6 8 10 12 0 0,2 0,4 0,6 0,8 1
0 ¥ T T T T ) T T T T T ) : . :
1
'
1
i
-2
)
\ i
[
|
I
4 :
]
t=0d
-6
t=1d
t=10d
-8
----- t =10d up.
E-10 t =50d
>
----- t =50d up.
-12
t=100d
----- t =100d up.
-14 P
t=1yr
-16 t=10yr
t =20yr
-18
......... a/St*t_max
220 -_4
t_max[kPa] t_mob [kPa] t_rel [-]

Figure 50 Maximal shear strength, mobilized shear strength and relative mobilized shear strength at different
time intervals in the outer interface zone (x = 2.52 m) for Case 6

Evaluation of undrained shear strength profiles has primarily focused on the outer interface
zone. The inner interface zone is not less important, but the impact of installation on the soil
volume is more complex within the suction caisson. Hence the development in maximal and
mobilized shear strength with time is less intuitive, especially since the generated excess
pore pressure in this FEM analysis reduced effective stresses to zero within the inner
interface zone. From Figure 51 the combination of numerical interference and uneven
effective stress increase in the slender interface elements may be observed. Nevertheless
the undrained shear strength is not exceeded, nor is the potential strength fully mobilized. In
theory additional increase in undrained shear strength for the inner interface zone should
have negligible impact on the analysis results.
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Figure 51 Maximal shear strength, mobilized shear strength and relative mobilized shear strength at different
time intervals in the inner interface zone (x = 2.48 m) for Case 6

Final consolidation settlement is (as expected) between the upper and lower bound analyses
for all of the analyses with updated shear strength (Figure 52). Incremental adjustment of
friction angle according to Case 6 increases final consolidation settlement compared to the
sudden adjustment in the updated Case 5 analyses. The final value for Case 6 is probably
conservative due to somewhat conservative modeled shear strength profiles, but exact final
consolidation settlement results has not been the aim for this subsection. However the
development of relative mobilized shear strength was found to be acceptable according to
the assumed response of increasing shear strength with time. In-situ records of stress
development are required for final validation of the FEM analysis.

NTNU — Geotechnical Division 67 Anders Ulvestad



Consolidation Settlement of Suction Caissons Results and evaluation

Time [day]
0 1000 2000 3000 4000 5000 6000 7000
0 T T T T T T T
0,05 f—0
\
\
_0[1 e
E
> -0,15
=]
Case 4
-0,2
Case 5
Case 5 updated Su
-0,25
Case 5 updated Su + KOnc
0,3 Case 6

Figure 52 Consolidation settlement development for adjusted FEM analysis (Case 6) compared with initial
analyses

5.3 Model test

Table 11 give an overview of the installation and test procedure as executed. Due to the
delays described in Chapter 4.2 and some further complications only five plate arrays was
installed. Peak force at failure was mainly recorded within approximately 7-15 seconds after
test start. The recorded deformation (pulling distance manually observed at the rig) was
approximately 2.5-4.0 cm for all tests. The average pulling speed is therefore estimated in
the range of 0.15-0.45 cm/sec. If the newest test rig had been available it would be possible
to accurately record force, deformation and time. Additionally it was not possible to record
the installation force for comparison between undisturbed resistance (first time installation
at t = 0), remolded resistance (testing at t = 0) and reconsolidated resistance (testing att >
0).

Plate id. Installation date = Test date  Timeinterval Comment ‘
P1&Pwl 30.05.12 08.06.12 9 days Test results from P1 was
inconclusive due to mounting error
P2 & Pw2 30.05.12 06.01.12 7 days
P3 & Pw3 30.05.12 01.06.12 2 days
P4&Pw4 01.06.12 08.06.12 7 days P4 was hit with the rig during
(denoted testing of P2, no visible disturbance
with*) or influence on test results noticed
P5&Pw5 01.06.12 01.06.12 0 days Reference value test at t = 0, plates
06.01.12 5 days were then reinstalled to original

depth.

Table 11 Executed installation and test procedure
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Figure 53 Model test results

From Figure 53 it is evident that the resistance increases substantially within a short time
period after installation. Considering a lower bound increase after 10 days for both plate
thicknesses a resistance increase ratio (Fmax/Fo) in the range of 1.5-2.0 is representative. The
force versus time pattern is gradually changing towards quicker and more brittle failure with
time. Recorded leaps in the force-time plot are mainly due to halts and uneven vertical test
speed.

The hypotheses raised in Chapter 4.2 is not confirmed nor denied by the model test results.
Unfortunately the reduction in available data points and time intervals due to the delays
render it impossible to draw many conclusions. However there is evidently some
resemblance between the increasing pulling resistance and thixotropy values (further
discussed in Chapter 5.3.1). Maximum consolidation time of 9 days is insufficient to discuss
relative contribution of consolidation and thixotropy on the resistance increase.

Plate thickness does seem to significantly impact the set-up factor at given time intervals.
However it is somewhat surprising that the largest increase in resistance during early stages
of reconsolidation is registered for the thickest plates. Despite some uncertainty related with
the reference resistance (few data points) more than 50% increase in initial resistance for
the thickest plate is needed to compensate for the difference between the two plate
thicknesses.

Increased remolding of soil close to the steel plate tends to be beneficial for design at an
early stage in the model test as the thickest plates experience the largest set-up effect. Early
stage set-up is often assumed to be dominated by thixotropy. Since the model test translates
to the self-weight penetration of the suction caisson, larger skirt wall thickness could
increase early phase set-up.
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Further testing and more data is needed before concluding; nevertheless the model test
indicates some potential effect of self-weight penetration and soil displacement that could
be beneficial for future suction caisson design.

Figure 54 show deep-seated clay on the steel plate after testing the pull resistance and
removing the plate from the ground. Even after a short period of time (t = 7 days) an
approximately 2 cm thick layer of clay was stuck to the steel plate. The 3 cm thick layer along
the centerline of the plate is explained by the larger cavity left above from the casing. Along
the plate sides there was some clay deposits, although significantly less than 2 cm thick it
indicates some deviation from the ideal plain strain assumption. For the plates the least
influenced by impurities in the overburden clay the effect of pre-lifting the casing is visible
(right hand side of Figure 54). Pre-lifting the casing is believed to reduce rod-casing
interference on the measured resistance. Any clay along the rod had much softer and

weaker behavior compared to the deposits at the plate.

Figure 54 Deep-seated clay on steel plate (left hand side) and clay behavior in the transition zone from plate
to rod (right hand side)

5.3.1 Thixotropy test

The thixotropy test results (Figure 55) corresponds relatively well with the model test
results. Despite quite large scatter, a lower bound estimate of increasing remolded
undrained shear strength ratio of 2.0-3.0 after 10 days seem legit. Comparison against the
ratio from the model test (1.5-2.0) indicates that the model test results do not dramatically
overshoot an expected increase from thixotropy. Care should be taken to not overestimate
the value of the simple fall cone test, but at least it links thixotropy and early stage
regeneration of resistance in the model test closer together.
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Figure 55 Thixotropy test results

Unfortunately the set-up factor (a) could not be calculated for all tests since undisturbed
undrained shear strength values were missing. In addition to this the variation between
different samples was too large in order to use average estimated values. Comparing the
test results with reported thixotropy related strength increase in literature is therefore
impossible. However the tendency of increasing undrained shear strength with time despite
no volume change is underlined. Testing of water content after 25 and 27 days did not reveal
any substantial change from the original values at t=0 days (Appendix H).
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6 Summary and future work

The FEM analyses presented in this MSc have several limitations. Among the most important
are:

a. Only a simplified installation procedure assuming constant applied underpressure has
been evaluated

b. Potential cyclic load situation has been neglected

c. Only static vertical load has been applied (no moment or horizontal forces
considered)

d. Remolded stiffness in the interface zones was neglected due to absence of CRS
oedometer tests on remolded soil in the available soil investigation data

e. Final consolidation settlements could not be verified due to lack of field
measurements

The simple physical model test also has several limitations that are important to take into
account when evaluating the test results:

a. Limited number of completed model tests
Uncertain reference value for initial resistance due to a very limited number of tests
and lack of undisturbed resistance

i

Manually controlled vertical movement speed during tests
No record of deformation combined with force
Uncertain contribution of tip and rod-casing resistance

- o o o

Missing record of undisturbed undrained shear strength from all fall cone tests

A series of FEM analyses founded the basis for evaluating the effect of reconsolidation of
suction caissons installed with applied underpressure. During consolidation dissipation of
excess pore pressures and increase in effective stress result in an increase in undrained
shear strength. However the increase is smaller than expected compared with set-up factors
in literature. Despite buildup of effective stresses the FEM model is not able to account for
the total set-up contribution. An adjusted simulation procedure including incremental
increase of friction angle in the interface zones has been suggested. The results were found
to be reasonable with respect to final consolidation settlements and development of
mobilized shear strength with time. Further correlation of in-situ records and monitored
settlements is recommended for validation of the analyses.

Modeled undrained shear strength with time proved to have huge influence on final
consolidation settlements. Mobilization of soil around the suction caisson is closely related
to shear strength. Higher shear strength leads to decreasing final consolidation settlement
for the suction caisson. However the settlement of the surrounding seabed simultaneously
increases. Appropriate evaluation of soil structure interaction is important to assess the
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reliability of the analysis. The FEM model was found to be surprisingly sensitive to small
adjustments to soil properties, underlining the importance of sufficient evaluation of the
model behavior. Taking into account the soil volume (strength and stiffness) changes in the
interface zones along the skirt wall is essential for determining long term settlements.

The simple physical model test suffered from delays and other set-backs, consequently the
test results were limited. Discussing the assumptions in the FEM analyses based on the
available results was not viable. Nevertheless the model test underlined the importance of
considering short term set-up effects on steel body embedded into soft clay. During
consolidation for less than 10 days significant increase in resistance and deep-seated clay on
the steel plates was recorded. Physical observations in the field also indicate significant
influence of deep-seated clay deposits on the steel plates. The increase in resistance
recorded for the model test corresponded relatively well with a simple thixotropy test. A
somewhat surprising trend in the model test result was larger increase in resistance for the
thickest plate. This could indicate potential beneficial effects of thicker skirt walls with
respect to short term set-up and increased resistance. However further testing and
significantly larger basis of comparison is needed to confirm or invalidate this result.

Future work could include back calculation and correlation between FEM analyses and in-
situ records of suction caissons. Development of a material model including an option for the
user to specify an increase in shear strength with time would be beneficial. An intuitive
relation between soil stiffness and soil strength is vital for such material model. Finally there
is lot of unused potential in the simple physical model test that could be useful for future
project and master thesis at the Geotechnical Division at NTNU. More test results in
combination with more advanced soil tests could form the basis for comparison with
numerical calculations. This could also prove applicable for FEM analyses of suction caissons,
especially in relation with self-weight penetration and soil behavior outside the skirt wall.
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Appendix

Appendix A. Soil investigation data (west coast of Africa)
Stratum| Depth | Submerged | Undisturbed Undrained Sensitivity Strain at Half-Peak
Below | Unit Weight Shear Strength (st) Deviator Stress

Seafloor ) (su) (es0)
@ Lower Bound | Upper Bound
[m] [kN/m?] [kPa] [%]
0.0 2.0 0.6 24 2.0 20
02 (2.1) (1.0) 50 (2.0) (2.0)
2.0 2.9 4.7) 7.0 (2.3) (2.0
3.0 (2.9) 6.8 11.0 25 (2.0)
5.0 (2.8) 6.8 (13.4) 32 (2.0)
6.0 27 (7.9) (14.6) (3.6) (2.0)
8.0 (2.8) 10.0 (17.0) 44 (2.0)
10.0 (3.0) (12.3) (19.4) 4.4) 20
13.5 (32) (16.2) (23.7) (4.4) 1.0
18.0 35 (21.3) (29.1) (4.5) (1.0
200 (2.9) 235 315 4.5 (1.0)
205 27 (24.1) (32.2) (4.5) (1.0)
240 31 (28.3) (36.7) 4.7 1.0
40.0 (3.1) 475 575 5.1 (1.0)

Notes:
1. Values presented in parenthesis are interpolated between closest values not in parenthesis or extrapolated;
2. €50 is strain at half-peak deviator stress from unconsolidated-undrained triaxial compression tests; and
3. Depths in shaded background indicate depth below STACOR recovery.
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Appendix

SUMMARY OF 1-D CONSTANT-RATE-OF-STRAIN (CRS) CONSOLIDATION TESTS

Series| Boring | Penet- Index Properties: At Preconsol. Stress: Compession Ratios: Coeff. of Remarks:
&/or |Sample -| ration W, Ito Casagrande Method | Virgin |Recomp.| Ratio of | Consol., c, | SB-Sharp Break
Test | Spec or G, S, L (%) {kam°J Becker Method " _CR | RR CRJCRLL Virgin Loading| RSB-Relatively SB
No. No. Depth Pl LI, e, ol Es CRbyLL| Swell | CRIRR MR-Mod. Rounded

(m) (%) (kPa) (%) | (CcrRW?| (SR (mnyn) R-Rounded
1 6.82 2774 990 | | 1824 | - 125 | 394 | 49 | 0380 | 0034 | 061-161 SB-Sharp Break
5113 40.8 0.028 11.299
2 13.82 2785 @98 | [, 1835 | - 128 |..588 _| 55 | 0455 | . el 0.02-296 SB-Sharp Break
4 562 60.2 0.023
3 2182 SR %87 | l..M388 1 33 L. 1018 ... 87 ..|..0439 [ 0035 | ... 092-665 [ SB-Sharp Break
3828 105.8 0.025 17.925
. . Plate
Description of Tested Soil, Test Remarks, and Supplemental Data:
No Number
1 |clay, dark gray with traces of organic matter
2 clay, dark gray with silt seams and traces of organic matter
3 |clay, dark gray with traces of organic matter
Notes: D Indicates value was copied from adjacent test specimen or assumed.
" Estimated preconsolidation stress using the Work per Unit Volume method, as described by Becker, et al. (1987) @ CRy = ((LL-10) = 0.009)/ (1 + &)
Series 1 - depth 6.82 m
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SUMMARY OF STATIC TRUEPATH K, TRIAXIAL TESTS
Compression and Extension Tests

Seres| Boring - | Penet- Index Properties: K=
&jor |Sample -| ration LL W, Tto S, LI, Foo | Fneie | tae | Eorae at Peak Shear Stress 6/d,
Test | Spec. or Ge (kPa) (%) | (%'hr) at Peak Stress Ratio (Obliguity)
No. No. Depth FI w, Yoo 3. Ll. | Induced | B-Value | ¢, 1. By qla', g | pla, JAUYS, | o'yio’y §emp
(m) (%) |(kN/m”) OCR (%) | (%) |@ays)| (%) (degrees)
1-1 6.48 2774 1952 126 | 1014 53.86 047 15.2 0.5 0.3 | 0.368 | 0.750 | 0.096 | 2.924 0.257
| 1481 | 134 | 1021 1.00 54.00 203 3.1 5.8 | 0.318 | 0.538 | 0.259 | 3.889 36.2
1-2 6.73 2774 1852 127 | 1009 66.517 0.43 16.3 0.5 -1.8 1-0.216) 0.312 | 0130 5476 | -0.156
l 1458 | 134 | 101.3 1.00 00.00 18.1 3.1 -1.8 |-0.216] 0.312 |-0.130| 5478 -437
1-3 21.51 2791 164.8 | 128 [ 99.0 109.091 0.50 122 1 05 0.8 |0.333)0.700 (0128 2783 | 0252
| 1410 134 | 1009 1.00 100.00 13.2 3.0 48 | 0296|0562 | 0.235 | 3.220 31.8
1-4 21.63 2791 1540 129 | 985 123 824 0.46 12.3 -0.5 -3.4 |-0255| 0.368 |-0.158| 5511 | -0.179
1308 | 136 | 1007 1.00 08.00 13.7 3.1 -3.3 |-0.254| 0.358 | 0156 | 5898 452
Back
Test Description of Tested Soil | Test Remarks, and Supplemental Data Pressurg]
No. (kPa)
1-1 [Clay, olive gray 338.05
1-2 |Clay, olive aray 345.90
-3 |Clay, dark gray with traces of organic matter 34266
1-4 [Clay, olive gray 34327

Notes: Dlrdicates value was copied from adjacent test specimen or assumed.

Axial strain rate during consolidation (%/h) = 0.20

STATIC TRUEPATH TRIAXIAL TEST - EXTENSION (CK,UTE)
Depth: 21.63 m

Specimen began to experience localized necking
-0.40 at -3.4% axial strain during shear. No data after -
3.4% axial strain is presented.
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STATIC TRUEPATH TRIAXIAL TEST - EXTENSION (CKoUTE)

Depth: 21.63 m

o
=

o
(]

Specimen began o experience localized
necking at -3.4% axial strain during shear. No
data after -3.4% axial strain is presented.

—

\ gisigma'vc =-0.2

Normalized Shear Stress , q /o', ¢

-0.2 1 ~_

04 ]

-06
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_20p.00 ' |
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S Specimen began to experience localized
<0.04 necking at -3.4% axial strain during shear. No

data after -3.4% axial sirain is presented.
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Correction of shear induced excess pore pressure (Uy) to account for change in octahedral
stress in the triaxial test is derived below:

0 oct = %(0'1 +20'3)

q=0'1—0'3=X"0"y

where X is the value of normalized shear stress at correct strain level (from graph)
oc'1=Y 03

where Y is the value of obliquity at correct strain level (from graph)
Yo's—0'3=X"0",

X

! !

03=m'0uc

A ! — ! _ ! _1 14 2 li _ !/ 2 !/
O oct = 0 oct1 — 0 oct,0 = 3 [(U 11t 20 3,1) (0’10 + 20 3,0)]

where
0’oct,1 IS Octahedral stress at desired strain level (from suction caisson geometry)
0’ oct,0 IS OCctahedral stress at initial strain level (beginning of shear, €=0)

u)’ _ AU _Ao-loct

! - []
o v,0 o v,c o v,c

where

AU/ o’y is normalized excess PWP at final strain level due to penetration (from graph)
AG’ ot/ 0'yc is normalized change in octahedral stress in triaxial test by given vertical
consolidation stress
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SUMMARY OF K,-CONSOLIDATED STATIC DSS TESTS

Series{ Boring - | Penet- Index Properties: at Peak Shear Stress
&ior [sample-| ration | w S, L, Gue | Samm | e |  aiPeak Stress Rafio- High Strain | ¢,
Test| Spec. | or ST SRS S S ST SR O 5P OO 1020 8 R T ™ AU ..
No. No Depth Pl W, The S, L. Induced | &5, 1. o'y T e Wpss
(m) (%) | M) | () OCR (%) | (days) (%) (kPa) (degrees)
- 300 \T2AP0 ] 1893 | 124 | 985 )l AGL606 ) 49 ) 285 | dee | 0672 |10452]) 0361
- 155.5 13.1 100.0 1.00 16.06 22 29.5 16.6 0.692 0.481 34.70
1-2 677 (2rrad|.....). 0783 027 .993 ... ]..B68..[.10.06 | 48 .38, .[. 2270531 []0.3980( 0.341,
I 156.1 13.0 100.0 1.00 10.06 2.1 294 20.0 0.742 | |0.596 36.58
13 1377 |12785 | 1869 | 128 | 988 | . ].1812. 01 2048 | 46 | 75 | 428 | 0421 |)0328]] 0283
. 127.0 13.6 100.0 1.00 2048 0.5 29.3 373 0.606 0.593 31.20
1-4 277 (RSN )52 L A8 1999 L [.1889 | 1872 | 49 | 103 ) 523 | 0482 |10.426]] 0277
- 117.1 13.9 100.0 1.00 18.72 07 29.7 43.0 0675 | |0.663 34.03
. .- S P - RPN P ceee [N P SR ~Average value (at peak'"
stress ratio - high —
.-« S P A R (R R AR PR S ..strain) used for
remolding induced p.p. _|
1:051 Description of Tested Soil, Test Remarks, and Supplemental Data: P::e
1-1_[clay, olive gray
1-2 |clay, olive gray
1-3 |clay, dark gray
1-4 |clay, gray and olive gray

Indicates value was copied from agjacent test specimen or assumed

Normalized Shear Stress, T,/0", .

Normalized Shear Stress, T,/a", o

Ko-CONSOLIDATED STATIC DSS TEST

Depth: 6.77 m
0.60 1.2
—©— Norm. Shear Stress
—&— Nom. Decr. in Vert. Stress
0.50 1.0
0.40 08
0.30 "’ge_‘ M"?ﬁ_‘——ﬂ 06
0.20 o] 04
Hﬁw
0.10 "ax' 02
0.00 0.0
0 10 15 20 25 ao
Shear Strain, y (%)
05
a',c = 67 kPa

04

03

0.2

0.1 E‘

0.0

00 0.1 02 03 04 05 0.6 07 0.3 09 10 11 1.2

Normalized Effective Vertical Stress, o', /o', .

Normalized Decrease in Vertical Stress, AcJa’, o
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Table lI-2. Hydraulic Conductivity Test Results

Depth ky kh kr Kk ko rk
(m) (mlyr) (mlyr) (miyr) v i
6.82 (CRS) 4.07E-02 Average value utilized - =
- o — — — (horizontallvertical
13.82 (CRS) 5 62E-02 permeability ratio at - -
W ER—— depth = 21.73 m assumed
21.82 (CRS) 6.19E-02 for all depths) - -
21.73 (PER) 6.97E-02 9.09E-02 1.17E-01 1.30 1.68
Vertical Permeability, K,. [m/yr] Horizontal Permeability, K, [m/yr]
%DM 0.01 01 10 100 1000 %,301 0.01 a1 1 10 100 1000
1 h
5 5
10 10
il | il i i
0
— 15 — 1
E £
5 5
o ]
T E
)
3 20 - 20
5 oo (_‘s; hie
7] @
[ai] m
5 25 5 25
= T
| g i
2 E:%&W‘-a‘é.lﬁ“:“;‘.i&"&%“‘"“'wﬁ an GRS 8 Hi FrOm Hydreuic Conductivy tesis, I,
30 - 30
. A STACOR . 4 STACOR
* g STACOR * B STACCR
[closz symkols indcats K. from Hydraulic [The oresented permeabiities are from Hydrauli
Ennduc'.vll;'_tests and open symiols indicate. Concluctvity tests and at natural water content |
K-'mm CRS Consolidation tests. The
35 E;Brﬁméd Femieanliites are at natural water p 11 35
1 o
40 40
i i
45 45
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Overconsolidation Ratio (OCR) Coefficient of Lateral Earth Pressure, K,
0 1 2 3 4 5 -] 0 0.2 0.4 0.6 0.8 1 1.2
0 T 0
Assumed | ‘ Assumed
average average
OCR=1.7 OCR based on past maximum effective K0 =045
© overbuden siress, 7'
5 From CRS Consalidation Tests H 5
- STACOR
r, © * B STACOR ol®
From K_-Triaxial Testa
b A A STACOR
> g STACOR
10 ', determined using Casagrande (1336) [ | 10
method (close symbots), end Work-per-Unit-
volume method by Becker et al. (1987
(open symbo's)]
-
— 15 s 1 .
E E 15
g 5
g 8
(1]
> 20 & 20
£ ‘o K = of»®
o ]
3 3
& 25 § 25
g &
E @ From laboratory K,-Triaxial tests at con-
[ @ solidation pressure, &', (ie., at the end
o 3p o3 of consoiidation phase) for OCR=1: | |
. A sTacOR
* B STACOR
[close symbols indicate K, from triaxial
ccm:r_ess_iun and open syfﬂbﬂ\s indicate K,
35 35 from triaxial extension tests.] | |
40 40
45 45
APPARENT OVERCONSOLIDATION RATIO (OCR) COEFFICIENT OF AT-REST LATERAL EARTH PRESSURE DATA
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Interpreted soil data

5, - active Y'- effective unit weight Anisotropi 5, - direct 5, - direct,remoulded
Z[m] 5.* [kpa] 2 [m) ¥ Tk/m’] Z[m] 5.°/5. 1 Z[m] 5.7 [kpa] S [] Z[m] 5.° e [kPa]
0,000 15 0,000 2,0 0,000 1,0 0,000 15 2,0 0,000 0,8
0,200 3,0 0,200 2,1 0,200 1,0 0,200 3,0 2,0 0,200 15
2,000 5,9 2,000 2,9 2,000 1,0 2,000 5,9 2,3 2,000 2,5
3,000 8,9 3,000 2,9 3,000 1,0 3,000 8,9 2,5 3,000 3,6
5,000 10,1 5,000 2,8 5,000 1,0 5,000 10,1 3,2 5,000 3,2
6,000 11,3 6,000 2,7 6,000 1,0 6,000 11,3 3,6 6,000 3,1
8,000 13,5 8,000 2,8 8,000 1,0 8,000 13,5 4,4 8,000 3,1
10,000 15,9 10,000 3,0 10,000 1,0 10,000 15,9 4,4 10,000 3,6
13,500 20,0 13,500 3,2 13,500 1,0 13,500 20,0 4,4 13,500 4,5
18,000 25,2 18,000 3,5 18,000 1,0 18,000 25,2 4,5 18,000 5,6
20,000 27,5 20,000 2,9 20,000 1,0 20,000 27,5 4,5 20,000 6,1
20,500 28,2 20,500 2,7 20,500 1,0 20,500 28,2 4,5 20,500 6,3
24,000 32,5 24,000 3,1 24,000 1,0 24,000 32,5 4,7 24,000 6,9
40,000 52,5 40,000 3,1 40,000 1,0 40,000 52,5 5,1 40,000 10,3
Su - active Y' - effective unit weight Anisotropi Su - direct Sensitivity Su - direct,remoulded
SuAl [kPa] ¥' [kN/m3] SuD/SuA [-] suD [kPa] st[] SuD,rem [kPa]
0.0 200 40,0 60,0 0,0 10 20 3.0 4,0 0,0 05 10 15 0,0 20,0 40,0 60,0 0,0 2,0 4.0 6,0 00 20,0 40,0 60,0
0,000 0,000 0,000 0,000 0,000 0,000 ¢
<+ X
* X
&
5,000 5,000 5,000 5,000 5,000 5,000 X
+ \ 4
- \ 4 3
\
10,000 10,000 10,000 10,000 10,000 10,000 lh
\
\
\ + 4 X
15,000 15,000 15,000 15,000 15,000 15,000 \
\
\
-+ * X
20,000 20,000 20,000 20,000 20,000 l- 20,000 'IX
— — — —_ —_ — \
E E K E E E z 1
N N N N N N .‘
- L 3
25,000 25,000 25,000 25,000 25,000 25,000 \ 1
30,000 30,000 30,000 30,000 30,000 30,000 \ A )
35,000 35,000 35,000 35,000 35,000 35,000 l !
3
40,000 40,000 40,000 40,000 40,000 40,000 4 —eD i
—e—5uD [kPa] [kPa]
—m—suA [kpa] —=—5uD [kPa]
45,000 45,000 45,000 45,000 45,000 45,000
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Appendix B. Input data FEM model

Input data clay + clay plug Updated input data clay plug

Suction anchor Input
Design load, L [kN] 1831 Anchor radius, r [m] 2,50
Maximum penetration depth, Z., [m] 20,0 Skirt width, t[m] 0,030
Anchor diameter, D [m] 5,0 Effective unit weight soil, 7' [kN,J’mE] 3,00
Skirt width, t [m] 0,03 Shear stress at maximum vertical strain, T/, ; [kPa] -0,10
Axial modulus, EA [kN/m] 3,19E+12 Shear strain induced pore pressure, U,/d", 5 [kPa] -0,05
Rigidity modulus, EI [kN/m?/m] 2,58E+03 OCR [] 1,70
Distributed weight, w [kN/m/m] 0 Kool-] 0,45
Distributed load, a [kN/m?] 127,3
Output, soil plug
Soil parameters (installation) Radial strain, Er [%] 1,20
Clay sensitivity, Sy/0',,o [1/(kN/m’)] 0,042 Vertical strain, Ev [%] -2,40
Clay sensitivity | Z=0, 5 [-] 2 Octahedral total stress change, A0,./0", g[kPa] 0,50
Undrained shear strength, S./c', 5 [m] 0,43 Shear strain induced pore pressure change, AU/, 5 [kPa] -0,05
Undrained shear strength | Z=0, S, [kPa] 1,5 Excess pore pressure, AU/a', , [kPa] 0,45
Bearing capacity factor, N [-] 7,5 Updated Kg, Kg o [-] 1,36
Updated OCR, OCR, [-] 3,00

Soil parameters (stress, strain, ex.pp)

E , OU [kP
Effective unit weight soil, Y' [kN/m®] 3 Depth, Z[m] Excess pore pressure, AU [kPa]  Pore pressure, Uy, [kPa]
OCR [-] 1,7 L0 14 11,4
2,0 2,7 22,7
Kool-] 0,45
Shear stress at maximum vertical strain,tfc',,JO[kPa] -0,1 3,0 41 341
- \ 4.0 54 45,4
Shear strain induced pare pressure, U,/d', 5 [kPa] -0,05
L 5.0 6,8 56,8
Remoulding induced pore pressure, AU/d', [kPa] 0,58
6.0 81 68,1
Soil parameters (soft soil material model) 7.0 35 735
Virgin compression ratio, lambda®, A* [-] 0,148 8,0 10,8 908
. - . 9,0 12,2 102,2
Recompression ratio, kappa®, k* [-] 0,014
10,0 13,5 113,5
Cohesion, C' [kPa] 1 1.0 149 1249
Friction angle, q}' 1 39,5 12,0 16,2 136,2
Dilation angle,  [7] 0 13,0 17,6 147.6
Poisson ratio unloading-reloading, v'..[-] 0,15
- 14,0 18,9 158,9
Lateral earth pressure coefficient (NC), Ky [-] 0,36
; 15,0 20,3 170,3
Horizontal permeabili [m/day] 2,01E-04
i P - Y ks v : 16,0 21,6 1816
Vertical permeability, k, [m/day] 1,54E-04 17,0 23,0 193,0
18,0 24,3 204,3
19,0 25,7 215,7
20,0 27,0 2270
U, [kPa] 1,4 11,4
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Input data remolded zones

soil parameters (soft soil material model)

Virgin compression ratio, lambda®, A* [-]

0,136

Recompression ratio, kappa™, k* [-]

0,019

Cohesion, C' . [kPa]

Friction angle, &' [

Dilation angle, i [7]

Poisson ratio unloading-reloading, v, [-]

0,15

Lateral earth pressure coefficient (NC), K" [-]

0,86

Horizontal permeability, k, [m/day]

2,01E-04

Vertical permeability, k, [m/day]

1,54E-04

Inside anchor

Updated input data remolded zones

Input

Anchor radius, r [m]

Skirt width, t [m]

Effective unit weight soil, ¥' [kN/m?]

Shear stress at maximum vertical strain, 1:,*’0",)0 [kPa]
Shear strain induced pore pressure, Uy/d", g[kPa]
Remoulding induced pore pressure, AU/o' [kPa]
OCR [-]

Kool-]

Output, remoulded zone 2+3

Radial strain, Er [%]

Vertical strain, Ev [%]

Octahedral total stress change, ﬂcod,fc',,}o[kpa]

shear strain induced pore pressure change, AU/d", o [kPa]
Remoulding induced pore pressure, AU/g", [kPa]

Excess pore pressure, ri‘.L.I,J'U'\,J{j [kPa]

Updated Ky, Ky [-]

Updated OCR, OCR,, [-]

Outside anchor

2,50

0,030

3,00

-0,10

-0,05

0,58

1,70

0,45

1,20

-2,40

0,50

-0,05

0,58

1,03

0,78

1,00

Depth, Z[m] Excess pore pressure, AU [kPa]l  pore pressure, U, [kPa] Excess pore pressure, AU [kPa]  pore pressure, Uy [kPa]
1,0 3,1 13,1 1,7 11,7
2,0 6,2 26,2 3,5 23,5
3,0 9,3 39,3 5,2 35,2
4.0 12,4 524 7.0 47,0
5,0 15,5 65,5 8,7 58,7
6,0 18,5 78,5 10,4 70,4
7,0 21,6 91,6 12,2 82,2
8,0 24,7 104,7 13,9 93,9
9,0 27,8 117,8 15,7 105,7
10,0 30,9 130,9 17,4 117,4
11,0 34,0 144,0 13,1 129,1
12,0 37,1 157,1 20,9 140,9
13,0 40,2 170,2 22,6 152,6
14,0 43,3 183,3 24,4 164,4
15,0 46,4 196,4 26,1 176,1
16,0 49,4 209,4 27,8 187,8
17,0 52,5 222,5 29,6 199,6
18,0 55,6 235,6 31,3 211,3
19,0 58,7 248,7 33,1 223,1
20,0 61,8 261,8 34,8 234.8
Us, [kPa] 3,1 13,1 1,7 11,7
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Clay plug
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0.0 —1 e ——, 0
— LI --‘J"""--...
50 -0,05
A &
X
10.0 % -0,1
£ s — i)
& == a )
c o —
‘s 150 -0,15
n
= )
,; %
< .
20.0 K -0,2
B E
25.0 -0,25
30.0 -0,3
1 10 100 100C
Overall Effective Vertical Stress, o', (kPa)
Interface zones
1 10 100 1000
0.0 W ] ] | 0
] ] | |
| | . N |
outer interface zone
A
5.0 3 -0,05
P inner interface zone
a
\
N
e
10.0 3 -0,1
— AN 7]
5 % \!
c = i
‘® 150 i -0,15
=t .
s 5
[+ A
¢
: %
20.0 i -0,2
1
5 )
s A
Y
N
== Sans L
25.0 -0,25
30.0 -0,3
1 10 100 100C

Overall Effective Vertical Stress, c', (kPa)

NTNU — Geotechnical Division

87

Anders Ulvestad



_Consolidation Settlement of Suction Caissons

Appendix

z[m] Sulkpa]  St[-]  Surem[kPa] Qs[kN] Qp[kN] O, unspe. [kPa] O,'[kPa] Au[kPa] Driving force [-]
0,0 15 2,0 0,8 0,0 0,0 -108,1 0 -108,1 Self-weight
Appendlx C. Penetratlon analysis 0,5 2,1 2,1 1,0 16,2 0,0 -106,5 1.5 -108,0 Self—we?ght
1,0 2,8 2,1 1,3 36,9 0,0 -104,8 3 -107,8 Self-weight
1,5 3.4 2,2 1,6 61,6 0,0 -103,1 45 -107,6 Self-weight
2,0 4,1 2,3 1.8 90,1 0,0 -101,4 6 -107,4 Self-weight
2,5 a,7 2,3 2,0 1221 0,0 -99,6 7.5 -107,1 Self-weight
3,0 5,4 2,4 2,3 157,6 0,0 -97,7 9 -106,7 Self-weight
3,5 6,0 24 2,5 196,3 0,0 -95,9 10,5 -106,4 Self-weight
4,0 6,7 2,5 2,7 238,1 0,0 -94,0 12 -106,0 Self-weight
4,5 7.3 2,6 2,8 282,8 0,0 -92,0 13,5 -105,5 Self-weight
5,0 3,0 2,6 3.0 330,3 0,0 -90,1 15 -105,1 Self-weight
General input 5,5 8.6 2,7 32 3804 0,0 -88,1 16,5 -104,6 Self-weight
Effective unit weight soil, T' [kM,/m?] 3 6,0 9,2 2,8 34 433,1 0,0 -86,1 18 -104,1 Self-weight
Clay sensitivity, S,/c", ; [1/kPa] 0,042 6,5 3,9 2,8 3,5 488,1 0,0 -84,0 19,5 -103,5 Self-weight
Clay sensitivity |2=0, 5, [-] 2 7.0 10,5 2,9 3.7 545,5 0,0 -82,0 21 -103,0 Suction
Undrained shear strength, SL,-"G",JO -] 0,43 7.5 11,2 2,9 3,8 605,1 0,0 -79,9 22,5 -102,4 Suction
Undrained shear strength | 2=0, 5, [kPa] 1,5 3,0 11,8 3,0 3,9 666,9 0,0 -77.8 24 -101,8 Suction
OCR[-] 1,70 8.5 12,5 3,1 4,1 730,6 0,0 -75.7 25,5 -101,2 Suction
Maximum penetration depth, Z,, [m] 20 9,0 13,1 3,1 4,2 796,3 0,0 -73,6 27 -100,6 Suction
Anchor diameter, D [m] 5 9,5 13,8 3,2 4,3 863,9 0,0 -71,4 28,5 -99,9  Suction
Skirt width, t [m] 0,030 10,0 14,4 3,3 4.4 933,3 0,0 -69,3 30 -99,3  Suction
Bearing capacity factor, N_[-] 7,5 10,5 15,0 3,3 4.5 10044 0,0 -67,1 31,5 -98,6 Suction
11,0 15,7 3.4 4,6 10772 0,0 -64,9 33 -97,9 Suction
Output 11,5 16,3 3.4 a,7 1151,6 0,0 -62,7 34,5 -97,2  Suction
Effective anchor weight, W' [kN] 669 12,0 17,0 3,5 4.8 1227.5 0,0 -60,5 36 -96,5 Suction
Skirt wall area, A, [mZ] 628,3 12,5 17,6 3,0 4,9 1305,0 0,0 -38,3 375 -95,8 Suction
Skirt tip area, At-p[mZ] 0,47 13,0 18,3 3,0 5,0 1383,9 0,0 -36,0 39 -95,0  Suction
Side friction ressistance, Quge [kN] 2616 13,5 18,9 3,7 51 14641 0,0 -53,8 40,5  -94,3 Suction
Tip ressistance, Oy, [kN] 125 14,0 19,6 3,8 5,2 15458 0,0 -51,5 a2 -93,5 Suction
Total penetration ressistance, Q. [kN] 2741 14,5 20,2 3,8 5,3 1628,7 0,0 -49,3 43,5 -92,8 Suction
Required underpressure, Au,., [kPa] 108 15,0 20,9 3,9 54 17129 0,0 -47.0 45 -92,0 Suction
Allowable underpressure, U, [kPal 357|0K 15,5 21,5 4,0 5,4 1798,3 0,0 -44.7 46,5 -91,2 Suction
16,0 22,1 4,0 5,5 1884,9 0,0 -42,5 as -90,5 Suction
16,5 22,8 4,1 2,6 1972,7 0,0 -40,2 49,5 -89,7 Suction
17,0 23,4 4,1 5,7 2061,5 0,0 -37,9 51 -88,9 Suction
17,5 241 4,2 57 21514 0,0 -35,6 52,5 -88,1 Suction
18,0 24,7 4,3 5.8 22424 0,0 -33,2 54 -87,2  Suction
18,5 254 4,3 5,9 23344 0,0 -30,9 55,5 -86,4 Suction
19,0 26,0 44 5,9 24274 0,0 -28,6 57 -85,6 Suction
19,5 26,7 4,5 6,0 2521,3 0,0 -26,3 58,5  -84,8 Suction
20,0 27,3 4,5 6,0 2616,2 1248 -23,9 60 -83,9 Suction
Sum 2616 125
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Appendix D. Input data FEM model (self-weight penetration)

Updated input data clay plug

Input

Anchor radius, r [m]

Skirt width, t [m]

Effective unit weight soil, Y' [kN/m’]

Shear stress at maximum vertical strain, TJ-"U'\,JC, [kPa]
Shear strain induced pore pressure, Uy/o', 5 [kPa]
OCR [-]

Kool-]

Output, soil plug
Radial strain, Er [%]
Vertical strain, Ev [%]

Octahedral total stress change, Ao../o', 5 [kPa]

Shear strain induced pore pressure change, AU,/o', o [kPa]
Excess pore pressure, AU/o", o [kPa]

Updated K, Kg 4 [-]

Updated OCR, OCR, [-]

Transition zone (6.5 - 11.5 m)
Self weight penetration depth
Suction anchor diameter

U,e: at self weight penetration depth
Applied underpressure penetration Au
U..: at applied underpressure penetration depth

Linearly excess pore pressure transition U,

2,50

0,030

3,00

-0,05

-0,05

1,70

0,45

0,60

-1,20

0,43

-0,05

0,38

1,16

2,76

6,5

5,0

72,5

1.4

131,1

11,7

Depth, Z [m]
0,3
0,7
1,0
1,3
1,6
2,0
2,3
2,6
2.9
3,3
3,6
3,9
4,2
4,6
4,9
5,2
5,5
5,9
6,2
6,5

Uy [kPa]

Excess pore pressure, AU [kPa]

Pare pressure, U, [kPa]

0,4 3,6
0,7 7.2
11 10,9
1,5 14,5
1,9 18,1
2,2 21,7
2,6 25,4
3,0 29,0
3,4 32,6
3,7 36,2
4,1 39,9
4,5 43,5
4,9 47,1
5,2 50,7
5,6 54,4
6,0 58,0
6,4 61,6
6,7 65,2
71 63,9
7.5 72,5
1,2 11,2
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Updated input data remolded zones

Input

Anchor radius, r [m] 2,50

Skirt width, t [m] 0,030

Effective unit weight soil, Y' [kN/m"] 3,00

Shear stress at maximum vertical strain, 1',-"0',,}0 [kPa] -0,05

Shear strain induced pore pressure, U,/g', o [kPa] -0,05

Remoulding induced pore pressure, AU/a' . [kPal 0,58

OCR[-] 1,70

Kool-] 0,45

Output, remoulded zone 2+3

Radial strain, Er [%] 1,20

Vertical strain, Ev [%] -2,40

Octahedral total stress change, fi'.cm,fc'\,’ﬂ[kpa] 0,43

Shear strain induced pore pressure change, AU,/a", o [kPa] -0,05

Remoulding induced pore pressure, .{\Uf’c'w [kPa] 0,58

ExCess pore pressure, ﬁuﬁo',}o [kPa] 0,96

Updated Ky, Ky [-] 0,58

Updated OCR, OCR, [-] 1,00

Transition zone (6.5 - 11.5 m) Inside OQutside

Self weight penetration depth 6,5 6,5

Suction anchor diameter 5,0 5,0

U, at self weight penetration depth 83,8 83,8

Applied underpressure penetration Au 31 1,7

U, at applied underpressure penetration depth 150,7| 134,6

Linearly excess pore pressure transition U, 13,4 10,2

Inside anchor Outside anchor

Depth, Z[m] Excess pore pressure, AU [kPa]l = pore pressure, U, [kPa] Excess pore pressure, AU [kPa]  pore pressure, U, [kPa]
1,0 2,9 12,9 2,9 12,9
2,0 5,8 25,8 5,8 25,8
3,0 8,7 38,7 8,7 38,7
4,0 11,6 51,6 11,6 51,6
5,0 14,5 64,5 14,5 64,5
&,0 17,3 77,3 17,3 77,3
7,0 20,2 90,2 20,2 90,2
8,0 23,1 103,1 23,1 103,1
9,0 26,0 116,0 26,0 116,0
10,0 28,9 128,9 28,9 128,9
11,0 31,8 141,8 31,8 141,8
12,0 34,7 154,7 34,7 154,7
13,0 37,6 167,6 37,6 167,6
14,0 40,5 180,5 40,5 180,5
15,0 43,4 193,4 43,4 193,4
16,0 46,2 206,2 46,2 206,2
17,0 43,1 219,1 43,1 219,1
18,0 52,0 232,0 52,0 232,0
19,0 54,9 2449 54,9 2449
20,0 57,8 257,8 57,8 257,8

U, [kPa] 2,9 12,9 2,9 12,9
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Appendix E. Mathematical derivations

Updated lateral earth pressure coefficient in the clay plug (Ko,up,piug) is based on these
assumptions:

e No change in total vertical stress
e Total horizontal stress changes according to a triaxial extension test (TXEuD)

!
Ohup  Ohup — Uup  Opo — 2:T— Uyp

Ii ,0 up plu.g
y y j-, o) u o) u
v.up v.up up v,O up

Oy, is calculated from equation (2.6)
Oh,ois calculated from equation (2.7)

Updated lateral earth pressure coefficient in the remolded zone inside the skirt wall
(Ko,up,rem) is based on these assumptions:

e Horizontal equilibrium between the clay plug and remolded zone after penetration

—_ . !
Ohpiug = Kroupplug * 0 v,o T Uup,piug

!
O-h,rem 0,up,rem o 0,0 + uup,plug

Onplug = Onrem

/ ’ e Lot
K o,up,plug 0 0 + uup,plug =K 0,up,rem ) + uup,plug

1

14 — ! . ! _
K 0,up,rem — o' (K o,up,plug o v,0 + uup,plug uup,plug)
0,0

Uyp,plug — UYup,rem
!
o v,0

! _ !
K O,up,rem — K 0,up,plug

Updated overconsolidation ratio (OCR,;) is based on these assumptions:

e No change in preconsolidation pressure (p’()

4

OCR, = £
v,0

OCRy, = —-¢
0 vup

! — — — ! _ ! _ !
O pup = Opup — Uup = Opo — Uyp = 0 pp + Uy — Uyp = 0 po + (_Au) =0 po— Au

p,c = OCR, - OJv,O
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OCR _ OCRO " OJU‘O _ OCRO - OJ-UJO _ OCRO
up O-’v'u_p O-’v'o — Au 1 _ Au

o v,0

Updated friction angle (¢’) is based on these assumptions:

e Negligible contribution with depth of cohesion (cos($)*c’/ow’'= 0)

e Radial stress (o;) larger than tangential stress (og)

e Acceptable fit between modeled undrained shear strength (t = 0) and original design
shear strength (S./0.,0'*1/5:=0,43 * %4 = 0.11)

Su _cosgo-c’_l_l L+ K'Y si
OJUO - OJUO 2 ( 0) sin @
(e 7s)
= sin C—
¢ 1+ K, 0w
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Appendix F. Soil investigation Tiller
Undrained shear strength [kPa)] / Sensitivity [-]
0,0 25,0 50,0 75,0 100,0
G Il Il 1 1
0,5
] +
K
| % L
1
| Il +
A
. -
15 1p=15,8%
—
=
] A *
X
E
2
o X
4 A
| *
= A
2,5
| *
’ 4
[ ] *
A
P
3.5
A
o *
1p=13,5%
4 T T T T
0,0 25,0 50,0 75,0 100,0
W [3¢] / Plasticity limits [%]
# Su-cone B St-cone A Su-uniaxial EW
Title: Index data plot Project: Master thesis
Description: Date: 14.03.2012
Undrained shear strength (5,), sensitivity (5}, Drawing nr.: R6
watercontent (W) and plasiticity limits (W, +W). B |_\ | r I 1 |\ | l I
Det skapende universitet
Geotechnical Division
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Konusforsgk Vanninnhold
Z[m] 5, [kPa] 5, [kPa] S.[-] Z[m] w [48]
0.6 1100 35,5 31 0,65 30,7
0,72 1010 74,1 1.4 0,75 311
1,15 1040 35,5 6,8 1,15 29,9
14 2450 16,2 151 1,60 311
1,65 74,1 9,8 71,6 1,75 326
2,25 771 6,2 11,3 2,05 33.0
2,65 52,2 3.9 134 2,40 33,2
2,75
31 37.8 40 9,5 3,05 375
3,68 t4.4 2,3 23,7 3,35 33,2
3,75 36,0
Enaks. Trykk
Zim] 5, [kPa] £, [%] Plastisitetsgrenser
; ; Z[m] w, [%] w_ [%] I, [%]
1,25 72,5 8,5 1,55 40,1 244 15,8
1,65 331 8,0 2,75 - -
2,18 46,2 3,0 3,73 36,7 23,2 13,5
2,38 41.5 2,0
3,25 30,1 18 Rutineparametere
3,60 29,1 1,3 Z[m] n[-] el
0,65 0,47 0,88
Densitet liten prave 1,58 0,51 1,03
Ziml Py [@em’] P [Re] Yy N/MT] i [kN/M] 2,20 0,46 0,84
0,65 1,45 1,92 142 18,8 3,15 0,52 107
1,58 1,36 1,87 133 18,3
2,20 1,50 1,95 14,7 19,2
3,15 1,46 1,97 14,3 19,4
Title: Index testing Project: Master thesis
Description: Date: 20.03.2012
Prosiekt: Tiller Drawing nr.: RS
Operatar/Gruppe: Sgjdis & Uhvestad Borested: Tiller
Dato prevetaking: 08.03.2012 Hull nr: 1
Dato preved pning: 14.03.2012 Prave nr. B | \| I | \| | I
Generell klassiflsering:
Geoteknisk betegnelse: Tarrskorpe + leire Det SkEIDEﬂ[IE universitet
lordart: Torv/fsiltig Leire/Leire
Dybde: 0038m Geotechnical Division
Merknader: Ngkkeldata samlet for borhull 1.
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Plastisitetsgrenser Testl
Apning av prpverpr Korndensitet fra pyknometerm aling Masse beger m/lokk B -
Dybde, z- 0,00,8 m Masse pyknometer+vann (1) 148,63 g Totsl masse vit - :
Grunnvannstand a5 m Masse pykn.+prgwe+vann (2): 156,72 g Total masse tgrr _ :
# E
Lengde av prgve, L: 51 cm Total masse tgrr: 225,18 g Massa vann ~ -
Volumavprave, 23,2xL I:l:m; Masse skal: 21286 g Flytagranse, w . %
= 1] =
Masse av sylinder m/prave 4448 g Massa tarr (3): = Mazsse beger m/lokk ; -
IMasse tom sylinder 2046 g Korndensitat: s =
e Lz Total masse vat - E
Mass= preve £ PN BHIPS |:Ig;:m Total masse tgrr - E
Midlere densitst, P g,":rn5 Masse vann - E
Midlere tyngdetetthet, 7=p-g kN Jm Rullegranzs, w, - £
Konusforsgk Test 1 Test2 Tast3 Prgveinndeling Densitet liten preve Ring
= 110 101 - kPa Ring nr 7
<. 355 74,1- kPa a Mazse ring Jledg .
z 3 Volum ring 34,8 cm
10 Skdlnr 85,18
Mangler. 3
Enaks. Trykk Test 1 Test2 Masse skal . &5,15¢
Tot masse vat 163,47 g
5, - - kPz 20
. Tot masse tgrr 115,53 g
ke ° ° * Masse vit preve E
. Forstyrret 3 zzze terr prgve £
Vanninnhold Test 1 Test2 Tast3 tomf myr masse Tarr densi . 3
o e/c
SK3l 243 111- s a0 Rrrdensitat S
Tot masse vit 108,69 108,7 - £ mimye vann Tarr tyngdatetthat kN
N . P
Tot masse tgrr 29,58 88,29 - g P 50 Vat densitet gfem”
Masse vann | | |_ £ V. Vit tyngdetetthet kN/m
Mzsse kil 27,34 22,57 - £ B &0 i
Rutineparametere
Msss= tarr prave | | |_ g W Plastisitetsindeks: |y=wir-ws - %
Pz 70 Flyteindeks: I=fw-wg/ fwow -
Vanninnhold | | |' % b Porgsitet: n=1-(p4/p.)
W i
: 30 Pargsitet: n=V,/V
Paretall: =[P, /P4 -1
Poretzll: &=n/[1-n)
Metningsgrad: 5r 100 %
Title: Index testing Project: Master thesis
Description: Date: 20.03.2012
Prozjekt: Tiller DI H .
rawing nr.: R1
Operatar/Gruppe: Spjdis & Uheestad Borested: Tiller B
Dato pravetaking: 08032012 Hull nir: 1
Dato praved pring: 12032012 Prave nr: UET | \ | I | \ | | I
‘Generell klassifisering:
Geoteknisk betegnelse: Taory, myr, lelre H H
Jordart Det skapende universitet
Beskrivelse: Phre del er komprimert fsmeltet. Noe rptter og organiske partikler. ® T
Merknzdar: Manglerca.35cm av praven. GEOtEChIllcal DI‘VIS]‘OH
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Plastisitetsgrenser Test 1
Apning av prevergr Korndensitet fra pyknometermaling Masse beger m;lokk 7768 =
Dybde, z: 1,0-1,8 m Masse pyknometer+vann [1): 14835 g Total macee vit 6185
Grunnvanhstand 05 m Masse pykn+pravesvann (2): 15863 g Total masee térr 5192 2
Lengde avprave, L: 781 em Total masse tarr: 31826 g Masse vann J_ :
Volum av prave, 23, 2 cm-’ Masse skl E] z Flytezrense, w. 401 ;
Masse av sylinder m/prave 53303 g Masse tarr (3): I:lg Masse beger m/lokk 1547 ¢
Masse tom sylinder 1730 g Korndensitet: ) Total masase Vit 41’23 -
Masse prave 36003]g P ABVILFEH] £ [ e Total masse torr 3515 ¢
Midlere densitet, p 20 gﬁ:m5 Masse vann 3,10)s
Midlere tyngdetetthet, y=p.g 19,7 [kNfm® Rullegrense, w, 244 |5
Konusforsgk Testl Test 2 Test3 Preveinndeling Densitet liten prave Ring
Su 245 74,1 kPa Ring nr 7
5. 15,2 16,2 9.8 kPa MMasse ring 3led g .
;,.g| -_5.-_| 7.;,| 0 Valum ring 348 cm”
Skdlnr 54
Iasse skal 25,1 g
Enaks. Trykk Testl Test 2 Vi 10 Tot masse vAt 1318 2
% 725 33,1 kPa Wy Tot masse tarr 7248 g
Ea 85 8% 20 Masse vat preve 64,54]g
Masse tgrr prave 47,26 |2
Vannlnnhald Testl Test2  Test3 Enaks. E i Terr densitet 14 |gfem
Skalnr 85 65,18 78 Tarr tyngdetetthet 13,3 |kNfm*
Tot masse vat 12007 1271 1i1i1dg v, 40 VAt densitet 19g/er’
Tot masse tarr 110,67 11241 9606 g ; —=—= ",
Masse vann | 18,%0] 14,69 15,08z 50 Vit tyngdetetthet 18,3 [kN/m
Masse skal 45,07 6518 4583 g Wi+ W Rutineparametere
Masse torr prove | 61,60 4723 4623g p: ] Plastisitersindeks: |,ow W, -
Wa Fiyteindeks: | [w-w g/ [w-ws 03
Wannin nhold | e_:‘.:‘| _-._._| a2 U|% W 70 Parasitet: n=1- pa/p.) -
itate n=_ i
Enaks.+ p %0 Pargsitet: n=\i,/V
- Paretall: e=(p.pa) -1 -
Poretall: e=n/(1-n}
IMetningsgrad: S5r 100 %
Title: Index testing Project: Master thesis
Description: Date: 20.03.2012
Prozjekt: Tlller Drﬂwing nr.: R2
Operatar/Grupps: Sopdis & Ulvestad Borested: Tiller
Dato pravetaking: 0E.03.2012 Hull nr: 1
Dato provedpning: 13.03.2012 Provenr T100
‘Generell klassifisering:
Geoteknisk betegnelse: Terrskorpe De[ Skapende universitet
lordart: Siltig leire / leir?
Baskrivalsa: @wre del bestdrav humushaoldig terrskarpe (gvra 57 cm). Nedre del lzire. GEOtECthiCﬂ.]. DiViSiOIl
Merknader:
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Plastlsitets Test1
Apning av prevergr Korndensitet fra pyknometermaling ME:;S: begfrren.f;k es 135 2
Dybde, 2,0-2,8 m Masse pyknometer+vann [1): 148,35 g Total ma:se \.':]; 4’5 5:
Grunnvannstand 0,5 m Masse pykn.+prgvesvann (2): 155,31 ¢g Total masse tarr 3 F;Z -
Lengde av prave, L: 79,3 cm Total masse tarr: 146,98 g Masse vann . :
Volurm av prave, 23, 2% e Masse skal: 125 ¢ Flytegrense, w ;G
Masse avsylinder m/preve 5321,1¢g Masse terr [3): I:lg = .
Masse tom sylinder 17264 & Korndensitet: 'TD:SISE beger r:; lokck j:’zi £
3 al masse v 34 g
Masse prave g £ =BIL+EH2 £ [ 2selefem Total mases tarr 0?2
Midlere densitet, p glem® hdasze vann - 2
Midlere tyngdetetthet, 7=p-g kM/m*~ Rullegrense, w, - %
Konusforsgk Test 1 Test2  Test3 Pravelnndeling Densltet liten prove Ring
5y 771 52,2 - kPa Ring nr 3
S 6,8 3.5- kP 0 Masse ring 3286lg
5 I:I:l_ W, Volum ring 35,3 cm”
Enaks. 1 10 Skal nr 1305
Enaks. Trykk Test1  Test2 Masse skal 1365¢
5 36,2 415 kPa o 20 Tot masse vat 3521 ¢g
£ 3 52 V. Tot masse tarr 266,47 g
3 : Masse vAt prove g
Enaks. 2 30 Masse tarr prove g
Vanninnhold Test 1 Test2 Test3 Terr densitet o fem
Skal nr 201 63,61 BO79 A 40 s
Terr tyngdetetthet kNS
Tot masse vat 5742 11164 13332 g Bdo. VAt dencitet o fom
Tot masse tarr 7548 S568 S9B8 g Triax. 50 = s
Masse vann | | |g Vat tyngdetetthet kNS
Masse skal 2514 B3,61 6075 2 3]
Rutineparametere
Masse tarr prave g Ps
| | | | v 70 Plastisitetsindeks: | =w-w, - i
) - Flyteindeks: l=(w-w,/iw-w, -
Vanninnhold | | | |3ﬁ W W Porasitet: n=14pa/py
W, 80 e
Porgsitet: n=\,/V
Poretall: e=(pafpal -1
Poretall: e=nf{1-n)
MMetningsgrad: Sr 100 %
Title: Index testing Project: Master thesis
Description: Date: 20.03.2012
Operatar/ Gruppe: Spjdis & Ulhestad Borested: Tiller Drawing nr.: R3
Dato pravetaking: 08.03.2012 Hull nr: 1
Dato provedpning: 14.03.2012 Prave nr: NTH120 B P ] r I 1 |_\ | | I
Generell klassifisering:
Geoteknisk betegnelze: Leire . .
lordart: Leire Det SkEIIJEﬂdE universitet
Beskrivelze: Fin prove. Noe organisk materiale (rester av rotter). G ' LI
eotechnical Division
Merknader: Observert en liten stein i overflaten ved utskywning (30-50 cm ned fra opp).

NTNU — Geotechnical Division

97

Anders Ulvestad



Consolidation Settlement of Suction Caissons Appendix

Plastisitetsgrenser Testl
Apning av prevergr Korndensitet fra pyknometermaling Masse beﬂfr rylokk 2243 2
Dybde, z: 3,03,8 m Masse pyknometersvann (1}: 148,35 g Total masse vAL 4051 2
Grunnvannstand 0.5 m Masse pykn +prave+vann (2] 163,35 g Total masse tarr 35’55 -
Lengde av prave, L: 76,1 cm Total masse t@rr: 314,50 g Masse vann i :
Volurm av prave, 23,2xL cm® Masse skl 250,36 g Flytegrense, w ;ﬁ
Masse avsylinder miprave 52654 g Masse tarr (3): |:[ﬂ - ’
vlinder m/prav 4 8 err (3] g Masse beger m/lokk 2066 ¢
Masse tom sylinder 17274 ¢ Korndensitet: Total masse VAt 3352 g
=(3/] fem® 2L 8
Masse prave I p =BV & I:[g,cm Total masse tarr 31,10 2
Midlere densitet, p gfem” Masse vann g
Midlere tyngdetetthet, v=p-g kr\\l.“’m5 Rullegrense, w, %
Konusforsgk Testl Test2  Test3 Praveinndeling Densltet liten prave Ring
5 378 544 - kPa Ring nr 7
5 4,0 23- kPa 0 Masse ring b4z
V. 10 Skal mr 57
1
Masse skl 24,98 g
Enaks. Trykk Testl Test2 (51 Tot masse vat 12531 g
Su 30,1 25,1 kPa Enake. 1 20 Tot masse tarr 75,68 g
Ea 18 18% MMasse vat prave f=4
Pdometer 30 Masse tarr prgve z
Vanninnhold Test1 Test2 Test3 W, Tarr densitet g;f:ms
Skalnr 75 B3TS 42 40 Torr tyngdetetthet kN fm®
Tot masse VAt 9,31 110,15 170,84 g Triax. VAt densitet gfem®
Tot masse tarr 22,36 9858 15667 g 0 Vat tyngdetetthet ki /fm?*
Masse vann | | [ le Enaks. 2
Masse skal 4513 63,75 11734 g ' &0 Rutineparametere
Masse tarr prove | | =z P: Plastisitetsindeks: | .=w-w, %
. wew, |70 Flyteindeks: L={w-w,/(ww.,
Vanninnhold | | | |3G Va Porgsitet: n=1-pa/Ps)
W &0 Porgsitet: m=V,/V
Poretall: e={p./p4) -1
Poretall: e=nj[1-n)
Metningsgrad: Sr 100 %
Title: Index testing Project: Master thesis
Description: Date: 20.03.2012
Prosjekt: Tiller i H
Operater/ Gruppe: Seidis & Ulvestad Borested: Tiller Drawingnr.: R4
Drato prevetaking: 08.02.2012 Hull nr: 1
Dato prevedpning: 14.03.2012 Prgwe nr: 700 E | \ | I | \ | | I
Generell klassifisering:
fofgt;:m*betesnehe t::;: Det skapende universitet
E{?krh'edlse: Renog fin prgve. Konturerer til noe uklar lagdeling (forskjellig fargenyanser). Geotechnical Division
erknader:
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The registered pore pressures are very low, and compared to earlier observations hydrostatic ground water level
should be at a depth of approximately -0.5 m. This is also supported by earlier CPTU tests in the area.
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Appendix G. Model test design
Design input data

Input

Effective unit weight soil, T' [kN/m7] 9
Clay sensitivity, S, [-] 13
Undrained shear strength, SL;"G'Mj [kPa] 1,25
Bearing capacity factor, N_[-] 2
Skirt thickness, t [m] 0,01
skirt height, h [m] 0,5
Skirt width, b [m] 0,1
Penetration depth top, Z; [m] 3
Output

Skirt wall area, A, [mal 0,10
skirt tip area, Ag, [m”] 0,001
Side friction ressistance, Qg [kN] 0,281
Tip ressistance, Q-p[kN] 0,1
Total penetration ressistance, Qg [kN] 0,4
Quota side friction ressitance, Qug. [%] 71,8
Quota tip ressistance, Qg [%6] 28,2

Buckling check installation
Load input

Maximal average undrained shear strength (0,5 m), 5,5 <, [kPa]
Sensitivity for max. Undrained shear strenght (0,5m), S, s, [-]
Depth of design values, Z;...., [m]

Design tip ressitance, Qg 4 [kN]

Design skirt side friction, Q. 5 [kN]

Load factor, Y.[-]

Design total ressitance, Quu [kN]

Rod

Input
Rod diameter, © [m]

Output

Area moment of inertia, x-axis, I, [mm®“]
Area, A [m7]

Buckling length, Ly , [m]

Area radius of inertia, i, [mm]
Slenderness, Ay, [-]

Bucklingload, P, [kN]

Plate

Output

Area moment of inertia, x-axis, I, [mm*]
Area, A [mZ]

Buckling length, Ly , [m]

Area radius of inertia, i, [mm]
Slenderness, ?\k,x[']

Bucklingload, P, [kN]

z[m]

Su [kF Su,rem [k Qg [kN] Qi [kN]
3 33,8 2,60 0,00 0,00
3,05 34,3 2,64 0,03 0,00
3,1 34,9 2,68 0,05 0,00
3,15 354 2,73 0,08 0,00
3,2 36,0 2,77 0,11 0,00
3,25 36,6 2,81 0,14 0,00
3,3 371 2,86 0,16 0,00
3,35 37,7 2,90 0,19 0,00
3,4 38,3 2,94 0,22 0,00
3,45 388 2,99 0,25 0,00
3,3 394 3,03 0,28 0,11
Sum 0,28 0,11
Buckling check pull test
Rod
60 Input
10 Rod diameter, & [m]
2,25
Output
014 Area moment of inertia, x-axis, I, [mm?*] 3,22E+03
Area,-ﬁ\ [m*] 2,01E-04
111 Buckling length, L, , [m] 1,5
Area radius of inertia, i, [mm] 4,00E+03
Slenderness, ‘\k,x['] 3,75E-04
Bucklingload, P, [kN] 2,96 0K
Plate
3,22E+03 Output
2,01E-04 Area moment of inertia, x-axis, I, [mmA] 3,33E+03
L5 Area, A [m?] 0,05
Buckling length, L, , [m] 0,35
4,00E+03
3,75E-04 Area radius of inertia, i, [mm] 4,08E+H02
2,96/ 0K Slenderness, A, , [-] 8,57E-04
Bucklingload, P, [kN] 140,99 |OK
8,33E+03
0,05
0,35
4,08E+02
8,57E-04
140,99 OK
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Appendix H.

Thixotropy test results

Rutineundersekelser; Laboratorium for Geoteknikk NTNU

Prosjekt:

Operater/Gruppe:
Dato prevetaking:
Dato prgvedpning:

Generell klassifisering:
Geoteknisk betegnelse:
Jordart:

Beskrivelse:
Merknader:

Apning av prevergr
Dybde, z:

Grunnvannstand

Lengde av prave, L:

Volum av prave, 23,2xL
Masse av sylinder m/prove
Masse tom sylinder

Masse prgve

Midlere densitet, p

Midlere tyngdetetthet, y=p-g

Konusforsgk

Tiller
Ulvestad
25.01.2012
03.05.2012

Borested: Tiller
Hull nr: 3

Prgve nr: 205

Leire
Leire
Ren og fin prave.

3,0-3,8 m
0,5 m
79,3 cm
cm®
52771 g
17289 g
g
glem®
kMN/m®

Testl Test2 Test3

Prgveinndeling

Sy
5.

5

Vanninnhold

31,9 29,9 kPa

3,3 1,9 kPa

Destroyed

Test1l Test2 Test3

skal nr

Tot masse vit
Tot masse tarr
Masse vann
Masse skal

Masse torr prave

Vanninnhold

Plastisitetsgrenser

72 86 -

20

160,16 163,93 - g

134,65 140,37 - g

30

48,87 45,69 - g

a0

50

Vi 60

Testl Test2

Masse beger m/lokk
Total masse vat
Total masse tarr
Masse vann
Flytegrense, w
Masse beger m/lokk
Total masse vat
Total masse terr
Masse vann

Rullegrense, w,

Rutineparametere

70

31,55 30,50 g

Vatl,

51,35
46,63

57,22 g
50,01 g

80

g
o
29,10 g
38,50 g
36,36 g

31,21
41,11
39,41

Plastisitetsindeks: I,=w-w,

Flyteindeks: l={w-wy/(w-w,
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Test # Vg Vg V, Vy V. Ve V. Vs Vg Vi W, Vi Tid [d] 27 25
s,_’._.,f[kPa] 30,2 31,9 27,5 skal nr 61 61
5, rei -] | D,D‘ D,D‘ l?-_l| D,D‘ D,D‘ 9.?| D,D‘ D,D‘ D.D| D,D‘ 15,5'-‘ D.El| Tot masse vat 78,02 45,07 g
Date t0 [-] 14.mai 14.mai 04.mai 04.mai 04.mai 04.mai 04.mai 04.mai 04.mai 04.mai 04.mai 04.mai Tot masse ta@rr 65,38 43,55 g
s,,m[kPa] 4,6 4,6 2,3 2,1 2,4 3,3 2 2,1 2,5 2,1 1,8 1,9 Masse vann | lZ.L‘-i‘ S_SZ‘g
t1 [days] 2 15 3 7 7 10 17 18 27 25 31 Masse skal 24,48 2448 g
Datetl[-] 16.mai 29.mai  07.mai  1lmai  1l.mai  14.mai  21l.mai  22Zmai  3Lmai  29.mai 04.jun Masse tgrr prave | iIZI_ElD| 19_D?|g
5.1 [kPa] 34 16,7 6,6 8.6 8 84 10,8 8.9 9,6 12,3 7.5

Setof 5ot [-] | 1,8‘ ;,a‘ 2_9| _1‘ _1,_1‘ 2_5| 5_‘ -2‘ ?-_8| 5,9‘ _2‘ | Vanninnhold | _10,9‘ 28,9‘%
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