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ABSTRACT
The demand for offshore wind turbines is increasing in densely populated areas, such as
Europe. These constructions are typically founded on a gravity foundation or a large
‘mono pile’. Gravity foundations can only be used at locations where strong soils exist
and water depths are limited. Costs associated with a ‘mono pile’ type foundation
contribute to a very large percentage of the total investment costs. This research,
therefore, focuses upon a different foundation for offshore wind turbines, namely
suction caissons beneath a tripod. This foundation can be used in all kinds of soil types
and is cheaper than the ‘mono pile’ foundation, both in the amount of steel used and
installation costs. Cheaper foundations can contribute to a more competitive price for
offshore wind energy in comparison with other energy resources. To date, there have
been relatively few studies to investigate the behaviour of this type of foundation during
the installation process and during operational and ultimate loading for seabed
conditions comprising dense sand.
Two types of investigations were performed during this research to determine the
behaviour of suction caissons beneath a tripod. Firstly, an existing computer program
was extended to predict the typical loading conditions for a tripod foundation.
Secondly, centrifuge tests on small scale suction caissons were performed to investigate
the behaviour during the installation and loading phases.
The computer program developed helped to quantify the likely ranges of environmental
loading on an offshore wind turbine. For a typical 3 MW wind turbine of 90 m height,
the vertical load is low at around 7 MN. During storm conditions the horizontal
hydrodynamic load can be in the order of 4 MN. During normal working conditions the
horizontal aerodynamic loads can reach 0.4 MN, but can increase to 1.2 MN when the
pitch system malfunctions and gusts reach 30 m/s. This aerodynamic load will result in
a very large contribution to the overturning moment, due to the high action point of this
load. When the wind turbine is placed on top of a tripod, these large moments are
counteracted by a push-pull system. Failure of an individual suction caisson is more
dramatic during tensile loading (pull) than during compressive loading (push) thus the
focus of this research was placed upon the (cyclic) tensile capacity of suction caissons
in sand. Because of concerns of high resistances during installation of suction caissons
in dense sand and layered soils, the installation process was investigated as well.
The centrifuge test results confirmed that the resistance during suction installation in
sand is significantly lower than during installation by jacking. No obvious liquefaction
occurred, even when high installation pressures were applied. Installation in layered
soils revealed that the resistance in the sand layer during suction installation is still
v
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lower than during installation by jacking, but also introduces the risk of plug uplift. The
pull out tests revealed that the tensile resistance was significantly smaller than the
compressive resistance, and by making simple assumptions it was found that the tensile
frictional resistance was about 1/3 of the compressive frictional resistance for these
shallow foundations. The maximum differential pressure developed across the caisson
lid was found to depend on extraction speed, soil permeability and the cavitation limit,
of which the last was typically governing. The development of differential pressure was
found to depend on the soil permeability, the extraction speed and a consolidation
effect. During cyclic loading no obvious signs of a decrease in resistance were
observed. During very fast cyclic loading differential pressures developed, which could
increase the drained frictional resistance by approximately 40%.
All centrifuge tests results were used to develop methods to predict or back calculate the
installation process of suction caissons in sand and layered soil, and the behaviour
during tensile and cyclic loading. These methods all use the cone resistance as the main
input parameter and predict the force (or required suction) as a function of time, for a
given rate of pumping or uplift displacement, in addition to the variation of suction with
penetration (or force with uplift displacement). These new methods provide a useful
tool in designing a reliable foundation for offshore wind turbines consisting of a tripod
arrangement of suction caissons embedded in dense sand.
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NOMENCLATURE
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ANW
Asi
Aso
Astruc
Atip
Awave
c
C
C1,2,3,4,5
CD
CD(α)
CDax
CDax,BE
CDax,M
CL(α)
CM
cu0
cv
D
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Dax
dcone
Df
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Do
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F, FL, FN =
Fdb
=
Fi, Fo
f i, f o

=
=

Axial flow induction factor
[-]
Eccentricity of the yield surface
[-]
Ratio of excess pore pressure at tip of caisson skirt to beneath the base [-]
Parameters used in several formulae
[-]
Parameter used to determine the ratio of excess pore pressure at tip of
caisson skirt to beneath the base
[-]
2
Area of the caisson top, 0.25πDi
[m2]
2
Rotating area of rotors or support pile area, πRrot
[m2]
Horizontal water particle acceleration of wave n
[m/s2]
Total wave acceleration for New Wave
[m/s2]
Inner pile perimeter, πDi
[m]
Outer pile perimeter, πDo
[m]
Acceleration of structure
[m/s2]
Rim area of suction caisson, 0.25π(Do2-Di2)
[m2]
Total wave acceleration
[m/s2]
Airfoil chord length
[m]
Constant used to determine unit friction
[-]
Coefficients for several formulae
[-]
Drag coefficient for Morison equation, here 0.7
[-]
Drag coefficient used in blade element calculations
[-]
Axial force coefficient
[-]
Axial force coefficient according to the blade element theory
[-]
Axial force coefficient according to the momentum theory
[-]
Lift coefficient used in blade element calculations
[-]
Inertia coefficient for Morison equation, here 2.0
[-]
Shear strength at muline
[Pa]
Coefficient of consolidation
[m2/s]
Diameter of caisson or support pile
[m]
Mean value of the grain size
[m]
Axial force
[N]
Diameter of the penetrating object
[m]
Drag force
[N]
Inner diameter of the caisson
[m2]
Outer diameter of the caisson
[m2]
Relative density
[%]
Soil stiffness based on oedometer test results
[N/m2]
Young’s modulus for steel
[N/m2]
Force
[N]
Frequency
[Hz]
Yield surface function
[-]
Factor representing the amount of reduction in average internal friction and
end bearing due to decrease of vertical stress inside the caisson
[-]
Factor to determine seepage length (Houlsby et al., 2005)
[-]
Constant used for influence of increasing shear strength with depth (Davis
and Booker, 1973)
[-]
Inner and outer friction on suction caisson
[N]
Rate of change of inner or outer diameter over which vertical stress is
enhanced
[-]
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Fic, Foc
Fis, Fos
flim
fn
fp
fperm

=
=
=
=
=
=

Frot,i
fs
Ftens
Fwind
Fx,i
g
g
G(z)
Gr
H
H
H0
h0
H2
H3
Hs
i
iave
icrit
J

=
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=
=
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Jm
k
K
K, K0
k, ksoil
K0

=
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=
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=

K1,2,3
K∞

=
=

KAPI
kb, kp, kγ
kclay
KD&D
kf_c
kf_t
kfac
kfac_thin
kh', km'
k i, k o
kn
kp
KP
kplug

=
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=
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=
=
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Inner and outer friction on suction caisson in less permeable layer
[N]
Inner and outer friction on suction caisson in sand layer
[N]
Limiting unit friction
[Pa]
Frequency of sinusoidal fluctuation n
[Hz]
Constant which describes the limiting magnitude as a proportion of V0m [-]
Permeability factor describing the ratio between the differential pressure on
top, p1, and the bottom ,p2, of the less permeable layer
[-]
Resulting force in rotating direction on element i
[N]
Unit sleeve fricton
[Pa]
Tensile capacity of suction caisson
[N]
Wind load on structure, or undisturbed wind thrust
[N]
Resulting force in horizontal direction on element i
[N]
Acceleration of gravity, 9.81
[m/s2]
Plastic potential function
[-]
Soil shear modulus at depth z
[Pa]
Reference soil shear modulus at z = 0.5D
[Pa]
Height of soil sample loaded during consolidation
[m]
Horizontal load
[N]
Maximum horizontal load capacity when V=0 and M=0
[N]
Parameter indicating the maximum horizontal loading as ratio of V0
[-]
Horizontal load in y2-direction
[N]
Horizontal load in y3-direction
[N]
Significant wave height
[m]
Hydraulic gradient, defined as d(p/γw)/ds
[-]
Average exit hydraulic gradient across the upper surface of the plug
[-]
Critical hydraulic gradient = γ'/γw
[-]
Dimensionless parameter representing the relative stiffness of the caisson
skirts
[-]
Value of parameter J at K = (K0+K∞)/2
[-]
Initial plastic stiffness of the soil
[Pa/m]
Intrinsic permeability
[m2]
Coefficient of lateral earth pressure
[-]
Permeability of the soil
[m/s]
Stiffness coefficient for a rough rigid circular footing on the surface of an
elastic half-space
[-]
Stiffness of springs used in model to describe uplift
[Pa/m]
Stiffness coefficient for a rough perfectly rigid caisson embedded in an
elastic half-space
[-]
Coefficient of lateral earth pressure according API = 0.8
[-]
Empirical parameters used to determine JONSWAP spectrum
[-]
Permeability of the less permeable soil inside the caisson
[m/s]
Stiffness of the suction caisson according Doherty and Deeks (2003) [Pa/m]
Friction coefficient for compression loading
[-]
Friction coefficient for tension loading
[-]
Ratio between ki and ko
[-]
Ratio between ki directly next to the inner caisson wall and ko
[-]
Rate of change of association factors ah and am respectively
[-]
Permeability of the soil respectively inside or outside the caisson
[m/s]
Wave number of wave n
[m-1]
End-bearing coefficient
[-]
Power loss factor, typically around 0.9
[-]
Permeability of the less permeable soil inside the caisson
[m/s]
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ksand
Ksoil
Ksys

= Permeability of the sand
[m/s]
= Initial modulus of subgrade reaction
[Pa/m]
= System bulk modulus of water, air and soil inside the caisson, typical value
1x104
[Pa]
[-]
KV,H,M,T,C = Dimensionless stiffness coefficient
L
= Length of caisson and assumed maximum penetration depth of the caisson
tip
[m]
L'
= Penetration of the caisson within the sand layer (= L - zclay)
[m]
L1,2,3,4,5 = Length of springs, dampers and dashpots used in model to describe uplift[m]
Lf
= Lift force
[N]
Lfric_eb = Displacement of the soil mass due to loading from friction and end bearing
[m]
Lplug
= Thickness of overlaying, less permeable soil
[m]
[m]
Lplug_lift = Height of the plug uplift
Lseep_cons = Equivalent length of fluid expelled or introduced in the soil mass due to the
consolidation effect
[m]
[m]
Lseep_nor = Seepage volume, ΔVseep, divided by caisson area, Acan
Lvoid
= Initial void height, typically 0.5% of the caisson height, L
[m]
Lw
= Integral length scale (wind)
[m]
m
= Counter used in consolidation calculations
[-]
M
= Moment load
[Nm]
m
= Ratio of outer diameter, describing outer field influence of tensile friction[-]
m0
= Parameter indicating the maximum moment loading as ratio of V0/2R
[-]
M2
= Moment load around in y2-axis
[Nm]
M3
= Moment load around in y3-axis
[Nm]
Mrot
= Overturning moment in the rotor shaft
[Nm]
mv
= Compressibility coefficient
[Pa-1]
N
= Number of points taken in the time series of κ*ov
[-]
n
= Number of regular waves counter
[-]
N
= Ratio of applied gravity in the centrifuge and the normal gravity
[-]
Nb
= Number of blades in rotor
[-]
= Theoretical ratio between cone resistance and shear strength
[-]
Nk
Nq
= Dimensionless bearing capacity factor
[-]
Nq_API = Dimensionless bearing capacity factor according API (2000)
[-]
= Number of elements in blade
[-]
Ns
NT-bar
= Theoretical ratio between T-bar resistance and shear strength
[-]
Nw
= Number of regular waves
[-]
= Dimensionless bearing capacity factor
[-]
Nγ
p
= Differential pressure between the inside and outside of the caisson lid [Pa]
p
= Discrete time series counter
[-]
p
= Horizontal resistance per unit length
[N/m]
P
= Power
[W]
p= Pressure on the downwind side of the actuator disc
[N/m2]
[kPa]
P
= Total load (including self weight) divided by Acan
p+
= Pressure on the upwind side of the actuator disc
[N/m2]
p0
= Pressure on top of the soil sample, used in consolidation calculations [Pa]
= Undisturbed atmospheric pressure, 100 kPa
[Pa]
p0
p1,2,3,4 = (Differential) Pore pressure measured at different pore pressure sensors [Pa]
pcav
= Pressure at which cavitation starts (typically 0 kPa)
[Pa]
= Differential pressure at which the surface hydraulic gradient becomes
pcrit
critical
[Pa]
pplug
= Minimum pressure to lift up the plug
[Pa]
= Ultimate horizontal resistance per unit length
[N/m]
pu
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pu_base = Horizontal resistance over the base of the suction caisson
[N]
pu_deep = Ultimate horizontal resistance per unit length according deep failure [N/m]
pu_shallow = Ultimate horizontal resistance per unit length according shallow failure[N/m]
q
= rate of influx of water
[m3/s]
Q
= Unit end bearing (API)
[Pa]
qaero
= Total aerodynamic load per unit length
[N/m]
qc
= Cone resistance
[Pa]
= Total hydrodynamic load per unit length
[N/m]
qhydro
Qlim
= Limiting unit end bearing
[Pa]
qT-bar
= T-bar resistance
[Pa]
[Pa]
qT-bar, remoulded= Remoulded T-bar resistance
Qtip
= Ultimate bearing capacity of suction caisson
[N]
R
= Rotor radius
[m]
r
= Roughness factor, 0.8 for smooth caissons (Feld, 2001)
[-]
r(t)
= Autocorrelation function
[m]
Rc
= Resistance on a suction caisson loaded in compression
[N]
= Resistance on a suction caisson during suction installation (Andersen et al.,
Rc,flow
2008)
[N]
Req
= Rotor radius which dived the rotor swept area into two equal areas, r/√2 [m]
ri
= Maximum change in inside friction, ≤ 1.0 (Feld, 2001)
[-]
ri
= Radial position of element i
[m]
ro
= Maximum change in outside friction, proposed 0.1(z/D)0.25 (Feld, 2001) [-]
rt
= Maximum reduction in tip resistance, no proposal made; assume 1.0 (Feld,
2001)
[-]
Rt
= Resistance on a suction caisson loaded in tension
[N]
s
= Distance traveled by the wind in the rotating frame
[m]
S
= Wave spectrum
[m2s/rad]
S*
= Discrete wave spectrum
[m2s/rad]
s, swall = Hydraulic distance (seepage length)
[m]
[m]
save, stheo = Equivalent average seepage length
sclay
= Hydraulic distance (seepage length) in sand beneath a less permeable soil
layer
[m]
= Consolidation seepage length
[m]
scons
scons_ave = Average consolidation seepage length during cyclic loading
[m]
= Distance from suction caisson to centralised leg of eccentric tripod
[m]
secc
SJS (ω) = JONSWAP variance density spectrum
[m2s]
SN
= Suction number
[-]
= Critical suction number
[-]
SN,cr
So v
= Rotationally sampled spectrum
[m2/s]
SPM (ω) = Pierson-Moskowitz variance density spectrum
[m2s]
= Distance from suction caisson to centre of tetrapod
[m]
sq
sq , sγ
= Shape factors
[-]
st
= Distance from suction caisson to centre of tripod
[m]
= Sensitivity of the soil (shear strength divided by remoulded shear strength[-]
St
su
= Shear strength of clay
[Pa]
Sv (f )
= Power spectral density function of wind speed fluctuation
[m2/s]
[m2/s]
Sv,VK (f) = Power spectral density function based on Von Kármán
t
= Time
[s]
T
= Torsion load
[Nm]
t
= Unit friction (API)
[Pa]
t0
= Parameter indicating the maximum torsional loading as ratio of V0/2R [-]
TI
= Turbulence intensity
[-]
xiv
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Tp
Tv
Tz
U
v
V
V0
v0
V0m
v1
vcur
vcur_ref
vdisp
vn
VNW
vp
vrel
vrel_wind
vseep
Vsteel
Vstruc
VSW
vsyringe
vt
Vwave
Vwind
vwind,n
Vwind_av

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

W
wt
X
x

=
=
=
=

y
y2 , y3
yp
z

=
=
=
=

z0
Zi, Zo

=
=

zp
zpm
zref
zw

=
=
=
=

ΔVdisp =
ΔVplug_lift =
ΔVpump =
ΔVseep =
ΔVsys
=
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Mean zero wave-crossing period for JONSWAP spectrum (kpTz)
[s]
2
Normalised time scale cvt/D used in consolidation calculations
[-]
Mean zero wave-crossing period
[s]
Classical consolidation ratio
[-]
Velocity of laminar fluid flow
[m/s]
Vertical load
[N]
Maximum vertical load capacity when H=0 and M=0
[N]
Undisturbed wind speed far away from the OWT
[m/s]
Peak value of V0 in strain hardening law
[N]
Wind speed in the far wake of the OWT
[m/s]
Current velocity at elevation z for 0 ≤ z ≤ zw
[m/s]
Average current velocity
[m/s]
velocity of the suction caisson
[m/s]
Horizontal water particle velocity of wave n
[m/s]
Total wave velocity for a New Wave
[m/s]
Wind speed at the actuator disc of the OWT
[m/s]
Relative wind velocity of the blade element
[m/s]
Relative wind speed (vwind – vstruc)
[m/s]
velocity of the seepage flow
[m/s]
Volume of steel used
[m3]
Horizontal velocity of the structure
[m/s]
Self weight load
[N]
velocity of the extraction flow
[m/s]
Velocity of the blade element caused by the rotation of the rotor
[m/s]
Total wave velocity of the irregular wave
[m/s]
Velocity of the wind at elevation z
[m/s]
Wind speed of sinusoidal speed fluctuation n
[m/s]
Average wind velocity or reference wind velocity at predetermined
elevation, zref, here nacelle height
[m/s]
Self weight
[N]
wall thickness of suction caisson skirts
[m]
Distance relative to the initial position
[m]
Location underneath the rim where the end bearing stress calculated based
upon the outer stress is equal to the one based upon the inner stress
[m]
Lateral displacement
[m]
Lateral displacement
[m]
Plastic lateral displacement
[m]
depth below ground surface or vertical coordinate, measured positively
upwards from MSL
[m]
Surface roughness length
[m]
Parameters introduced to facilitate calculations with Houlsby and Byrne
(2005)
[m3/N]
Plastic vertical penetration
[m]
Plastic vertical penetration at peak load V0m
[m]
Reference height; here taken as nacelle height
[m]
Water depth
[m]
The volume displaced by the caisson
[m3]
The volume due to plug uplift
[m3]
The volume extracted by the syringe pump
[m3]
The seepage volume from the sand plug
[m3]
A ‘system’ volume due to slight compressibility of the water and the
change in volume of the hoses between pump and caisson
[m3]
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Δf
Δp
Δr
Δt
Δω
Ω
Ω
α
α
α1

=
=
=
=
=
=
=
=
=
=

αh, αm =
αh0, αm0 =
αh∞, αm∞ =
α

=

β
β
β1,β2
β3,β4
δ
εn
φ'
φ
γ
γ'
γ
γ'clay
γ'sand
γw
ϕ
κv(τ)
λ
μ
ν
νs
θ
θ2, θ3
θp
ρ
ρa
ρs
ρsteel
ρw
σend'
σh'
σm'
σv'
σv
σvi'
σvo'

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
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Frequency bandwidth
[rad/s]
Increase in suction during the time step
[Pa]
Radial length of blade element
[m]
Time step
[Pa]
Angular frequency bandwidth
[rad/s]
Angular velocity of rotor
[rad/s]
Angular velocity of the rotor
[rad/s]
Direction of the wave and current (set at zero in this study)
[°]
Angle of wind attack on rotor
[°]
Coefficient used to determine the critical hydraulic gradient (Houlsby and
Byrne, 2005)
[-]
Horizontal and moment association factor respectively
[-]
Value of association without any horizontal displacement or rotation
respectively
[-]
Association factor as respectively horizontal displacement or rotation tend
to infinity
[-]
Dimensionless factor for shear modulus calculation (Doherty and Deeks,
2003)
[-]
Angle of the beam in xy-plane
[°]
Factor used in IEC 61400-1
[-]
Curvature factor exponents in equation for yield surface
[-]
Curvature factor exponents in equation for plastic potential
[-]
interface friction angle between soil and pile wall
[°]
Phase shift of wave n
[rad]
Angle of internal friction for soil
[°]
Parameter used in consolidation calculations
[-]
Angle of the beam in the vertical plane cutting through the beam
[°]
Effective unit weight of the soil
[N/m3]
Peak shape parameter (used for JONSWAP spectrum)
[-]
Average effective unit weight of the clay layer
[N/m3]
Average effective unit weight of the sand layer
[N/m3]
the unit weight of water
[N/m3]
Angle of inflow
[deg]
Autocorrelation function of wind speed fluctuation at a fixed point [m2/s2]
Parameter used in consolidation calculations
[-]
Viscosity of pore fluid
[Ns/m2]
Poisson’s ratio
[-]
Poisson’s ratio for steel
[-]
Pitch angle of the blade
[°]
Rotational displacement along axis 2 and 3 of footing
[°]
Plastic rotational footing displacement
[°]
Increase of shear strength with depth
[Pa/m]
Mass density of air, here 1.25
[kg/m3]
Mass density of soil
[kg/m3]
Mass density of steel
[kg/m3]
Mass density of water, here 1025
[kg/m3]
Effective vertical stress underneath the pile rim
[Pa]
Effective horizontal stress at depth, z
[Pa]
Mean effective stress at depth, z
[Pa]
Effective vertical stress at depth, z
[Pa]
Standard deviation of wind speed
[m/s]
Effective vertical stress at the pile inside at depth, z
[Pa]
Effective vertical stress at the pile outside at depth, z
[Pa]
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Standard deviation corresponding to the wave spectrum
Time lag (used in autocorrelation function)
Unit side friction
Angular frequency
Rotational displacement along axis 1 (torsion) of footing
Angular frequency of wave n
Modal angular frequency, 2π/Tp
Surface elevation
Amplitude of wave n
Surface elevation for NewWave
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CHAPTER 1. INTRODUCTION
1.1

OFFSHORE WIND ENERGY

The signing of the Kyoto Protocol in 1997 by more than 160 countries and the general
concern over security of energy supply has boosted the demand for renewable energy on
a world scale and caused rapid engineering advances within the world’s renewable
energy market. Renewable energy comes in many forms such as solar, wind, wave,
current, biomass and in some opinions even nuclear. One of the outcomes of the AllEnergy Conference in Aberdeen 2006 was that the only way to replace non-renewable
energy sources is by making use of a mixture of all forms of renewable energy. The
energy consumed to make an offshore wind farm is less than 2.5% of the energy
produced by the farm in its life time, which makes it one of the cleanest generating
technologies available (Krohn, 2002). Furthermore, of the available renewable energies
wind power has proved to be one of the most promising forms.
Wind power is the conversion of wind energy into a useful form, such as electricity,
using wind turbines. At the end of 2008, worldwide nameplate capacity of windpowered generators was 120.8 GW. Although wind produces only about 1.5% of
worldwide electricity use, it is growing rapidly, having doubled in the three years
between 2005 and 2008. In several countries it has achieved relatively high levels of
penetration, accounting for approximately 19% of electricity production in Denmark,
10% in Spain and Portugal, and 7% in Germany and the Republic of Ireland in 2008
(Wikipedia, 2009).
On the negative side it has to be noted that wind turbines onshore are often resisted by
the general public due to perceived noise pollution and aesthetic issues. Placing wind
turbines offshore not only avoids these disadvantages, it also allows the turbines to
benefit from the higher wind speeds at sea.
In 2009 the largest installed offshore wind turbines in the world were two 5.0 MW
REpower turbines installed at the Beatrice Wind Farm approximately 25 km offshore
from Aberdeen, Scotland. Offshore wind farms as depicted in Figure 1-1 consist of
dozens of wind turbines although as yet only a few have been built. Many more offshore
wind parks are planned offshore in Western European countries such as Denmark,
England and The Netherlands. As of November 2008, the largest offshore wind farm by
power production is the Lynn & Inner Dowsing Offshore Wind Farm, located about
5 km of the Lincolnshire coast in the UK. The wind farm consists of 54 turbines of
3.6 MW, which produce 194 MW of power at the rated wind speed. At the moment of
writing (2009) there are 32 offshore wind farm projects realised in 12 different
1-1
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countries. In total 614 turbines are installed with a maximum capacity of 1,483 MW
(Wind Service Holland, 2009).
Under the energy policy of many European countries such as Denmark, The
Netherlands and the United Kingdom further offshore facilities are feasible and
expected by the year 2010. An explosive growth in the use of these offshore wind
turbines can therefore be expected in the near future. However, the offshore wind
turbine (OWT) concept is relatively new and many of its aspects (e.g. type of turbine,
size, environmental conditions, etc) are yet to be optimised in order to guarantee
offshore wind turbines a successful future. Above all, the costs of offshore wind energy
still need to be reduced in order for it to compete with other energy sources.
Currently wind energy costs per kWh are estimated to be 6 to 7 c/kWh1 using present
day technologies (Whitehead, 2003). This is about twice as much as for non-renewable
sources such as oil (3.18 c/kWh) and gas (3.52 c/kWh) and about three times more
expensive than coal (2.0 c/kWh) and nuclear (1.83 c/kWh). These costs for the nonrenewable sources do not, however, take into account the costs associated with carbon
reduction and safe disposal, which can make them more expensive than renewable
sources. Within the renewable sources the wind energy cost per kWh is competitive
with sources such as hydro power (5 c/kWh) and currently still cheaper than solar
(12 c/kWh) and biomass (12 c/kWh). However, as stated before, to be competitive in
the future the energy costs need to be reduced.
Installation costs contribute substantially to this energy cost and need therefore to be
lowered. The foundation costs of the onshore Rejsby Hede wind farm in Denmark were
6% of the project costs, whereas the foundation costs at the Danish offshore wind farm
at Tunoe Knob were at a level of 23% (Krohn, 2002). A report by the UK Department
of Trade and Industry (DTI, 2001) calculated that the foundation costs may be as high
as 30%. It is clear that a decrease in these foundation costs will contribute significantly
to the cost per kWh and therefore to a successful future for offshore wind energy.

1.2
1.2.1

OFFSHORE WIND FARM EXPERIENCE
Typical offshore wind farm dimensions

It appears that, to be economic, the capacity of an offshore wind farm needs to be at
least 100 MW. In the last 10 years many plans were made for offshore wind parks, but
only a small number of these wind parks were actually built. The two main reasons for
1

Currency used in this thesis is AUD unless stated otherwise
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this are 1) bureaucracy and time associated with obtaining permits and 2) uncertainty
regarding the long term plans of local governments for wind power subsidies. With
increasing experience in wind farm development bureaucratic requirements should
become clearer and the time-scale to obtain permits should decrease significantly.
Unfortunately on the other hand it is expected that in the long term wind power
subsidies will disappear completely which makes it less attractive for investors. The
future of the offshore wind industry is therefore uncertain at the moment.
Before focusing on foundation design for offshore wind turbines, which is the subject of
this thesis, a few details of two existing offshore wind parks are discussed below: Horns
Rev in Denmark built in 2002 (Figure 1-1) and Offshore Windpark Egmond aan Zee
(OWEZ) in The Netherlands built four years later in 2006 (Figure 1-2). The wind farm
Horns Rev is located off the west coast of Denmark’s Jutland peninsula, close to
Blåvands Huk in the North Sea. Horns Rev was installed with 80 wind turbines and a
total capacity of 160 MW. Building the Horns Rev wind farm cost 270 million Euros.
The OWEZ is located 9 nautical miles north west of IJmuiden in the North Sea. This
park was installed with 36 wind turbines and has a total capacity of 108 MW. The
building costs were 200 million Euros. More details can be found in Table 1-1.
Table 1-1. Facts about a typical wind farm
Item
Location
Operational
Wind turbine type
Number of wind turbines
Total output
Expected annual output
Foundation

Data
Horns Rev
Egmond aan Zee (OWEZ)
December 2002
November 2006
Vestas V80 - 2MW
Vestas V90 – 3MW
80
36
160 MW
108 MW
600 GWh
345 GWh
4.0 m x 50 mm mono pile
4.6 m x 60 mm mono pile
(25 metres into the seabed)
(30 metres into the seabed)
Rotor diameter
80 m
90 m
Hub height (above sea level)
70 m
70 m
Weight, superstructure
259 ton
247 ton
Weight, foundation
180-230 ton
250 ton
Total weight per wind turbine
439-489 ton
497 ton
Cut-in wind speed 1)
4 m/s
4 m/s
Full power output from 2)
13 m/s
15 m/s
Cut-out wind speed 3)
25 m/s
25 m/s
Mean rated wind speed at hub height
9.7 m/s
Not presented
Depth of water
6-14 m
16-22 m
Distance from shore
14-20 km
10-18 km
Distance between wind turbines
560 m
Approx. 600 m
Wind farm site
20 km2
27 km2
Project costs
EUR 270 million
EUR 200 million
1)
Minimum wind speed necessary for the wind turbine to start generating power
2)
Minimum wind speed to generate the rated power (here 2 or 3 MW)
3)
Maximum wind speed after which the wind turbine will be completely feathered out of the wind and
stops generating power
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Manufacturing phase

To save costs during projects like these, close attention has to be paid to the
manufacturing phase. A description of this phase is given below for both the wind parks
discussed above, extracted from their respective websites in January 2007
(www.hornsrev.dk and www.noordzeewind.nl).
The erection of the turbines of Horns Rev commenced in March 2002 and the first wind
turbine was put into operation in July. The rough weather conditions in the North Sea
required detailed planning of the installation phase. First, the foundation was placed,
which is a cylindrical steel pipe with a diameter of about 4 metres. A pile driver placed
on a barge, stabilised by legs, drove the foundation approximately 25 metres into the
seabed (Figure 1-3). Then, the wind turbines were mounted by means of large specially
built vessels with submersible legs. A crane on the vessels lifted the turbines into place.
The wind turbines were connected via submersible cables to the offshore transformer
substation which collects the power. The substation was then connected to the onshore
power transmission grid via another submarine cable. Over the first one and a half years
of operation, 75,000 maintenance trips were carried out, i.e. two per turbine per day.
Every time a wrench or new circuit board was needed they had to rely on a helicopter.
Technical failures of the transformers began in August 2003. By the winter some 2030% of the transformers had been affected, owing to a combination of factors manufacturing problems, weather conditions offshore, possibly salt in the air affecting
the transformers, as well as effects from the transformers being stored onshore. Elsam,
turbine manufacturer Vestas, and ABB, who supplied the transformers and generators,
analysed the situation. Alleged salt water ingress into generators and unit transformers
along with what appeared to be manufacturing faults led to the decision to return the
complete nacelles to the works at Ringkøbing and Lem for dismantling.
The wind park at Egmond aan Zee was installed in a similar way as Horns Rev. First the
mono piles were driven into the seabed, after which a floating crane was used to install
the tower and the turbine. The vessel was specially adapted to install offshore wind
turbines and could lift more than 100 tons to a height of over 80 metres. No reported
unexpected mishaps occurred during the installation phase.
1.2.3

Lesson’s learned

Replacing all generators and transformers at Horns Rev nearly bankrupted Vestas.
Selecting a wind turbine type which is still in the prototype stage can turn out to be very
problematic and costly. In the case of Horns Rev, improvements had to be made to a
considerable extent at a very late stage, and even after installation (Deutsche
WindGuard et al., 2006).
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The main lesson learned from the Dutch OWEZ project is that many bureaucratic
hurdles had to be overcome in order to start this project. When the government realised
the strict policies were not working in this new project, some degree of flexibility in
both project management and in the execution and interpretation of legal procedures
was allowed. This is shown clearly by the example of the stated maximum capacity of
the park in the EIA documents, which was changed during the preparation stages of
OWEZ. As a consequence, the capacity that was installed is higher than that foreseen in
2002. Expected yields will be higher as well. Since higher yields might well reduce
governmental support, it is in the interest of both developers and the government to
instil a certain degree of freedom and flexibility in the decision-making process
(Deutsche WindGuard et al., 2006).
During the installation phase of both these two wind farms, periods of bad weather were
encountered. In contrast with onshore installation, no work at all can be performed
during such periods. The weather stand-by days have an enormous influence on the
overall installation costs as experienced by all offshore operations. Minimising offshore
operations is therefore a key to lowering the installation costs. Decreasing the number of
wind turbines, but increasing the output per wind turbine is therefore a logical step, as is
simplification of foundation installation.
1.2.4

Conclusions for the foundation

Several conclusions can be drawn from this reported experience which might be useful
in the remainder of this thesis:
− a typical offshore wind farm installed in 2006 generates over 100 MW. The
trend is to install fewer but larger wind turbines with a high output. This means
that the forces on future foundations will most likely become larger than they
are now. Foundations types that can accommodate this have an advantage in
the future over types which cannot fulfill this requirement;
− offshore installation requires specialised equipment for installation of both the
foundation and the superstructure. High costs are involved in this offshore
installation phase and substantial cost savings can be made by simplifying the
foundation installation so no specialised equipment is necessary or by
combining installation of the foundation and the superstructure in one weather
window and with one piece of specialised equipment;
− trying out a new design offshore has many (financial) risks. Before a proven
foundation type is changed into a new foundation type, extensive research
onshore and in laboratories should be performed. This research fits in that
strategy.
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FOUNDATIONS
Wind turbine foundations general

Obviously the foundation of a wind turbine must be strong enough to withstand the
maximum force acting on it and not fail in the manner seen in Figure 1-4. Furthermore
it must be stiff enough so that the displacements and rotations during its lifespan fall
within the serviceability design criteria of the wind turbine manufacturers. These design
criteria are typically set to minimise fatigue of the construction and dynamic loading of
sensitive equipment at the top of the wind turbine (the nacelle).
It is, however, not straightforward to calculate how the different foundations influence
the overall behaviour of the total structure. Numerical analysis packages such as
‘BLADED’ (Garrad & Hassan, 2007) and ‘FLEX5’ (Stig Øye, 1990) are available,
which are design tools for wind turbine performance and loading, but they typically do
not focus upon the foundations. For instance they do not take into account that the
displacement of a foundation can depend on the load history (stiffness degradation). A
softer foundation response will lead to larger displacements of the nacelle, but at a
lower, less damaging frequency. Dynamic calculations of the complete wind turbine and
foundation are therefore necessary and dialogue between structural engineers and
geotechnical engineers should be kept open for an optimal foundation design.
1.3.2

Soil conditions

Although for calculation purposes uniform soil conditions are generally assumed, in
reality the soil conditions in an entire wind farm (typically varying over 20 to 50 km2)
may vary considerably. It is nevertheless sensible to use one type and size of foundation
to save costs by mass production and facilitate the installation process. The soil
variability will, however, directly influence the behaviour of individual foundations in
the farm. It is therefore essential to take this soil variability into account during the
design phase and arrive at a foundation design that is sufficiently robust and suits the
whole spectrum of actual soil conditions.
1.3.3

Overview of foundation types

There are many different foundation types available and nearly all can be used for
offshore wind turbines. A few of these concepts can be seen in Figure 1-5. They can be
categorised into: raft foundation, piled foundation, skirted and caisson foundations, and
anchoring systems for moored floating constructions. All these different foundations (or
a combination of them) can be placed underneath gravity structures, mono pile
structures, tripod structures, lattice structures or floating structures (DNV, 2004). In this
thesis no attention is paid to lattice structures and floating structures. These structures

1-6

Suction caissons in sand as tripod
foundations for offshore wind turbines

The University of Western Australia
School of Civil and Resource Engineering

become relevant for deeper waters of greater than 45 m depth, which is beyond the
current focus of the offshore wind energy market.
Onshore shallow raft foundation
A typical onshore foundation for a wind turbine consists of a shallow raft foundation
(see Figure 1-6). These are sufficiently heavy that the stability is provided by the self
weight of the foundation. No tensile stresses between foundation and soil are permitted
for this type of foundation, which therefore must be very large and heavy in order to
withstand large overturning moments. On land it is common to place piles around the
outside of these foundations, in order to take the tensile loading, thus allowing stability
with a reduced size of foundation. The decision to use these piles is based on costs as
installation can be very expensive.
Offshore shallow raft foundation
Shallow raft foundations are also often used for offshore wind turbines. These
foundations, typically used on the strong clay soils in Denmark, are a favoured option in
shallow water (<20 m) where strong soil exists at the seabed. Just as for onshore
shallow raft foundations, the main disadvantage is that they cannot withstand tension,
which leads to an excessive size of foundation in order to resist the high overturning
moments. Offshore it would be too costly to pile underneath the rim of these shallow
raft foundations and this has therefore never been done.
Piles
In the near shore and offshore industry, using piles is a common foundation option for
many applications (platforms, quaysides, bridge pylons). These piles are typically
placed directly underneath a column and where there is only a single column a single
(so-called ‘mono’) pile is used. A mono pile is a steel pile with a diameter of
approximately 4 to 5 metres (Figure 1-3), which is driven into the sea bed to a depth of
10 to 40 m. The thickness and length of the pile can be altered to suit the soil conditions
and loading conditions. The main disadvantage is the high installation cost, due to the
fact that a very large (and therefore expensive) hammer, barge or jack-up rig is required.
Single caissons
Single caissons have been used in Denmark for a few wind turbines (Ibsen and
Brincker, 2004) and consist of a steel cylinder open towards the bottom (like an upsidedown bucket hence the use of ‘bucket foundation’ to describe these). To install this type
of foundation, the cylinder is placed on the seabed and penetrates under its own weight
to some depth, after which the water is pumped out (see Figure 1-7). The differential
pressure across the foundation lid ‘sucks’ the foundation into the ground. This
foundation resembles a shallow raft foundation, except that it can withstand more
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horizontal loading and can generate some uplift resistance. As the magnitude of moment
increases (as the water depth increases), this type of foundation needs to become very
large and will not be economically viable (Houlsby et al., 2005a).
Tripods and tetrapods
Tripods or tetrapods can be used to support wind turbines, particularly in deeper waters
where large moments are imposed on the foundation (see Figure 1-8). These towers
basically distribute the large moments into push/pull loads on the piles or suction
caissons placed below each foot. Where caissons are used, they are embedded
approximately 5 to 10 m deep in the sea bed to be able to withstand the pull and push
forces acting on them within a given maximum displacement. The main disadvantage is
the low tensile loading that these foundations can withstand.
Eccentric tripod
Both RAMBØLL (Feld et al., 1999) and Suction Pile Technology (SPT, 2006)
developed an eccentric tripod foundation design where the main column acts as one leg
of the tripod and the two other support frames are placed perpendicular to each other
(see Figure 1-9). There are two practical advantages of this concept: 1) it is possible to
berth around this structure over 270 degrees (instead of 90) without interference of steel
frames and 2) the whole structure can be attached to a barge and be used as a self
installing platform (SIP), reducing the installation cost of the complete structure
significantly. The main disadvantage is that a high tensile resistance of the foundation is
necessary to withstand the moment loading. This can only be achieved by increasing the
foundation size.

1.4

ADVANTAGES AND DISADVANTAGES OF SEVERAL

FOUNDATION TYPES
1.4.1

Introduction

This section compares the performance of 6 foundation types in soils consisting of sand
in various densities and with generic OWT loadings consisting of a moment loading of
80 MNm, a vertical load of 4 MN and a horizontal load of 2.5 MN. The weak and
strong points of the individual foundations are pointed out in the previous section, and
in this section they are compared with each other to be able to recommend which
foundation type is most suitable for general offshore wind farm conditions.
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Details of mono piles

One of the strong points of the mono pile foundation is the fact that the wall thickness
and length of the mono piles can be adjusted to suit the soil and loading conditions. This
statement is verified in this section, through some simple calculations.
The displacement and rotation at seabed of the foundation must fall within a certain
limit. Although there is still debate over the relative merits of different approaches for
mono pile foundations, it is generally accepted that a calculation with a beam on lateral
springs gives acceptable answers (Abdel-Rahman and Achmus, 2005). This type of
calculations is called p-y calculations and the most commonly used description for the
springs representing the sand is that in the American Petroleum Institute design
guidelines (API, 2000).
Calculations have been made with program PYGMY 2.31 (Stewart, 2007), which
analyses the response of laterally loaded piles using p-y curves based on guidelines in
API (2000). Variations in input consisted of pile diameter, D, pile wall thickness, wt,
pile penetration depth, L, soil conditions (friction angle, φ', and the initial modulus of
subgrade reaction, Ksoil) and load combination (moment and horizontal force). Figure
1-10 shows the (minimum) installation depth of several mono piles in different soil
conditions for a particular loading case comprising cyclic loading with a combination of
2.5 MN horizontal load and 80 MNm moment loading and the requirement for the
foundation to displace less than 20 mm and rotate less than 0.003 radians. Generally it
can be seen that the variation in wall thickness (here varied between 40 and 80 mm)
does not influence the results significantly, in contrast with the soil conditions which
have a much greater influence. For the weakest soil conditions (here 30° friction angle
and Ksoil=10 MPa/m), the displacement and rotation criteria can only be satisfied for the
6 m diameter pile (L = 4.9D for 80 mm wall thickness and L = 5.7D for 60 mm wall
thickness). The pile diameter (here varied between 4 and 6 m) also has a large influence,
although it should be noted that the horizontal axis is displayed as L/D and actual depths
are therefore closer together.
There are many ‘correct combinations’ of variables that can satisfy the design criteria
regarding maximum displacement and rotation. It can therefore be concluded that mono
piles can be designed in a robust way (for instance making the pile very stiff or very
wide and long) to suit a given situation (in terms of both displacement criteria and soil
conditions). This makes this foundation type suitable for a broad range of soil
conditions, which accounts for its wide use, despite the high installation costs.
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Tripods or tetrapods

This section investigates the relative advantages and disadvantages of tripods and
tetrapods.
It has been suggested that tetrapods (4 legs) offer a superior solution compared with
tripods (3 legs) (Houlsby et al., 2005a), although it was acknowledged that tripod
structures have the obvious advantage of simplicity. The preference for the tetrapod
geometry is based on the assumption that each foundation cannot withstand any tensile
resistance and the size is therefore based on their compressive and horizontal load
capacity (Byrne and Houlsby, 2003). This does not, however, mean that less steel will
be used for the tetrapod construction, as the tetrapod needs one bracing and one caisson
more than a tripod. Certainly an extra caisson contributes to a large percentage of the
total amount of steel and therefore increases the costs. These costs together with the
labour necessary to fabricate these foundations will, in the end, determine which one of
the two will prove optimal in practice.
To evaluate the total amount of steel used for a tripod or tetrapod construction some
simplified calculations were made for a wind turbine with a self weight of 4 MN and an
overturning moment of 80 MNm. Figure 1-11 shows this overturning moment acting on
the leeward caisson(s) of the construction, around which rotation is expected. The
overturning moment has to be resisted by the moment created by the weight of the
turbine and the tensile capacity of the caissons (Ftens varied between 0 and 8 MN). The
variables in this calculation are the length of the horizontal bracing measured from the
caisson centre to the wind turbine centre (st, sq and secc) and the diameter of the caisson.
The bracing lengths can be calculated from moment equilibrium and the diameter of the
suction caisson is based on the minimum diameter requirements to resist the vertical
tensile load. The minimum diameter was calculated according the API method assuming
the caissons are installed in sand with an interface friction angle, δ, of 30° and have a
fixed L/D ratio of 0.5. To calculate the total amount of steel used in the casing and the
suction caisson the following assumptions were made:
− bracing consists of three bars per suction caisson: one at 45°, one at 18.4° to
the central beam and one connecting the caissons with each other;
− diameter of bracings is based on a buckling calculation to withstand the
unfactored total weight of the wind turbine in compression;
− wall thickness (wt) of bracings are 1/60 of diameter;
− suction caissons have fixed ratios of L = 0.5D; wt = 0.005D and top plate
thickness is 1% of the diameter.
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Figure 1-12 compares how much steel is needed for a tripod and tetrapod foundation.
For reference purposes a 35 m long mono pile of 5.0 m OD and a 75 mm wall thickness
is included as well, as well as an eccentric tripod. It can be seen that a tetrapod typically
needs more steel than a tripod except when no tensile forces can be resisted by the
suction caisson as was assumed in Houlsby et al. (2005a). Both foundations can
compete with the amount of steel used for a typical mono pile although it can be seen
that less steel is used when the caissons are relative small. Note that the sizing in this
calculation is based solely on tensile loading and a check needs to be made that the
caissons are large enough to withstand the horizontal load. The amount of steel for an
eccentric tripod converges to that for a normal tripod once the suction caisson tensile
capacity exceeds 3 MN. Before that point the bracings of the eccentric caisson have to
be much longer to withstand the overturning moment compared with those for the tripod
and tetrapod. This is because the self weight of the wind turbine does not contribute to
the resisting moment for this concept.
In addition to using less steel, the manufacturing of a tripod is easier and therefore
cheaper than manufacturing a tetrapod simply because there are fewer members to be
welded. Welding of the eccentric tripod is even simpler. Finally it will be easier to
install three suction caissons than four.
1.4.4

Additional criteria for different foundation types

To compare six different foundation types the following criteria were used:
− water depth: A typical water depth range in which the foundation type is
optimally used. In this research a water depth between 15 and 30 m is used,
since the majority of the currently planned wind farms are located in these
water depths;
− robustness: The performance of the foundation when the forces acting on the
foundation are larger than anticipated (comparable with a ‘factor of safety’)
and the robustness of the foundation design in respect of varying soil
conditions over the site;
− practicality: The practicality of the foundation type when the wind turbine
needs to be accessed for service/repairs (interference of a structure);
− steel: The relative amount of steel used for the foundation;
− installation costs: The relative installation costs for the installation.
Table 1-2 gives an overview of 6 foundation types and their score regarding the set
criteria. A ranking of the overall suitability for each foundation type is also given, based
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on a weighted average of the various criteria. Below the table a description is given to
justify these scores for each foundation type.
Table 1-2. Multi criteria analyses of several foundation types
Foundation type
Weighting factor
Shallow raft
Single large caisson
Mono pile
Tripod with caissons
Tetrapod with caissons
Eccentric tripod with
caissons

Water
depth
5
1
1
3
4
4
4

Robustness

Practicality

Steel

5
1
2
5
3
4
3

5
5
5
5
4
4
5

10
4
3
5
4
3
3

Installation
costs
10
5
4
1
4
4
4

Total

125
110
125
135
130
130

Both for the shallow raft foundation and the single large caisson the optimal water
depths are less than 20 m, beyond which their sizes become excessive. A mono pile
foundation on the other hand can be used in all water depths. However, with increasing
water depth, the pile diameter might become too large to be installed with a
conventional offshore hammer. A typical optimal water depth for the mono pile is less
than 25 m (DNV, 2004). For tripods and tetrapods the water depth should typically be
deeper than 15 m so that the complete structure can be placed under water. These
support structures will become very large in water depths exceeding 45 m, beyond
which towers made out of lattice bracings would be preferable.
The robustness of the shallow raft foundation for the light OWT is poor as this type of
foundation cannot withstand any tensile force. The robustness for a single large caisson
is slightly better because it can take some small tensile force on the skirt. However, the
best robustness is provided by a mono pile as can be concluded from the study
presented for different soil conditions. The robustness of tripod and tetrapod structures
is less then for a mono pile because the push/pull forces that are generated load the
caissons into tension, where they have only limited resistance.
All the foundation types discussed provide relatively easy access to the wind turbine for
service and repairs, because a boat will be able to access the superstructure which will
consist of a large tubular column with an internal stair. However, where the water depth
is low the upper part of the tripod and tetrapod constructions may interfere slightly with
boat access. The interference for the eccentric tripod is much less than for a normal
tripod or tetrapod.
Although the weight of a shallow raft foundation must be high to perform optimally, the
amount of steel used does not need to be high as cheaper concrete or other ballast can be
used. For a single suction caisson this is not a real option and the amount of steel
increases with increasing water depth. This amount is typically much greater than for a
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mono pile, which uses relatively only a small amount of steel. Tripods and tetrapods
generally use more steel than a mono pile but are still very competitive (Figure 1-12).
Since the tetrapod uses one caisson more than the tripod, it typically uses more steel.
The installation for a shallow raft foundation is very straightforward and involves
lowering the foundation to the seabed. The installation costs for this foundation are
therefore low. To install a suction caisson (either a single one, or underneath a tripod or
tetrapod) only a pump, which can be controlled from a small supply vessel, and the
foundation itself are necessary. The costs to install a suction caisson are therefore low,
but slightly higher than for the shallow raft. The installation for a mono pile involves an
(expensive) offshore hammer and an (expensive) large barge to lift the mono pile and
hammer. This is a costly operation, certainly taken into account that this installation is
more prone to weather standby than a suction caisson installation.
1.4.5

Conclusions regarding foundation types

Taking account of the previous discussion it can be concluded that the tripod with
suction caissons seems to be the optimal type of foundation for the OWTs in the water
depths most wind farms are currently planned (in between 15 and 30 m). Although the
mono pile is very robust, does not require much steel and can also, at these water
depths, be designed to fit the circumstances, it is more expensive to install than suction
caissons. The tetrapod with suction caissons requires more steel and manufacturing and
will therefore be more expensive. In case practicality of accessing the wind turbine is a
critical item, the eccentric tripod is a very good alternative.

1.5

AIM OF PRESENT RESEARCH

The main goal of the present research is to establish a reliable low cost foundation
system for offshore wind turbines. Most potential offshore wind farm locations
specified by western European governments are found in water depths between 10 and
30 m. Therefore it is chosen to focus upon a tripod support structure with suction
caisson as foundation.
As shown above, suction caissons underneath tripods are of relatively low cost due to
the low installation costs and the competitive amount of steel used. They can even be reused, which can reduce costs of wind farms build in the future with ‘recycled’ suction
caissons.
Furthermore, with a dynamic calculation program which incorporates a whole wind
turbine and its foundation, the suction caissons underneath tripods can be designed
optimally to be as small as possible, but reliable during their life-time. The co-operation
between Oxford University and Garrard Hassan led to improvements in the computer
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program BLADED, which can be used for these kinds of calculations. Unfortunately
this program is proprietary so instead an alternative program has to be developed in
order to gain insight into how the forces are distributed within the construction and how
different kinds of foundations can be optimised to achieve the best overall performance
of a wind turbine.
Installation, uplift and cyclic loading of suction caissons in clay is relatively well
understood (Senders and Kay, 2002; Andersen et al., 2005), but many knowns are
unknown (freely after Donald Rumsfeld, YouTube, 2006) when suction caissons are
placed in sand underneath a tripod supporting an offshore wind turbine. By
investigating the behaviour of suction caissons in sand during installation, cyclic
loading and extraction some unknowns might become known and a mathematical model
might be developed which can be used to predict the behaviour of suction caissons
under tripods. Other known unknowns like fabrication, scour and structural integrity are
not investigated in this research.
This research therefore focuses upon: i) developing a computer program to incorporate
dynamic loading of a wind turbine with different foundation models and ii)
understanding and predicting how suction caissons in sand behave during installation,
vertical cyclic loading and extraction.
To reach this main goal, the following steps in the research were undertaken:
1. Development and validation of a numerical analysis package to predict the
total (structural and foundation) behaviour of an offshore wind turbine.
2. Experimental investigation of suction foundation response during installation,
uplift and vertical cyclic loading using the UWA centrifuge.
3. Development of an analytical foundation model describing the behaviour of a
suction caisson in sand during installation, uplift and vertical cyclic loading.
4. Assessment of how the foundation models developed influence the design of
an OWT with a foundation consisting of a tripod with suction caissons and
listing the key conclusions for design purposes.

1.6

OUTLINE OF THESIS

This thesis is organised into a total of 10 chapters and two appendici. A brief description
of each chapter is given below:
CHAPTER 2 gives an overview of the relevant literature. Presented theories might be
used in the remainder of this thesis to build upon or to compare newly developed
theories. Data presented in the literature will be used for comparison with new data and
to validate prediction methods developed in the research.
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CHAPTER 3 describes the forces acting on an offshore wind turbine. Furthermore it
explains how these forces are implemented into a computer program so that the
behaviour of a complete wind turbine under dynamic wind and wave loading can be
simulated and relevant load cases can be determined which are used in the remainder of
this research.
CHAPTER 4 describes the centrifuge model tests performed on the UWA beam
centrifuge with scaled models of a suction caisson during installation, uplift and cyclic
loading. The apparatus and soil properties are presented and the set-up and the test
program are described. Furthermore some typical test results are presented and
discussed.
CHAPTERS 5 through 8 present calculation methods based on the centrifuge tests
performed and data from the literature. Chapter 5 presents a calculation method for the
installation of suction caissons in sand based on the cone resistance profile. The
calculation method is based on a simple linear reduction in end bearing and internal
friction with the level of suction, and is coupled with a seepage model so that for a
given pumping rate the penetration resistance can be expressed as a function of time as
well as of penetration depth. Chapter 6 presents a similar calculation method for the
installation of suction caissons, but in layered soils with a less permeable layer
overlying sand. Chapter 7 presents a calculation method for the uplift capacity of
suction caissons in sand and Chapter 8 presents a calculation method for cyclic loading
of suction caissons in sand. Results of calculations with the proposed prediction
methods are compared with data from the centrifuge model tests and with published
data.
CHAPTER 9 discusses how the findings from Chapters 5 through 8 can be used to
optimise the design of a foundation for an OWT consisting of a tripod on suction
caissons.
Finally CHAPTER 10 discusses the main conclusions of this work and suggests areas
that require future investigation.
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CHAPTER 2. LITERATURE REVIEW
2.1

INTRODUCTION

This chapter gives an overview of the literature relevant to this thesis. The aim of this
chapter is to summarise existing ideas, methods and theories and where appropriate
review them. This review reveals discrepancies between the different approaches and
gaps in current knowledge. The remainder of this thesis attempts to fill in some of these
gaps and develop improved new theories.
An overview is given in Section 2.2 of general literature about wind energy and in
particular the role suction caissons play in this. This provides essential background
information regarding the current knowledge base of offshore wind turbine (OWT)
foundations comprising suction caissons underneath a tripod.
Section 2.3 discusses the literature relevant to the estimation of the forces on an
offshore wind turbine (used in Chapter 3). This is followed by the presentation in
Section 2.4 of existing theories that are used to predict installation of suction caissons
(used in Chapter 5 and 6). Sections 2.5 and 2.6 summarise respectively methods that
describe the behaviour of an installed suction caisson during general loading and
existing theories that are used to predict the uplift resistance of suction caissons (used in
Chapters 7 and 8). Finally some conclusions are drawn in Section 2.7.

2.2

GENERAL LITERATURE

Recent published text books give an excellent introduction into wind energy in general
(Burton et al., 2001; Manwell et al., 2002). These books give an overview of the history
of wind turbines, the way they work, wind characteristics, calculating aerodynamic
forces acting on a wind turbine, designing wind turbines and their individual
components, installing the wind turbines and the finances of installing and running a
wind farm. Terminology used in the wind energy business is explained such as ‘pitchcontrol’ (= a method of controlling the speed of a wind turbine by varying the
orientation, or pitch, of the blades, and thereby altering its aerodynamics and efficiency)
and is sometimes visually explained (see Figure 2-1). Furthermore these books are an
excellent introduction for a civil engineer into important items such as rotational
sampling and natural frequency, which need to be understood for optimal design of
wind turbines. How the wind turbines will act in an offshore environment is
unfortunately not extensively discussed in these books; for instance there is no
consideration of wave forces on a wind turbine or of problems during offshore
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installation. The influence of the foundation on the wind turbine behaviour is also not
discussed in detail.
Design codes for OWTs have been presented by the Germanische Lloyd (2003) and the
DNV (2004). These codes provide principles, technical requirements and guidance for
design, construction and in-service inspection of OWT structures. In addition to the
design of superstructures in offshore conditions they also focus specifically upon
foundation design. The DNV code discusses 14 foundation designs (support structures)
including gravity base structures, mono piles and tripods with suction foundations.
Emphasis in the design code is given to mono pile foundations, not only because this is
currently the most widely used foundation type, but also because the most theoretical
and empirical experience is available for this type of foundation. The detailed design of
a caisson foundation is not addressed, with no guidance provided on the installation of
suction caissons or their behaviour during vertical cyclic loading. Although it is
mentioned that due to the vertical cyclic loading friction degradation might occur and
engineers should account for this (DNV, 2004), no details are given regarding how to
account for this.
Feld (2001) investigated the use of suction caissons as foundations for OWTs. An
analytical model was proposed for the installation forces acting on a suction caisson
foundation based upon a linear correlation between cone resistance and unit skirt
resistance. Furthermore, an analytical model was established for frictional materials and
with the finite element program ABAQUS, simulations were made of pullout tests,
cyclic loading tests and (partly drained) vertical, horizontal and moment loading tests on
suction caisson foundations. Although outstanding agreement with the experimental
results was found, no justification was provided for the choice of input parameters for
the numerical simulations. Simulations for different soil conditions are therefore hard to
make. Furthermore Feld stated that FE runs with advanced constitutive soil models were
time consuming and therefore do not seem the optimal way forward.
Oxford University worked extensively on a project funded by industry and the
Department of Trade and Industry (DTI, 2005), which specifically investigated the
application of suction caisson foundations to offshore wind turbines. A review of that
study, and complementary work in Denmark, was presented by Houlsby et al. (2005a),
who summarised recent research on the development of design methods for suction
caissons as the foundations for OWTs. The main focus is upon design for in-service
performance although installation was also mentioned. The authors concluded that
suction caissons could be used as foundations for OWTs, either in monopod or
tripod/tetrapod layout to make offshore wind energy more economically viable.

2-2

Suction caissons in sand as tripod
foundations for offshore wind turbines

2.3

The University of Western Australia
School of Civil and Resource Engineering

LOADS ON A WIND TURBINE

This section includes a general discussion regarding loads on an offshore wind turbine.
Firstly some general remarks are made in Section 2.3.1 regarding the reported loads and
how geotechnical engineers should use them. This is important as experience indicates
that inconsistency of reported loads or miscommunication between geotechnical and
structural engineers can lead to problems during the design phase. Secondly the
individual load components are discussed in Section 2.3.2. More details regarding OWT
loads will be discussed in the beginning of Chapter 3. Finally Section 2.3.3 discusses
existing computer programming for the calculation of OWT loads as background to the
new program developed as part of this thesis, as described in Chapter 3.
2.3.1

General remarks regarding reported OWT loads

Realistic combinations of unfactored loads need to be considered in the design phase of
an OWT foundation, because the design is typically dominated by stiffness
considerations and fatigue performance instead of ultimate capacity (Houlsby et al.,
2005a).
In the literature it is not always clear whether the reported OWT loads are factored or
unfactored. For example the typical vertical self weight of a 3.5 MW superstructure is
reported to be 6 MN (Houlsby et al., 2005a), despite the fact that Vestas state that their
3 MW superstructure with a 90 m hub height weighs approximately 3 MN (Vestas,
2003). This might be explained by the use of a safety factor or by the fact that the
reported 6 MN included the substructure. The loads presented in DTI (2005) compare
better with the loads provided by the manufacturer. It is clear that the reader should be
careful when loads are mentioned as to whether they are factored or not. In this thesis
only unfactored loads are discussed.
As reported in Senders (2005) the communication between different engineering
disciplines is not always optimal and can lead to non-optimal designs. Fatigue issues on
an OWT are a major consideration for structural engineers and the loading is therefore
investigated in depth. However, this detailed information regarding the loading is
typically not shared with the foundation designer who only receives the maximum loads
(as was the case for the DTI-report). To optimise the foundation design it is therefore
recommended that the geotechnical and structural engineer work closely together, so
that the reported OWT loads include all necessary information for an optimal
foundation design.
2.3.2

Individual load components

The loads acting on an OWT must ultimately be carried by the foundations. These loads
can be subdivided into the following categories (DNV, 2004):
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− permanent loads (weight of structure and permanent equipment);
− variable loads (personnel, crane operational loads and transient loads);
− environmental loads (aerodynamic loads, hydrodynamic loads, earthquake
loads, braking loads and ice loads).
Although braking loads and loads that can be induced by ice, boat collision,
earthquakes, marine growth, scour, or the like can be considerable, these loadings are
not considered in this thesis. The main loads on an OWT considered in this thesis
consist therefore of three components:
− self weight (permanent, vertical downward direction);
− hydrodynamic loads (environmental, horizontal variable direction);
− aerodynamic loads (environmental, horizontal variable direction).
Several text books (Burton et al., 2001; Manwell et al., 2002), design codes
(Germanische Lloyd, 2003; DNV, 2004) and other publications (Tromans et al., 1991,
Cheng, 2002, Cerda Salzmann, 2004) discuss how these loads can be calculated. The
methods that are used in this research will be discussed in Chapter 3.
2.3.3

Computer programming

The DNV standard (2004) dedicates a large section to the combination of environmental
loads. This standard states that in a short-term period with a combination of waves and
fluctuating wind, the individual variations of the two load processes about their
respective means can be assumed uncorrelated. This assumption can be made regardless
of the intensities and directions of the load processes, and regardless of possible
correlations between intensities and between directions. The standard suggests two
methods to combine environmental loads with each other:
1) Linear combination of individual environmental loads or individual
environmental load effects.
2) Combination of environmental loads by simulation.
In the latter case many calculations have to be performed to find the extremes.
Computer programs are the recommended tools for these calculations.
Commercial computer programs are available such as BLADED (Garrad Hassan, 2007)
and FLEX5 (Stig Øye, 1990), which are design tools for wind turbine performance and
loading. However, these programs do not focus upon the foundations although the
stiffness of the foundations influences the load calculations. The programs are
commercialised and it is therefore impossible to adjust the code and run non standard
analyses. For a DTI project, Oxford University joined forces with Garrad Hassan and
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implemented force-resultant foundation models in BLADED (DTI, 2005). These
foundation models were developed over recent years mainly at Oxford University and
are coded in a Fortran program named ISIS. This ISIS program uses force-resultant
foundation models such as ‘Model B’ for circular foundations on clay (Martin, 1994),
‘Model C’ for circular foundations on sand (Cassidy, 1999) and hyper plasticity models
with multiple yield surface methods (Nguyen-Sy and Houlsby, 2005). The plasticity
models feature four main components: a yield surface, hardening law, flow rule and an
elastic representation. Small adjustments are made (Byrne, 2000) which allow extension
of these models from circular foundations to suction caissons. Unfortunately the present
research could not make use of this combination of BLADED and ISIS and the
development of a new computer program was therefore essential to acquire a better
insight in the OWT loads.
Cerda Salzmann (2004) developed a 2D computer program in Matlab which enables the
simulation of wind and wave time series, the calculation of the loads on an OWT and
subsequently the structural responses of the OWT and the mono pile. The source code
of this program is freely available and can be adjusted to run non standard analyses. To
compare it with BLADED it needs to be converted to a 3D program and should be
extended to include different foundation models. It is, however, user friendly and gives
an insight in how to program the wind and wave time series as described in various
textbooks (Burton et al., 2001; Manwell et al., 2002). It was a logical step to use this
coding for the development of a new computer program.
At the University of Western Australia (UWA) a 3D computer program was developed
in Fortran to calculate the loads and behaviour of a 3D jack-up (Bienen and Cassidy,
2006b). This program includes the foundation models specified in ISIS and can
calculate wave forces according to NewWave theory (Cassidy, 1999). Unfortunately
this program can only calculate wave and current forces on a vertical beam and cannot
calculate wind forces on an OWT. By including a WIND component and upgrading the
WAVE component this program essentially achieves the same as the combination of
BLADED and ISIS. The advantage for the current work is that the coding is available
and can be adjusted as required. This will be discussed in Chapter 3.

2.4
2.4.1

INSTALLATION RESISTANCE PREDICTIONS
General observations

Limited design guidance is currently available for (suction) installation prediction in
sand. Most guidance for designers of caisson foundations is provided in the form of
project experience, which may not be directly applicable for a new project being
considered.
2-5

Suction caissons in sand as tripod
foundations for offshore wind turbines

The University of Western Australia
School of Civil and Resource Engineering

Trials with suction piles were first reported by Hogervorst (1980). From tests in a range
of soil conditions (including sand and clay sites), Hogervorst concluded that a
significant decrease in penetration resistance during installation occurred due to seepage
into the caisson, leading to decreased effective stresses within the caisson. Hogervorst
concluded that penetration resistance could be calculated using empirical coefficients
relating cone resistance to skin friction and end bearing, and assuming external side
friction only.
A large scale field trial to investigate the penetration resistance of 22 m high concrete
skirts with suction for Gullfaks C was reported by Tjelta et al. (1986). The soil profile
comprised interbedded clay, clayey sand and sand. The field trial involved mounting a
concrete test panel (0.4 m thick and 2.4 m wide) between two steel cylinders (6.5 m
diameter), which were then penetrated using suction. The test panel extended 2.5 m
below the base of the cylinders and was instrumented. The trial showed that suction
reduced the inside wall friction in the sand significantly. However, the measured friction
was not fully in accordance with the expected behaviour both with respect to soil
stratification and wall friction degradation. It was suggested that soil may have been
dragged down from one layer into another during penetration.
A theoretical study was performed by Erbrich and Tjelta (1999) to investigate the
mechanisms governing the installation of suction caissons in dense sands. Although
Erbrich and Tjelta do not present a complete calculation method for installation
resistance of a suction caisson they present some very useful findings, which are
compared with model tests and data collected during the installation of the Draupner E
platform. These findings can be used in new calculation methods and are presented
below:
− ‘piping’ during the suction installation stage does not occur as easy as initially
thought. The reason for this being substantial pre-loosening of the soil before
unstable conditions arise. This pre-loosening works as a safety mechanism,
which stops working when relative density is in the order of 30%;
− degradation of inner friction is highly non-linear with the degradation of
vertical effective stress;
− end-bearing degrades linearly with increasing suction pressure.
From these three papers regarding suction caisson installation (Hogervorst, 1980; Tjelta
et al., 1986; Erbrich and Tjelta, 1999) it can be concluded that when upwards flow
occurs within a sand plug, there is a reduction in resistance. Therefore an installation
prediction should consider at least two phases during installation: the self weight
penetration phase and the suction penetration phase.
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Tran (2006) found that during the second phase the installation pressures could reach a
maximum suction pressure which increases linearly with installation depth even with
very fast installation speeds. This should be implemented in a new installation
prediction method.
The existing procedures for predicting penetration resistance in sand can be divided into
two categories:
1) Beta approaches (Section 2.4.2). These methods are based on the classical
approach, where tip and frictional resistance are taken in proportion to the
assumed in situ effective stresses.
2) CPT approaches (Section 2.4.3). These methods are based on the approach that
the tip and frictional resistance are in proportion to the measured cone
resistance, qc.
2.4.2

Beta approaches

In this section two beta approaches are discussed: the API method and the Houlsby and
Byrne method. The API method only describes the self weight penetration phase (phase
1) whereas the Houlsby and Byrne method describes both the self weight penetration
phase and the suction penetration phase (phase 1 and 2).
API method
The API method (2000) does not specify a method to calculate the penetration
resistance specifically for a suction caisson in sand. However, the design code for pile
foundations in cohesionless soils may be used for the push-in resistance of a suction
caisson (self-weight penetration phase). To determine the installation resistance, Rc,
upon the side and the tip of the skirt, the API guidelines lead to the following formula:
Rc _ API

L
⎡
⎤
'
= ( Aso + Asi ) min ⎢ K tan δ ∫ σ v ( z )dz , f lim ⎥
0
⎦
⎣

[

+ Atip min σ v ( L) N q _ API , Qlim
'

]

with
Aso = πDo
Asi = πDi

(2.1)

(

Atip = 0.25π Do − Di
2

2

)

where
L

= caisson length and assumed full penetration depth

Aso

= outer pile perimeter

Asi

= inner pile perimeter
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K

= coefficient of lateral earth pressure

δ

= interface angle

σv'

= vertical stress

flim

= limiting unit friction

Atip

= rim area of the suction caisson

Nq_API = bearing capacity factor according API
Qlim

= limiting unit end bearing.

The recommended value for the coefficient of lateral earth pressure, K, is 0.8.
Recommended values for δ, flim, Nq and Qlim depend on the sand density and are
presented Table 2-1, which is a copy from Table 6.4.3-1 of the API-code (2000). A
check has to be made whether the inner friction exceeds the end bearing of the plug, but
for suction caisson with typically an L/D ratio smaller than 1.5, the inner friction will
always be lower than the plug end bearing.
Table 2-1. Copy of Table 6.4.3-1 of the API-code (2000)
Soil description

Very loose sand
Loose sand
Medium dense sand
Dense sand
Very dense sand

Soil-pile
friction
angle, δ
[°]
15
20
25
30
35

Nq_APIvalue

Limiting unit
skin friction
values, flim
[kPa]
47.8
67.0
81.3
95.7
114.8

8
12
20
40
50

Limiting unit
end bearing
values, Qlim
[MPa]
1.9
2.9
4.8
9.6
12.0

Houlsby and Byrne method
A classical beta method to calculate the penetration resistance of a suction caisson was
proposed by Houlsby and Byrne (2005). This method includes a reduction in internal
friction and end bearing and an increase in outside friction when suction is applied.
The formula for penetration resistance without suction is very similar to the API
formula, but differs significantly in the description of inner and outer vertical effective
stresses, σvi' and σvo':
L

L

Rc _ H & B = Aso K tan δ ∫ σ vo ( z )d z + Asi K tan δ ∫ σ vi ( z )dz + Atipσ end
'

0

0

'

'

(2.2)

In contrast to the API method, in this method the vertical stresses close to the pile are
assumed to be influenced by the frictional forces further up the caisson. This compares
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with the findings of Erbrich and Tjelta (1999) where the frictional resistance calculated
from purely in-situ lateral soil stress was found to be 33% less than the frictional
resistance calculated from lateral soil stress, which takes increased stress conditions
created by the friction force into account. According to this theory the inside vertical
stress at tip level is typically larger than the outside vertical stress at tip level. This will
influence the effective vertical stress underneath the pile rim and special attention has
been paid to this.
Figure 2-2 displays a schematisation of the installation method proposed by Houlsby
and Byrne. The triangles surrounding the suction caisson skirts represent the distribution
of the friction which is developed on the side of the caisson onto the surrounding soil.
The zone influenced by the friction distribution is assumed to increase with a factor fi or
fo with increasing depth. The diameter of the soil inside the caisson that is not
influenced by this friction distribution is therefore Di-2fiz (see Figure 2-2). The diameter
that includes the influenced soil outside the caisson will be Do+2f0z.
The equilibrium of the vertical loads on an infinitely thin disc of soil requires that the
difference in vertical stress over the disc is equal to the weight of the disc (depending on
the effective unit weight, γ') plus the friction on the side. Since the friction is taken as a
function of the effective stress (=σv'Ktanδ), this equilibrium becomes a differential
equation. Introducing the parameters, Zi and Zo, which collect terms related to the side
friction on the thin disc, the differential equations become more comprehensive. The
differential equation for the internal stress can now be described as:

dσ vi '
σ '
= γ '+ vi
dz
Zi
with

{

⎧ Di 1 − [1 − (2 f i z / Di )]2
⎪
⎪
4(K tan δ )i
Zi = ⎨
Di
⎪
⎪⎩
4(K tan δ )i

}

(2.3)
for

z ≤ Di / 2 f i

for

z > Di / 2 f i

In a similar way the differential equation for the external stress can be described as:

σ '
dσ vo '
= γ '+ vo
dz
Zo
with

{

(2.4)

}

D [1 + (2 f o z / Do )] − 1
Zo = o
4(K tan δ )o
2

The calculation of the stress underneath the pile rim is not straight forward, as the stress
on the outside of the rim does not have to be equal to the stress on the inside of the rim
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(see Figure 2-3). The stress distribution underneath the rim is therefore not
automatically symmetrical. To account for this, a point, named x, is introduced which
defines the location underneath the rim where the end bearing stress calculated based
upon the outer stress is equal to the end bearing stress calculated based upon the inner
stress (see Figure 2-3). This leads to the following equation to calculate the stress
underneath a pile rim:
⎛

2x 2 ⎞

⎟Nγ
σ end ' = σ vo ' N q + γ ' ⎜⎜ wt −
wt ⎟⎠
⎝
with
x=

wt (σ vo '−σ vi ')N q
+
2
4γ ' N γ

(2.5)

N q = tan 2 (45° + φ ' / 2 )e π tan φ '
N γ ≈ 2(N q + 1) tan φ '

In comparison with the API method there are no limits given for the unit end friction
and the unit end bearing.
When suction is applied at the top of the caisson, the excess pressure is taken as p. It is
now assumed that the excess pore pressure at the tip of the caisson is ap (see Figure
2-4). The average downward hydraulic gradient is ap/γwz on the outside of the caisson
and an upward hydraulic gradient of (1-a)p/γwz on the inside. Because the flow is more
restricted inside the caisson than outside, a is expected to be a factor less than 0.5. Finite
element analyses have been used to calculate the value of a. In the example shown in
Figure 2-4 the penetration, L, is 0.33D and the value of a is slightly less than 0.3.
The authors furthermore argue that it is possible that the soil inside the caisson loosens
during suction and that therefore the permeability inside the caisson (ki) and outside the
caisson (ko) can be different (Figure 2-4). The value of a depends on the ratio of these
permeabilities (kfac = ki/ko) and several FE-analyses were made to determine a factors
for different penetration depths, z, and different permeability ratios, kfac. Results of these
analyses led to the following empirical relation:
a( z ) =

a1 ( z )k fac

(1 − a1 ( z ) ) + a1 ( z )k fac

with
⎡
z ⎞⎤
⎛
a1 ( z ) = 0.45 − 0.36 ⎢1 − exp⎜ −
⎟⎥
⎝ 0.48D ⎠⎦
⎣
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The first term was unfortunately wrongly copied into Houlsby and Byrne (2005) and
missed the term kfac in the bottom of the equation. However, the calculations in their
paper were performed with the correct expression.
The authors assumed that the influence of the suction, p, on the internal and external
stress conditions is linear over depth. The stress conditions during suction can therefore
be expressed by:

σ '
dσ vo '
p
= γ '+ vo − (1 − a( z ) )
dz
Zo
z

(2.7)

σ '
dσ vi '
p
= γ '+ vi + a( z )
dz
Zi
z

The determination of the stress level at tip level is again not straightforward. The
internal and external stress will change with suction pressure and while the internal
pressure is typically larger in static conditions, the external stress level will become
larger where (sufficient) suction is applied. The stress at tip level must therefore be
calculated depending on the difference of internal and external stress:
⎧
⎪
σ vi ' N q + γ ' wt N γ
⎪⎪
σ end ' = ⎨
σ vo ' N q + γ ' wt N γ
⎪
⎛
2x 2
⎪σ vo ' N q + γ ' ⎜⎜ wt −
wt
⎪⎩
⎝
with
w (σ vo '−σ vi ')N q
x= t +
2
4γ ' N γ
2.4.3

in case
in case
⎞
⎟⎟ N γ
⎠

(σ vo '−σ vi ') ≥ 2wt N γ / N q
(σ vi '−σ vo ') ≥ 2wt N γ / N q
in other cases
(2.8)

CPT approaches

Three CPT methods are presented in this section: the DNV method, Feld’s method and
the NGI method. The DNV method only describes the self weight penetration phase
whereas the other two methods describe both the self weight penetration phase and the
suction penetration phase.
DNV method
The current DNV method uses two dimensionless parameters, kf_c and kp, to relate the
unit friction and unit end bearing respectively to the cone penetration resistance, qc. The
caisson installation resistance, Rc, can be expressed as the sum of inner friction, Fi, outer
friction, Fo, and tip resistance, Qtip, according to (DNV, 1992):

2-11

Suction caissons in sand as tripod
foundations for offshore wind turbines

The University of Western Australia
School of Civil and Resource Engineering

Rc _ DnV = Fi + Fo + Qtip
where
L

Fi = Asi k f _ c ∫ q c ( z )dz

(2.9)

0

L

Fo = Aso k f _ c ∫ qc ( z )dz
0

Qtip = Atip k p q c ( L)
The suggested range for the kf_c coefficient lies in between 0.001 (most probable) and
0.003 (highest expected) and for the kp coefficient in between 0.3 (most probable) and
0.6 (highest expected).
Feld method
The penetration resistance calculation proposed by Feld, is a combination of a CPTmethod and a beta approach and includes a reduction in penetration resistance when
suction is applied (Feld, 2001).
In the self weight penetration phase the friction is calculated by means of a roughness
factor, r, a friction angle, φ', and the effective vertical stress, σv'. The tip resistance is
calculated by multiplying the cone resistance with an empirical factor, kp, as in the DNV
method.
In the suction penetration phase, the reduction in penetration resistance is coupled to the
ratio of applied suction to the critical suction (p/pcrit) and three empirical factors, ri, ro
and rt, which describe the maximum change of inside and outside skin friction and of tip
resistance. The exact values of these empirical factors are not clearly described, and the
values presented in Equation 2.11 below should therefore be treated with care. The
critical suction, pcrit, was copied from the findings of Clausen and Tjelta (1996) and is
defined as:
p crit =

γ'z
(2.10)

z
⎛
⎞
1.0 − 0.68 ⎜1.46 + 1⎟
D ⎠
⎝

This results in the following formulae which describe the total resistance both in self
weight penetration phase and in the suction phase:
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Rc _ Feld = Fi + Fo + Qtip
where
p ⎞
′ ⎛
⎟dz
Fi = Asi r tan φ ' ∫ σ v ( z )⎜⎜1 − ri
p crit ⎟⎠
⎝
0
L
p ⎞
′ ⎛
⎟⎟dz
Fo = Aso r tan φ ' ∫ σ v ( z )⎜⎜1 + ro
p
crit ⎠
⎝
0
L

⎛
p
Qtip = Atip k p qc ( L)⎜⎜1 − rt
pcrit
⎝

(2.11)

⎞
⎟⎟
⎠

⎛z⎞
r = 0.8 r t = 1 ri = 1 ro = 0.1⎜ ⎟
⎝D⎠

0.25

NGI method (Andersen et al., 2008)
The NGI-method proposes to determine the push-in installation resistance either
according to the DNV method or according to a classical beta approach, as in the
Houlsby and Byrne method. For the purpose of this research only the CPT approach
(see Equation 2.9) is considered. The values for kp and kf_c are empirically determined
based upon a database of installation data (small scale and full scale) and are not the
same as presented for the DNV method. This method proposes a varying kp value
between 0.01 and 0.55 for a fixed kf_c value of 0.0015 or a varying kp value between
0.03 and 0.6 for a fixed kf_c value of 0.001. The variation of the kp value depends on
individual cases, but no clear reasoning is given when to use which value.
To take resistance reduction into account during suction installation, the resistance
calculated for no flow conditions has to be multiplied by an empirical ratio, which
depends on the critical pressure, pcrit, the suction pressure, p, the self weight, W, the
penetration, z, and the wall thickness, wt.
The critical allowable pressure, pcrit, depends, according to this method, on the
penetration ratio, z/D, and the permeability ratio of a thin cylindrical annulus of soil
directly next to the inner caisson wall and outside the caisson, kfac_thin. This permeability
factor is different from the factor proposed in the Houlsby and Byrne method, since it
assumes that only a thin slice directly next to the caisson wall has a different
permeability. Andersen et al. (2008) uses a critical suction number, SN,cr, as was
introduced in Erbrich and Tjelta (1999) to determine the critical allowable pressure, pcrit
= SN,crzγ'. Figure 2-5a shows the variation in the critical suction number for different
permeability ratios, kfac_thin, and different penetration ratios, z/D, as presented in Figure
4 of Andersen et al. (2008). To facilitate calculations in the remainder of this thesis a
best fit equation was developed to describe the dependence of the critical suction
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number, SN,cr, upon the permeability ratio, kfac_thin, and the relative penetration, z/D
according to:
⎛ z ⎞

S N ,cr

⎛ ⎛ z ⎞ 0.5
⎞ k fac _ thin 0.675−0.3⎜⎝ D ⎟⎠
⎜
≈ 0.16 5⎜ ⎟ + 3 ⎟
0.5
⎜ ⎝D⎠
⎟
⎛z⎞
⎝
⎠
⎜ ⎟
⎝D⎠

for

z
>0
D

(2.12)

Figure 2-5b shows that this equation fits the data presented by Andersen et al. (2008)
well.
To determine the ratio between the resistance during ‘no flow’ and ‘flow’ conditions a
graphical method has to be used. Empirically it was found that the ratio between the
resistance during suction installation, Rc,flow, and the resistance during push in
installation, Rc, depends on the ratio between the penetration and the wall thickness,
z/wt, and the ratio between the suction number and the critical suction number, SN/SN,cr
(Figure 2-6a). Again a best fit equation was developed for the data presented in this
graph to facilitate calculations in the remainder of this thesis:
Rc , Flow
Rc

⎛
S
≈ ⎜⎜1 − N
⎝ S N ,cr

1

a

⎞a
⎟
⎟
⎠

where
a = 0.01

z
wt

(2.13)

1.5

Figure 2-6b shows that this equation fits the presented data from Andersen et al. (2008)
reasonably.
For each penetration depth, z, the critical suction number, SN,cr, needs to be determined
and it needs to be checked whether the self weight is higher than the push-in resistance,
Rc. If this is not the case, Figure 2-6 is used to determine the resistance and the suction
pressure. This is done by entering the graph at the ratio of the self weight and the pushin resistance, W'/Rc (in Figure 2-6a arbitrarily chosen to be 0.3). From this point
onwards the grey dotted line, which has a gradient of 1:0.25πD2zγ'SN,cr/Rc is followed
until the penetration ratio z/wt is encountered. From the intersection of the line and the
curve it can be determined what the Rc,flow/Rc-ratio and the SN/SN,cr-ratio are. This can be
used to calculate the penetration resistance and necessary suction pressure.
To summarise this NGI method in formula form, the following equations are used:
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Rc _ NGI = Fi + Fo + Qtip

Rc _ NGI _ flow = Rc _ NGI Ratio( p, p crit ,W , z , wt )
for CPT − approach :
L

Fi = Asi k f _ c ∫ q c ( z )dz
0

(2.14)

L

Fo = Aso k f _ c ∫ q c ( z )dz
0

Qtip = Atip k p q c ( L)
and

Ratio( p, p crit ,W , z , wt ) = Figure7 Andersen etal.(2008)

To facilitate the use of this ‘graphical’ method it is recommended to use the simplified
Equations 2.13 and 2.14.
2.4.4

Review of existing installation prediction methods

Table 2-2 presents a simplified comparison between the five prediction methods
discussed, based upon criteria such as the type of approach and the simplicity to use the
method. A worked example with three of the five of these methods can be found in
Chapter 5.
Table 2-2. Comparison between the different installation prediction methods
1
2
3
4
5
6
7
8

Beta-approach
CPT-approach
Resistance reduction due to suction installation
Theoretical based
Empirically based
Clear documentation
Simple to use
Good broad fit to published installation data

API
+
+
+
+
-

Houlsby&Byrne
+
+
+
+
+

DNV
+
+
+
+
-

Feld
+
+
+
-/+

NGI
+
+
+
+
+

The most important criterion for an installation prediction method is whether the
prediction fits the measured installation data (criterion 8 in Table 2-2). Papers
presenting a prediction method typically show a very good fit between the published
method and the measured installation data. However, the accuracy depends on the data
base and the input parameters adopted. The statement in Table 2-2 that the Houlsby &
Byrne and NGI methods give a good prediction is therefore subjective and should be
verified with new large scale suction installation data for which the parameters
necessary for the different prediction methods are unambiguous. This is, however, not
simple to achieve and much time and money needs to be spent, before a wide data base
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exists with large scale suction installation data. Therefore other criteria should be used
at this point in time to define the merits of the different prediction methods.
The first two criteria describe whether the prediction method uses a beta approach or a
CPT approach. From an input parameter point of view it makes more sense to use a
CPT approach than a beta approach, simply because nowadays information regarding
the soil conditions of a particular site typically comes in the form of CPT data. That is
why, for any kind of foundation, methods based directly on in situ test data (for suction
caisson installation the DNV, Feld and NGI methods) are favoured by industry. The
difficulty with the traditional approach (API and Houlsby & Byrne method) lies in
estimating key parameters such as the tip end bearing factor, Nq, and the in situ earth
pressure ratio, K0, particularly for very dense, heavily overconsolidated, sands such as
found in the North Sea. Furthermore, the penetration of a cone into the soil is similar to
the penetration of a suction caisson skirt. Both the width of the penetrating objects and
the penetration speeds are similar. The axi-symmetric failure relevant for the cone may
therefore be related to the quasi plane strain failure relevant for skirt penetration.
The third criterion describes whether the method includes reduction in penetration
resistance during suction installation as was described by several authors (Hogervorst,
1980; Tjelta et al., 1986; Erbrich and Tjelta, 1999). The API and DNV methods do not
include this reduction and it is therefore recommended to use these methods solely to
calculate the self weight penetration resistance.
The fourth and fifth criteria identify that the beta methods are theoretically based
whereas the CPT methods are empirical methods. This leads potentially to more
confidence in the API and Houlsby and Byrne methods. However, these theoretical
approaches are based on a friction angle, φ', which in practice is typically deduced from
(empirical) correlations with the cone resistance, qc. Furthermore there are some
concerns regarding the theoretical approach in the Houlsby and Byrne method of a fixed
value between the vertical and horizontal pressure, K0, and a fixed ratio between the
inside and outside soil permeability, kfac. The fixed K0-value is used in the Houlsby and
Byrne method to calculate the change in horizontal stress when the vertical stress is
changed due to seepage. Whether this direct correlation between change in vertical and
horizontal stress is correct, is not proven. The fixed kfac-ratio implies implicitly that the
soil along the inside of the caisson skirt has a higher permeability as soon as the suction
caisson starts penetrating. However, this change can physically only happen gradually.
When the differential pressure is so high that the critical hydraulic gradient is reached
the soil can loosen up and its permeability will increase. Before that differential pressure
is reached the permeability will stay largely unchanged.
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The sixth criteria reveals that the Feld method is poorly described and it is therefore
recommended not to use this method.
The seventh criterion reveals that the API and DNV method are straightforward to use,
whereas the Houlsby and Byrne, Feld and NGI method are more difficult to use. The
Houlsby and Byrne method requires solving differential equations and the DNV method
requires a graphical approach. With an increased difficulty in use, the possibility of
errors increases as well, since a simple ‘back of the envelope’ check cannot be made.
An example of possible errors can be found in Houlsby et al. (2006), where the method
was used to make a prediction for the measured installation for the two suction caissons
installations at Luce Bay. Although the prediction compares reasonably well with the
measurements a detailed analyses reveals that the inside friction for both the 1.5 and
3 m caissons, reach negative values after a certain penetration (respectively 0.37 m and
0.67 m which compares with 0.25D and 0.22D). The calculation should have been
terminated after these penetrations and the calculation method should have predicted
liquefaction from those penetration depths onwards.
From the above eight criteria it can be concluded that the Houlsby and Byrne method is
the best available method to predict the installation resistance for a suction caisson.
However, this method has also several limitations as summarised above. Despite the
mentioned concerns, most of the predictions with the Houlsby and Byrne method with
the appropriate input parameters lead to very good predictions of most of the published
suction installation tests. To improve and facilitate the Houlsby and Byrne method, it is
recommended to adjust the method so that input parameters can be directly linked to
(in-situ) soil tests, the calculations are simplified and the assumptions of a fixed K0 and
kfac-ratio are revisited; alternatively a new design method should be developed as will be
described in Chapter 5.
Although the installation process in layered soils is discussed in the literature (Senprere
and Auvergne, 1982; Tjelta et al., 1986; Watson et al., 2006), there is currently no
published prediction method for layered soil available. Chapter 6 will address this topic.

2.5

SUCTION CAISSON RESPONSE DURING LOADING

The prediction of the response of offshore structures under environmental loading, from
wind and waves, depends on an understanding of the interactions between the structure
and foundation, as they act together as a dynamic system (Doherty et al., 2005;
Liingaard, 2006). In particular, the dynamic properties of the structure (for instance
resonant frequencies) are affected by the properties of the foundation. This often
governs the design since the foundations and the structure need to be tuned to the right
natural frequency in order to avoid the main excitation frequencies or to avoid loads that
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govern the fatigue of the structure and therefore the design life time. It is therefore
necessary to provide accurate means of assessing the foundation response, so that it can
be properly included in the composite structure-foundation system.
This section will firstly discuss how existing design codes can be used to describe the
elastic-plastic behaviour of a vertically loaded suction caisson. Secondly a more
theoretical approach is presented regarding the behaviour of suction caissons under
purely elastic conditions. Thirdly a model is presented which predicts failure and plastic
deformation, for different combinations of loads acting on the caissons. This is followed
by consideration of the effects of cyclic loading on the response of suction caissons.
Finally the various response models are reviewed and recommendations are made in
respect of the present research.
2.5.1

Elastic-plastic behaviour according to pile design codes

Geotechnical design codes developed for pipe piles (NEN, 1991; DNV, 1992; API,
2000) can be used to describe the behaviour of suction caissons during loading, since a
suction caisson can after all be seen as a very short pipe pile with a closed lid.
These design codes predict vertical and horizontal failure loads of a foundation (V0 and
H0) and present load-displacement curves. None of the three mentioned methods
includes a way of predicting the maximum moment loading. The interaction between
vertical, V, and horizontal, H, loading is only acknowledged for the base shear of a
footing, which means that the simplified failure envelope for VH-loading is as displayed
in Figure 2-7. The elastic behaviour of a foundation inside the failure envelope is
described by so-called t-z, Q-z and p-y curves, where t stands for unit friction, Q for unit
end bearing, z for vertical settlement, p for horizontal soil resistance and y for horizontal
deflection. Below a summary can be found regarding the calculation of the maximum
vertical resistances together with a description of the t-z and Q-z curves according to the
API method for pipe piles in cohesionless soils (API, 2000).
Vertical resistance
The vertical resistance of a suction caisson according to the API method is based on
classical friction theory. Use is made of an approximation of bearing capacity factors,
Nq_API, and classical input parameters like the interface angle, δ, effective soil unit
weight, γ' and the coefficient of lateral earth pressure, K. The vertical resistance is
assumed to consist of a frictional and an end-bearing component. The unit friction and
unit end-bearing are limited in this design method by certain values depending on the
soil density. By assuming the lid of the suction caisson, Acan, is resting on the mud line
after suction installation the equation form of the vertical resistance becomes:
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[

L
⎡
⎤
'
'
V0 = Aso min ⎢ K tan(δ ) ∫ σ v ( z )dz , f lim ⎥ + Acan min σ v ( L) N q _ API , Qlim
0
⎣
⎦

]

(2.15)

Although the value for the coefficient of lateral earth pressure, K, has different values in
older publications of the API-code, it is currently recommended to use a value of 0.8 for
compression loading. Recommended values for δ, Nq_API, together with the limits for
unit friction (flim) and unit end bearing (Qlim), are presented as a function of soil density
in Table 2-1.
Vertical elastic behaviour
The elastic behaviour of the foundation necessary to mobilise the calculated vertical
resistance is described by t-z and Q-z curves. Figure 2-8 presents the recommended
curves according to both API and NEN. It can be seen that according to these design
methods it is estimated that the full frictional capacity is developed within 0.002 to
0.01 m vertical displacement and that this displacement does not depend on suction
caisson diameter or stiffness of the soil. To mobilise full end-bearing capacity, a
displacement of 10% of the suction caisson diameter is necessary. For a suction caisson
of 5 m diameter, this would be 0.5 m, which is significantly more than the displacement
predicted to mobilise friction. Since the end bearing resistance is typically much larger
than the frictional resistance, it is often sufficient to describe solely the behaviour of the
end bearing. However, when settlements are very small, it is important not to neglect
the influence of the frictional resistance.
2.5.2

Pure elastic behaviour

The vertical elastic behaviour as described in Section 2.5.1 has no real theoretical
background and is solely based upon experience. A simple, but rigorous, representation
of the purely elastic behaviour of a suction caisson during operation was described by
Doherty and Deeks (2003) and Doherty et al. (2005). Under general 3D loading, the
elastic stiffness of the foundation system can be expressed as (Doherty et al., 2005):
⎡ 4V / Gr D 2 ⎤ ⎡ K V
⎢
⎢
2⎥
⎢ 4 H 2 / Gr D ⎥ ⎢ 0
⎢ 4 H 3 / Gr D 2 ⎥ ⎢ 0
=⎢
⎢
3 ⎥
8
T
/
G
D
⎥ ⎢ 0
⎢
r
3
⎢8M / G D ⎥ ⎢ 0
⎢ 2 r 3⎥ ⎢
⎢⎣8M 3 / Gr D ⎥⎦ ⎢⎣ 0

0
KH
0

0
0
KH

0
0
0

0
0
KC

0
0

0
KC

KT
0

0
KM

− KC

0

0

0

0 ⎤⎡ 2z / D ⎤
− K C ⎥⎥ ⎢⎢2 y 2 / D ⎥⎥
0 ⎥ ⎢2 y3 / D ⎥
⎥
⎥⎢
0 ⎥⎢ ω ⎥
0 ⎥⎢ θ 2 ⎥
⎥
⎥⎢
K M ⎥⎦ ⎢⎣ θ 3 ⎥⎦

(2.16)

where D is the caisson diameter, Gr the soil shear modulus at 0.5D depth, V, H2, H3, T,
M2 and M3 the loads, z, y2, y3, ω, θ2, θ3 the deflections and KV, KH, KM, KT, KC, the
dimensionless stiffness coefficients. KV defines the vertical stiffness, KH the horizontal
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stiffness, KM the rotational stiffness for moment about a horizontal axis; KT the
rotational stiffness for torsion about the vertical axis; and KC expresses a coupling that
occurs between horizontal load and rotation about a horizontal axis and conversely
between moment about a horizontal axis and horizontal displacement. It can be shown
from symmetry considerations that no other coupling terms are present. The reference
point for forces and displacements is in this case taken on the centreline of the
foundation at the ground surface level (see Figure 2-9). The sign definitions of the loads
and the deflections can be seen in Figure 2-10.
In this model the soil is treated as an elastic material with a constant Poisson’s ratio,ν,
and a shear modulus, G, which varies with depth below ground surface in the following
manner:

⎛ z ⎞
G ( z ) = Gr ⎜
⎟
⎝ 0.5D ⎠

α

(2.17)

The variation of shear modulus with depth depends on the dimensionless factor, α, (see
Figure 2-11) and arises from the fact that the elastic stiffness of the soil varies with the
stress level. Sands will typically show intermediate conditions with an appropriate
choice of α of about 0.5 (see Figure 2-11).
Figure 2-12 presents the geometry and embedment conditions of four different circular
foundations considered in Doherty and Deeks (2003). Case 1 represents a circular
footing at the bottom of an open trench, case 2 represents a fully embedded footing,
case 3 represents an embedded footing (or short pile) with full sidewall–soil contact,
and case 4 represents a skirted foundation (or caisson), also with full sidewall–soil
contact. Doherty and Deeks (2003) present the stiffness coefficients for each of these
foundations, for different soil conditions (variation in ν and α) and different L/D ratios.
The differences in stiffness coefficients between the different cases give an indication of
the individual contribution of the elastic load-displacement behaviour from the external
wall, the internal wall and the end bearing of a suction caisson.
In reality the values of the stiffness coefficients also depend on the stiffness of the
caisson itself (Doherty et al., 2005). It is assumed that the caisson lid can be treated as
rigid, and that the skirt can be treated as a thin cylindrical shell with elastic properties.
The flexible skirt is of length L and has a wall thickness, wt. It is assumed to be an
elastic material with a Young’s modulus Es and Poisson’s ratio νs (see Figure 2-9). This
latter value is fixed at 0.25. To combine all these parameters, a dimensionless parameter
was introduced, which represents the relative stiffness of the caisson skirts:
J=

2 E s wt
Gr D

(2.18)
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For an infinitely stiff suction caisson (J = ∞), the values of the stiffness coefficient are
labelled K∞. Similarly for an extremely weak caisson (J = 0) the stiffness coefficients
are labelled K0. These latter values represent a caisson with ‘infinitely’ thin skirts. To
determine the stiffness coefficients for caissons with other relative stiffness, a curve
fitting procedure was proposed (Doherty et al., 2005), expressed in terms of parameters
p, which is an empirical factor that determines the shape of the relationship and Jm ,
which represents the relative stiffness for a flexible caisson with a stiffness coefficient
that is intermediate between the infinitely stiff and extremely flexible caisson. The
curve fitting formula is expressed as:
K 0 + (J / J m ) K ∞
p

K (J ) =

1 + (J / J m )

p

with
Jm = J

at

(2.19)

K + K∞
K= 0
2

Doherty et al. (2005) present tables with values for all the stiffness coefficients (both K0
and K∞), and the dimensionless coefficients Jm and p, for several values of ν, α and L/D.
With these tables the stiffness coefficients may be interpolated for a suction caisson
with relative stiffness, J. Note that most suction caissons are relatively stiff and the
stiffness coefficients will therefore be very close to the K∞-values which were already
presented in Doherty and Deeks (2003) for case 4.
2.5.3

Elastic-plastic behaviour according Model C

Soil will initially respond elastically during loading, but will gradually yield and start to
behave plastically. A more realistic representation of the foundation behaviour is
therefore an elastic-plastic model. The elastic part of the loading can be modelled as
described in the previous section, but with certain combinations of load the foundation
will fail and undergo plastic deformation.
A sophisticated elastic-plastic foundation model is that of ‘Model C’ developed by
Cassidy and Houlsby for flat circular footings on dense sand subject to a combination of
vertical, moment and horizontal loading (V, M, H) (Cassidy, 1999, Houlsby and
Cassidy, 2002). By combining a yield surface with internal elastic behaviour, a plastic
potential and a hardening law, the model describes the load-displacement relationship
for footings on dense sand. Because the plasticity framework allows the response of the
foundation to be expressed purely in terms of force resultants on the footing, it can be
coupled directly to the numerical analysis of a structure.
Expressions for the yield surface, the elastic behaviour, the plastic potential and the
hardening law are presented below:
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Yield surface
The yield surface, f, for 2D loading in 3 degrees of freedom (V, H, M) may be expressed
as (Martin, 1994 based upon Gottardi and Butterfield, 1993):
⎛ H
f = ⎜⎜
⎝ h0V0
with

2

2

⎛ HM / D ⎞
⎞ ⎛M /D⎞
⎛
⎟ − β 12 ⎜ V
⎟⎟ + ⎜⎜
⎟⎟ − 2a⎜
2
⎜V
⎜h m V ⎟
⎠ ⎝ m0V0 ⎠
⎝ 0
⎝ 0 0 0 ⎠

⎡ (β 1 + β 2 )

β 12 = ⎢
⎣

( β1 + β 2 )

β1 β β 2 β
1

2

⎤
⎥
⎦

⎞
⎟⎟
⎠

2 β1

⎛ V
⎜⎜1 −
⎝ V0

⎞
⎟⎟
⎠

2β2

=0
(2.20)

2

The maximum horizontal loading, H, and moment loading, M/D, are linked to the
maximum vertical load, V0, through dimensionless parameters h0 and m0. The factor a
determines the rotation of the yield surface around the vertical axis, and the factors β1
and β2 determine the shape of the surface area in planes containing the V-axis. Where
the shaping factors β1 and β2 are 1, the value of β12 is 16, and an example of the
accompanying yield surface can be seen in Figure 2-13. This yield surface was
developed for flat circular footings (Cassidy, 1999), but was found to be applicable for
yield surfaces for suction caissons as well by adjusting the factors and parameters
slightly (Byrne, 2000).
Since real loading will occur in 3D, it is essential to describe a yield surface in 6 degrees
of freedom (V, H2, H3, T, M2 and M3). Martin (1994) proposed an expression for this
case as follows:

⎛ H
f = ⎜⎜ 2
⎝ h0V0

2

⎞ ⎛ H3
⎟⎟ + ⎜⎜
⎠ ⎝ h0V0
2

2

2

2

⎛ H M / D − H2M 3 / D ⎞
⎞ ⎛ M2 / D ⎞ ⎛ M3 / D ⎞
⎟+
⎟⎟ + ⎜⎜
⎟⎟ + ⎜⎜
⎟⎟ − 2a⎜ 3 2
2
⎟
⎜
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m
V
h0 m0V0
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(2.21)

=0

Coefficients for this expression have been derived from experimental results of loading
of a circular flat foundation on loose dry silica sand in 6 degrees of freedom (Bienen et
al., 2006).
Elastic response
The Model C footing in sand is combined with an elastic response for caissons with
flexible skirts (Doherty et al., 2005) as described in the Section 2.5.2.
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Displacement hardening
A displacement hardening expression is essential in Model C to define the variation of
vertical load with vertical displacement. The yield surface expands and contracts with
vertical plastic penetration and plastic heave respectively, with its size determined by
V0, the vertical load capacity. An example of this is given Figure 2-14.
The model includes an empirical formula, which defines the vertical bearing capacity
with plastic embedment (zp) and models post-peak work softening as well as pre-peak
performance expressed as (Cassidy, 1999):

V0 =

⎛ fp
kz p + ⎜
⎜1− f
p
⎝
⎛ kz pm
⎞⎛ z p
1 + ⎜⎜
− 2 ⎟⎟⎜
⎜
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⎞⎛ z p
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2
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⎠ ⎝
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⎟⎜
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⎞
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2

where k is the initial plastic stiffness, V0m the peak value of V0, zpm the value of plastic
vertical penetration at this peak and fp a dimensionless constant that describes the
limiting magnitude of vertical load as a proportion of V0m (i.e. V0 → fpV0m as zp → ∞).
Cassidy (1999) determined the values for these parameters from experimental data.
Flow rule
Finally Model C needs a suitable flow rule to allow realistic predictions of the footing
displacements during yield. Tan (1990) suggested a plastic potential that used the same
yield surface equations, but with a ‘plastic potential parameter’ to distort the peak of the
surface in the deviatoric/normal plane. Cassidy (1999) suggested using two association
factors (αh and αm) so that the plastic potential could be better described. Furthermore it
was suggested to use different values of β1 and β2 (here named β3 and β4) so that nonassociated flow, as was found in experiments, can be modelled. This results in the
following equation for the plastic potential:
2

2
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(2.23)

To account for ‘stiffening’ occurring in the radial force-displacement relationships (as
was measured) the association factors αh and αm were expressed as:

αh =

k h′α h 0 + α h∞ ( y p / z p )
k h′ + ( y p / z p )

(2.24)
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k m′ α m 0 + α m∞ (Dθ p / z p )
k m′ + (Dθ p / z p )

(2.25)

The plastic potential was adjusted to match experimental data by appropriate choice of
parameters k'h, k'm, β3, β4, αh∞, αm∞ (Cassidy, 1999).
Note that the behaviour of the footing according to this model depends heavily on the
maximum vertical load, V0. In jack-up installations, for which this model was initially
developed, the value of V0 was determined by the preload and is therefore known
exactly. However, during the installation of a suction caisson the ‘ultimate’ vertical
load, V0, cannot be measured directly and an estimate has to be made with theoretical
formulae. The vertical capacity of a fully installed suction caisson may be estimated
from the classical bearing capacity formula for a circular footing (DNV, 1992; API,
2000), which is based on the work of Brinch-Hansen (1970):
V0 _ API = Acan (σ v ' N q s q + 0.5 Dγ ' N γ sγ )
with
Acan = 0.25πD 2

(2.26)

σ v '= γ ' z

s q = 1 + sin (φ )
sγ = 0.6

where φ' is the angle of internal friction of the soil, Nq and Nγ bearing capacity factors
(the latter from Caquot and Kerisel, 1953) and sq and sγ, the shape factors, which
account for the difference in resistance when the plane strain results are converted for
use for an axi-symmetric foundation.
Another alternative to calculate the maximum vertical load is recommended by Byrne
(2000) and includes a value of Nγ based on the work of Bolton and Lau (1993) and an
empirical term that represents the extra capacity gained by the relative skirt length, L/D:
L⎞
*⎛
V0 _ Byrne = 0.5 Acan Dγ ' N γ ⎜1 + 0.89 ⎟
D⎠
⎝
with
N γ ≈ (N q − 1) tan (1.5φ ')
*

(2.27)

Both these methods, which are used to calculate the maximum end bearing, V0, ignore
the effect of the friction developed along the skirts and assume that the lid of the suction
caisson is resting on the mudline after suction installation.
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Behaviour during cyclic loading

Cyclic loading can influence the behaviour of a suction caisson. The most negative
consequences of cyclic loading of a foundation in silica sand are a decrease of ultimate
capacity and large displacements (Poulos, 1989). Some of the reasons behind this
change in behaviour during cyclic loading are friction degradation, strain softening,
excess pore pressure generation and change in interface angle. These are discussed
below and compared with the current design practice for cyclically loaded OWT
foundations consisting of suction caissons underneath a tripod. Some concerns are
raised at the end of this section regarding the design method used and its validity for
design of these large foundations in highly permeable, dense silica sand.
Friction degradation and strain softening
The most obvious form of friction degradation and strain softening occurs in carbonate
sands, where the sand particles consist of small shells (Figure 2-15), which can break
during repetitive loading and lose most of their strength. However, experiments
conducted on steel-silica sand interfaces show that friction degradation and strain
softening can also occur due to cyclic loading (Uesugi et al., 1989; Airey et al., 1992;
Fakharian, 2001; Oumarou and Evgin, 2005; DeJong et al., 2006). These interface tests
do not, however, necessarily give a good prediction of the skin friction behaviour
adjacent to real piles, as the installation of the piles affect the normal stress (Airey et al.,
1992).
The density of sand significantly affects the interface response (Oumarou and Evgin,
2005). Sand directly next to a foundation can densify during repeated loading, as was
shown by DeJong et al. (2006) by PIV measurements during constant normal stiffness
(CNS) shear tests. This will lead to a decrease in normal stress around a cylindrical
caisson and therefore in a reduction of the mobilised shear stress. DeJong et al. (2006)
present a framework which clarifies the mechanism of friction fatigue during
installation and loading of displacement piles in sand.
The shear stress degradation is not only influenced by the compressibility of sand with
cycles, but also on the amount of mobilised sliding displacement (Uesugi et al., 1989;
Fakharian, 2001; Oumarou and Evgin, 2005). This latter is visualised in Figure 2-16,
where results of monotonic and cyclic loading during an interface test can be seen. The
stress strain curve measured during monotonic loading can be used as a backbone curve
for the cyclic loading, with a peak at failure and a slight degradation afterwards. During
the cyclic loading every load cycle makes the sand move along the interface. Part of this
movement continues along the stress strain path measured by the monotonic loading and
follows therefore the backbone.
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During cyclic CNS shear friction degradation, or strain-softening can occur (Uesugi et
al., 1989; Airey et al., 1992; Fakharian, 2001) as the sand grains move during cyclic
loading. The grains directly next to the shear plane will move into a denser matrix, thus
leading to lower normal stress. This results in less friction as discussed previously, but
also in a less rigid behaviour, e.g. strain-softening. Figure 2-16, which presents results
of monotonic and cyclic loading during an interface test, shows the behaviour of strainsoftening with increasing number of cycles. This strain softening seems to occur only
when resistances are mobilised close to the maximum resistance (Uesugi et al., 1989;
Airey et al., 1992; Fakharian, 2001).
Excess pore pressure generation
Generation of excess pore pressure is often seen in clays during cyclic loading.
Examples of this behaviour can for instance be seen in cyclic triaxial and DSS tests on
Drammen clay (Andersen and Lauritzsen, 1988). The excess pore pressure will lead to a
reduction in the effective stress, which will eventually lead to the failure envelope being
reached earlier than when no reduction in effective stress takes place. Failure will
depend on the average and cyclic shear stress and the number of load cycles. The failure
mode will be in the form of either large average shear strains, large cyclic shear strains
or a combination of both.
An example of this behaviour can be seen in Figure 2-17a where results and
interpolation of cyclic simple shear tests on normally consolidated Drammen clay are
displayed (freely after Andersen and Lauritzsen, 1988). It can be seen that cyclic
loading of the clay will typically reduce the shear resistance. An exception to this is for
two-way cyclic loading with low average shear stress, where the effect of high shear
strain rates can give shear strengths as high as 1.25 times the static shear strength
measured at low strain rate. Failure left of the dotted line in Figure 2-17a is governed by
excessive cyclic strain and failure right of the dotted line by excessive average strain.
Furthermore it can be seen that more load cycles means that failure will occur at lower
cyclic stress levels.
Change in interface angle
During cyclic loading the interface friction angle is observed to change with increasing
load cycles, typically decreasing. Two reasons are reported to be responsible for this.
Firstly the roughness of the steel will change due to the constant scraping of sand
particles. This was observed in the Euripides and Ras Tanajib pile load tests (CUR,
2001b) and also during driven pile installations (Uesugi et al., 1989). The other reason
is that during cyclic loading crushing of the sand grains occurs at the steel-soil interface,
which results in a similar grain size irrespective of the original size (Uesugi et al.,
1989).
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For a typical 6 m high suction caisson which would be used underneath an OWT with a
tripod, the horizontal stress at tip level would be in the order of 60 kPa. The suction
caisson is furthermore not driven into the soil like a pile and stresses during installation
will be low as well. It is therefore not expected that the interface friction angle for a
suction caisson will change due to either adjustment of the steel roughness or by
crushing the sand particles.
Design practice for cyclic loaded suction caissons
The current design practice for cyclic loaded suction caissons in sand (Erbrich, 2008) is
based on the work of Andersen and Lauritzsen (1988) which presents a design practice
for cyclic loaded suction caissons in clay. The results from cyclic undrained simple
shear tests on sand (see Figure 2-17a) are used to develop cyclic friction degradation
curves. Firstly the cyclic shear strength is determined by adding the average and cyclic
shear stresses that cause 15% strain after a given number of cycles together (Figure
2-17b). The cyclic friction degradation curves for a strain of 15% can now be
determined from this graph by plotting the strengths for a given combination of cyclic
and average load per number of cycles. The solid line on Figure 2-17c shows an
example of strength degradation curves for pure cyclic loading. It can be seen that for
this example it is expected that the maximum resistance is only 50% of the ultimate
static resistance. The dotted grey line on Figure 2-17c shows the strength degradation
curves for loading of which 56% consists of static load and 44% of cyclic load. It can be
seen that the effect of cyclic degradation is not as significant as for symmetric two-way
cyclic loading and that even 10000 cycles will ‘only’ lower the resistance by 20%.
To design the foundation it is therefore essential to know the loading on the foundation
during the design storm and the individual cyclic and static components during this
loading. With this information and the cyclic frictional degradation curves it can then be
determined what the design strength of the soil is (typically smaller than the static
resistance). This strength can then be used to design the foundation.
When a factor of safety larger than one is used, the actual loading will be even lower
than accounted for. From the graphs in Figure 2-17 it can be seen that a lower load than
anticipated will reduce the degradation of the cyclic resistance significantly. In other
words, the current design practice tries to take out the frictional degradation by
assigning a low enough resistance for design.
Validity of design practice for cyclic loaded suction caissons
An important question to answer is how representative the cyclic undrained simple
shear tests are for the sand behaviour next to a cyclic loaded suction caisson. Sands are
significantly more permeable than clays and pure undrained behaviour will only occur
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locally or when the frequency of the load cycle is very high. During earthquakes these
high frequencies can occur, and it is indeed found that sand liquefies. The frequency of
the cyclic loading of an OWT is however in the region of 0.1 Hz (wave period during a
storm), which should allow the excess pore pressure to dissipate in the permeable sand.
It is therefore not expected that the very dense sand used in this research will be
subjected to pore pressure build up.
For a suction caisson installed in dense silica sand and designed to be (cyclically)
loaded to less than half the maximum capacity (see asterix on Figure 2-16), the friction
degradation as described above may be negligible. This is caused by the fact that the
interface sliding will only be small due to the relatively low load level and will not
reach the point where degradation of strength will occur (see Figure 2-16 and Figure
2-17). This lack of friction degradation of suction caissons installed in silica sand is
confirmed by cyclic loading tests on small scale suction caissons performed by several
researchers (Watson, 1999; Byrne, 2000; Feld, 2001). It is possible that during cyclic
loading the horizontal stress conditions surrounding the suction caisson will alter. This
can lead to a significant decrease in capacity. Results of new centrifuge tests will be
used in this thesis to verify whether this behaviour can be seen during cyclic loading.
2.5.5

Conclusions for the suction caisson response

Since a well designed suction caisson will not be loaded beyond its elastic limits, the
model describing the elastic behaviour determines most of the predicted displacements
during loading of a suction caisson. The fact that there is a theoretical background to the
purely elastic model of Doherty et al. (2005) makes it far superior to the simplified
model presented in the different design codes. It is therefore recommended to use the
Doherty et al. (2005) model for elastic calculations.
An indication of the maximum allowable forces is given by the description of soil
failure by either the elastic-plastic models or simplified design codes. Both methods use
classical input parameters like the angle of internal friction, φ'. These parameters are not
directly related to an (in-situ) test result and therefore hard to determine. Some old and
most of the new design methods for pile capacities tend to favour CPT-based methods
(DNV, 1977; CUR, 2001b; Jardine et al., 2005; Lehane et al., 2005) and industry is
embracing these methods. This research is an opportunity to investigate whether a CPTbased method can also be used to accurately predict ultimate suction caisson loads as
was proposed in 1980 (Hogervorst, 1980) and which forms the basis of the DNVmethod to calculate installation resistances.
The fact that Model C predicts the behaviour of the foundation after reaching failure is
very useful for spudcans underneath a jack-up during the preloading phase. The
spudcans will penetrate deeper into the sand and will find a new equilibrium. However,
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for an OWT foundation consisting of suction caissons underneath a tripod this plasticdeformation is less important: Failure of the OWT foundation will occur when one of
the suction caissons is loaded beyond the tensile capacity. Therefore this model is only
useful when redistribution of loads can still lead to overall equilibrium.
Although the influence of horizontal and moment loads are incorporated in Model-C
and several design methods, it is anticipated that these loads will not play a major role
for an OWT foundation consisting of suction caissons beneath a tripod. This assumption
needs to be verified in Chapter 3, which investigates the loads.
Current design practice for the foundation is to allow for friction degradation due to
cyclic loading as measured during undrained cyclic simple shear tests. Following the
theory for design practice with an appropriate factor of safety will lead to a welldesigned suction caisson which will not undergo cyclic frictional degradation, because it
is only loaded to a resistance or displacement that will not be influenced by cyclic
loading. The key question is to determine the magnitude of resistance and displacement
that can be allowed before cyclic degradation occurs and whether cyclic undrained
simple shear tests represent a good indication of this. It is recommended to use this
research to gather more test data to identify the level of frictional resistance that is not
influenced by cyclic loading. Several other researchers previously performed cyclic
loading tests on suction caissons installed in sand (Byrne, 2000; Watson et al., 2000;
Feld, 2001) and they all found that there was no accumulation of pore pressure during
cycling and only saw degradation when the foundation was cyclically loaded close to
the maximum resistance. No remarks were made in their reports regarding measured
change in interface friction angle, friction degradation or strain softening.

2.6

UPLIFT RESISTANCE PREDICTIONS

Although several authors have considered the tensile capacity of suction caissons in
sand (Rapoport and Young, 1985; Bye et al., 1995; Feld, 2001; Houlsby et al., 2005b;
Houlsby et al., 2006), most of them do not present a complete theory regarding
calculation of the uplift capacity. Those that do, may be divided into two categories
similarly to the existing procedures for predicting penetration resistance:
1) Beta approaches (Section 2.6.1).
2) CPT approaches (Section 2.6.2).
2.6.1

Beta approaches

In this section three beta approaches are discussed: the API method, the Houlsby and
Byrne method and Feld’s method.
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API method
The API method does not specify a method to calculate the extraction resistance, Rt, of
suction caissons in sand. However, for the extraction capacity of a suction caisson, the
design code for pile foundations in cohesionless soils can be used and is described by
the following formula:
L
⎡
⎤
'
Rt _ API = −( Asi + Aso ) min ⎢ K tan δ ∫ σ v ( z )dz, f lim ⎥
0
⎣
⎦

(2.28)

Similarly to compression loading, the recommended value for the coefficient of lateral
earth pressure, K, is 0.8. Recommended values for δ and limits to the unit friction, flim,
are presented in Table 2-1.
Houlsby and Byrne
Houlsby and Byrne proposed an extraction method similar to the one used to calculate
the penetration resistance of a suction caisson (Houlsby et al., 2005b).
The formula for extraction capacity without suction looks very similar to the API
formula, but differs again significantly in the description of vertical effective stresses as
shown below:
L

L

Rt _ H & B = − Aso K tan δ ∫ σ vo ( z )d z − Asi K tan δ ∫ σ vi ( z )dz
'

0

0

'

(2.29)

The vertical stresses close to the pile are influenced by the inner frictional forces along
the caisson (Figure 2-18). Considering the equilibrium of a disc of soil within the
caisson, the internal stress can be describes as:
dσ vi '
σ '
= γ '− vi
dz
Zi
with

(2.30)

Di
Zi =
4(K tan δ )i

For an influence zone of the outer friction expressed as Dom, the external stress can be
described as:
dσ vo '
σ '
= γ '− vo
dz
Zo
with
Zo =

(

(2.31)

)

Do m − 1
4(K tan δ )o
2
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Contrary to the API method there are no limits given for the unit friction.
Uplift of the caisson will give rise to suction within the caisson with magnitude p below
the caisson lid. Just as during the installation process, the authors assume that the excess
pore pressure at the tip of the caisson is ap (see Figure 2-4). The average downward
hydraulic gradient is therefore ap/γwz on the outside of the caisson and an upward
hydraulic gradient of (1-a)p/γwz on the inside.
The authors assume that the influence of the suction on the internal and external stress
conditions is linear over depth. The stress conditions during suction can therefore be
expressed by:

σ '
dσ vo '
p
= γ '− vo − (1 − a ( z ) )
z
dz
Zo

(2.32)

σ '
dσ vi '
p
= γ '− vi + a ( z )
z
dz
Zi

(2.33)

The authors use Darcy’s law and results from FE analyses to couple the suction to the
displacement rate. The rate of influx of water to the caisson, q, is related to the soil
permeability, ksoil and the height of pressure difference, Δp/γw, and the seepage length,
DF, in the following way:

q = k soil D

p

γw

F = − Acan

dL
dt

with

FN _ or _ L

3.6
⎧
⎪
L
⎪ 1+ 5
=⎨
D
L
⎪
−5
D
1
.
75
1
.
9
e
+
⎪
⎩

L
for 0.1 ≤ ≤ 0.8
D
for

0.1 ≤

(2.34)
(normal

flow conditions )

L
≤ 1.0 (during liquefaction conditions )
D

The authors consider four cases which can occur, depending on extraction speed,
potential cavitation and liquefaction. The suction pressure, p, varies for these four cases.
1) Small –dL/dt ratios.
The pressure developed can be calculated according to Darcy’s law with normal flow
conditions and the extraction force consists of the force developed by differential
pressure and inner and outer friction:
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π Dγ w dL
4 FN k soil dt
L

L

Rt _ H & B _ 1 ( L) = − Acan p − Aso (K tan δ )o ∫ σ vo ( z )d z − Asi (K tan δ )i ∫ σ vi ( z )dz
'

0

'

(2.35)

0

If stress reduction effects are neglected:
⎛⎛
(1 − a ) p ⎞(K tan δ ) ⎞⎟ πDL2
ap ⎞
⎛
Rt _ H & B _ 1 ( L) = − Acan p − ⎜⎜ ⎜ γ ' + ⎟(K tan δ )o + ⎜ γ ' −
⎟
i ⎟
L⎠
L ⎠
⎝
⎝⎝
⎠ 2

(2.36)

2) Liquefaction without cavitation.
Liquefaction is assumed to start when p reaches γ'L/(1-a(z)). The pressure developed
can be calculated according to Darcy’s law with liquefaction conditions and the
extraction force consists of the force developed by differential pressure and outer
friction:
p=−

π Dγ w dL
4 FL k soil dt

a( z ) = 1
L

(2.37)

Rt _ H & B _ 2 ( L) = − Acan p − Aso (K tan δ )o ∫ σ vo ( z )d z
'

0

If stress reduction effects are neglected:
⎛ ⎛ 2L ⎞
⎞
Rt _ H & B _ 2 ( L) = − Acan p⎜⎜1 + ⎜ ⎟(K tan δ )o ⎟⎟
⎝ ⎝ D⎠
⎠

(2.38)

The authors warn that this will imply a sudden jump in p and Rt at the onset of
liquefaction.
3) Cavitation without liquefaction.
The pressure developed when cavitation occurs can be calculated by adding the
atmospheric pressure of 100 kPa, p0, to the water pressure, γwzw, and subtracting the
pressure when cavitation occurs, pcav. The authors mention that in practice it appears
that the value of the cavitation pressure, pcav, is near zero. The extraction force can be
calculated by adding the force developed by differential pressure to the inner and outer
friction:
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p = p 0 + γ w z w − p cav
L

L

Rt _ H & B _ 3 ( L) = − Acan p − Aso (K tan δ )o ∫ σ vo ( z )d z − Asi (K tan δ )i ∫ σ vi ( z )dz (2.39)
'

0

'

0

If stress reduction effects are neglected:
⎛⎛
(1 − a ) p ⎞(K tan δ ) ⎞⎟ πDL2
ap ⎞
⎛
Rt _ H & B _ 3 ( L) = − Acan p − ⎜⎜ ⎜ γ ' + ⎟(K tan δ )o + ⎜ γ ' −
⎟
i ⎟
L⎠
L ⎠
⎝
⎝⎝
⎠ 2

(2.40)

4) Cavitation with liquefaction
The developed pressure can again be determined according to the pressure necessary to
cause cavitation. Due to the fact that liquefaction occurs, the inner friction is zero and
the extraction force consists of the force developed by differential pressure and outer
friction:

p = p 0 + γ w z w − p cav
a( z ) = 1
L

(2.41)

Rt _ H & B _ 4 ( L) = − Acan p − Aso (K tan δ )o ∫ σ vo ( z )d z
'

0

If stress reduction effects are neglected:
⎛ ⎛ 2L ⎞
⎞
Rt _ H & B _ 4 ( L) = − Acan p⎜⎜1 + ⎜ ⎟(K tan δ )o ⎟⎟
⎝ ⎝ D⎠
⎠

(2.42)

Feld method
The extraction calculation proposed by Feld (2001) is based on the assumption that sand
will act as an undrained material with an undrained shear strength for rapid, short
duration peak loads. Firstly two shear strength profiles are established for the sand
layer: one representing the undrained situation by assuming dilatant drained behaviour
and one representing the partially drained situation by assuming non-dilatant behaviour.
Feld proposed to use the shear strength increase with depth, ρ, for these shear strength
profiles, the constant Fdb as determined by Davis and Booker (1973) and the outer skin
friction, t, as determined by API to calculate the extraction capacity:
D ⎞
⎛
Rt _ Feld ( L) = − Acan Fdb ⎜ (2 + π )cu 0 + ρ i ⎟ − ( Asi + Aso )t
4 ⎠
⎝

(2.43)

Unfortunately Feld does not accurately describe how these shear strength profiles are
determined, which makes this method not practical for use.
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Like Houlsby and Byrne, Feld mentions that at shallow waters the developed suction
pressure can not exceed cavitation or ‘critical’ suction, as mentioned earlier in this
chapter.
2.6.2

CPT approaches

The only regularly used CPT approach for extraction prediction is presented in a report
of the Civieltechnisch Centrum Uitvoering Research en Regelgeving (CUR, 2001a) in
relation to the tensile capacity of driven piles in sand. This approach predicts the
frictional extraction capacity (fully drained or slow extraction) by linking inner friction,
Fi, and outer friction, Fo, to the cone resistance, qc, as follows:
Rt _ CUR = Fi + Fo
where
L

Fi = − Asi k f _ t ∫ q c ( z )dz

(2.44)

0

L

Fo = − Aso k f _ t ∫ q c ( z )dz
0

The suggested value for the kf_t coefficient for tension piles is 0.004. This means that the
friction in tension according to this code is 53% of the friction in compression (the kf_c
coefficient for piles in compression is 0.0075 according to this same code).
Although this approach is very similar to the DNV approach for piles in compression it
should be noted that the kf_t coefficient for tension piles is higher than the kf_c coefficient
range presented in the DNV approach for piles in compression (0.001 - 0.003). It is not
possible to generate a tension over compression friction-ratio for the DNV approach, as
the DNV approach does not present a kf_t coefficient for tension piles.
2.6.3

Review of existing extraction methods

None of the presented prediction methods for extraction include a prediction of the
load-displacement response. The allowable displacements for an OWT foundation are
typically very small and therefore the extraction design load will be limited by this
displacement. It is recommended to investigate the load-displacement during extraction
more thoroughly during this research through model testing.
The methods proposed by API and CUR do not include the development of differential
pressure and activation of reverse end bearing. It is therefore recommended to use these
methods only for calculations of pure frictional capacity under slow loading.
Only the methods proposed by Houlsby and Byrne and Feld include a differential
pressure component to predict the extraction force. The Houlsby and Byrne prediction is
theoretically sound and based on scaled extraction tests performed at Oxford University
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whereas the method proposed by Feld is empirically based and not well described. The
Houlsby and Byrne method is therefore the recommended existing method to calculate
extraction forces of a suction caisson, despite the fact that this method gives no
information regarding the build up of resistance during the very small initial
displacements.
It is remarkable that Houlsby and Byrne ultimately recommend to use no tensile
capacity at all in the design phase for suction caissons underneath tetrapods (DTI,
2005). Although their reason is based on the fact that high measured tensile loads could
only be achieved with high displacements, this recommendation ignores the frictional
capacity completely and can lead to an overly conservative and therefore more
expensive design of the foundation. In that case the whole sub-structure needs to be
enlarged or extra ballast needs to be included.
In order to achieve a more economical design of an OWT foundation, the amount of
tensile capacity needs to be investigated that can be allowed in a reliable design, taking
into account maximum allowable displacements. This new prediction method should
provide a better understanding of the behaviour during extraction of a suction caisson in
dense sand, not only in terms of total extraction force as a function of embedment, but
also how the different components of this extraction force, like friction, reverse end
bearing and differential pressure develop over time.

2.7

CONCLUSIONS

This chapter has shown that although the offshore wind energy business is a relative
new business, a significant amount of publications are available regarding wind energy
in general and foundations consisting of suction caissons for offshore wind turbines in
particular.
To optimise the design of an OWT foundation, it is important for geotechnical engineers
to understand what the characteristics of the occurring loads are. The current design
codes for OWTs describe ways to calculate the forces acting on an OWT by using
existing theories for hydrodynamic and aerodynamic loads. To predict the maximum
occurring loads many combinations of these environmental loads have to be calculated.
It is therefore recommended to use a computer program, which can perform these
calculations. More details regarding the forces on an OWT and the development of such
a computer program will follow in Chapter 3.
The literature presents several prediction methods for the installation and extraction of
suction caisson. These methods can be subdivided into two categories, beta-approaches
and CPT-approaches.
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Although several methods are available to calculate the installation process of a suction
caisson in sand, the Houlsby and Byrne method is believed to be superior. This method
is however not user friendly, requires input parameters that are not directly linked to (insitu) soil tests and uses certain assumptions that appear questionable. It is therefore
recommended to develop a new installation method, which has input parameters that
can be measured directly and is simple to use (see Chapter 5). To help develop the new
design method it is recommended that installation tests be performed, which can be used
to verify existing and new theories (see Chapter 4).
The lack of load-displacement predictions is a major concern for the published
extraction predictions. More test data should be gathered to be able to describe this
behaviour. Furthermore the predictions are typically coupled to input parameters that
are not directly related to (in-situ) soil tests. The development of a new extraction
method is therefore recommended. This method should have input parameters that can
be measured directly and should include an estimate for the load-displacement response
(see Chapter 7).
Several methods and theories have been published that describe the behaviour of suction
caissons during loading, such as during extraction and cyclic loading. It is
recommended to use the calculations for pure elastic response of a foundation as
described by Doherty et al. (2005) where possible. It is further recommended to
investigate whether a CPT-approach can be used to calculate the maximum resistances
of an OWT foundation consisting of suction caissons underneath a tripod, based upon
laboratory tests in which suction caissons are pulled out of dense sand (see Chapters 4
and 7).
The possible negative effects of cyclic loading govern many foundation designs in sand,
such as the Sleipner caissons and the offshore wind turbine foundations in Hong Kong
(Erbrich, 2008). However, the literature review suggests that the influence of typical
cyclic loading can be minimal upon the behaviour of an OWT foundation in dense silica
sand consisting of suction caissons beneath a tripod, when this foundation is well
designed and actual cyclic loads are about half of the maximum static resistance. It is
recommended to perform laboratory tests to confirm this assumption (see Chapter 4)
and develop a prediction method that describes the behaviour of suction caissons during
cyclic loading accurately (see Chapter 8).
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CHAPTER 3. LOADS ON A WIND TURBINE (SOS3DWIND)
3.1

INTRODUCTION

This chapter aims to quantify the loads during a storm on an offshore wind turbine and
its foundation both in magnitude, number of occurrences and length of time. This
information will be used to determine relevant load cases for model testing and will
contribute to the optimisation of foundation design.
To achieve this quantification of the loads, a computer program was developed which is
able to calculate self weight, aerodynamic and hydrodynamic loads on a dynamically
moving structure, such as an offshore wind turbine (OWT) on a tripod or tetrapod.
In order to validate the code, a series of different analyses were performed for different
aerodynamic and hydrodynamic conditions. Results of these analyses were examined
and compared with results from other programs. This provided background to discuss
typical foundation loads and suggestions for the preferred way of calculating them.
The methods used to calculate the different forces are not based upon new work during
this research. Engineering consultants perform these types of analyses on a reasonably
routine basis, using a combination of software programs. The main improvement from
this research is therefore the integration of all components into a freely accessible
computer program.

3.2

SOS3D-WIND

A computer program is required to determine the worst combinations of environmental
loads acting on offshore wind turbines (DNV, 2004). A computer program (SOS3D),
which was developed at UWA to calculate the loads and behaviour of a 3D jack-up
(Bienen and Cassidy, 2006b), has been adjusted to calculate the loads and behaviour of
an OWT.
The main adjustments which had to be made to SOS3D were related to the calculation
of hydrodynamic and aerodynamic loads on an OWT. The following sections will
describe in more detail how these loads are calculated theoretically. The foundation
response will have some affect on the wind and wave loads transmitted for the turbine
to the foundation. For this study, the foundation response was modelled using the force
resultant model (ISIS) incorporated within SOS3D, specifically adopting the model for
sand (Model C, Cassidy, 1999).
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The adjusted program, named SOS3D-WIND, needs input that describes:
− the 3D-structure of the OWT and its foundation;
− the characteristics of the blades;
− the static loading;
− the behaviour and characteristics of the environmental loading (for wind and
waves);
− the analysis type (quasi-static or dynamic).
For the given input parameters the program then calculates the time history of loads
applied to the structure, and hence the loads transmitted to the foundation and the
resulting displacements.
Although the structure and its deflections are described in 3D, the aerodynamic loads in
this thesis are only considered in 2D, i.e. parallel to the direction of the nacelle (situated
at the top of the wind turbine and including the cover for the gear box, drive train,
generator, and other components of a wind turbine). This is a simplification of reality,
since the nacelle does not necessarily face the wind, which would lead to aerodynamic
forces in a different direction from the nacelle facing. These forces are, however,
neglected in this thesis. The braking loads, which would act in a plane perpendicular to
the nacelle direction, are also not considered in this thesis. The loads calculated with
this program are therefore limited to operational loads with hydrodynamic and
aerodynamic loads coming from the same direction and the nacelle facing into the wind.
These are exactly the conditions that will occur in storm conditions, with a well
performing OWT. The calculated loads will therefore give a good estimation of the
ultimate loads occurring during a storm both in magnitude, number of occurrences and
length of time.
In this chapter a reference case will be analysed based on a 3 MW turbine with 45 m
blades, which is a hypothetical combination of the Vestas V90 (Vestas, 2003) and the
Dowec 6 MW (Kooijman et al., 2003). Similar to the turbine considered in the DTI
report (2005) it has a 86.6 m high support structure and is placed in 25 m water depth.
The foundation consists of a 24 m high tetrapod or tripod with four or three 6 m OD
suction caissons of 4 m height placed symmetrically around the wind turbine column on
a pitch circle of 44.4 m in diameter.
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SELF WEIGHT

The self weight of a complete OWT consists of the weight of the blades, the nacelle, the
superstructure and the foundation (see Figure 3-1). These self weight loads, VSW, act in
the z-direction, and do not vary in time.
The centre of gravity of the weight is typically not in line with the axis of the
superstructure (Figure 3-1) and this eccentricity will cause a bending moment at
foundation level. The load of the superstructure and foundation can be calculated by
making use of the volume of steel used, Vsteel, its relative mass density, ρsteel - ρa/w/s, and
acceleration of gravity, g.
The computer program does not calculate these loads automatically and the magnitude
of the load together with its point of attachment should therefore be included in the load
input section. For an accurate representation of reality in dynamic calculations it is
recommended to divide the OWT column of the superstructure into several sections and
give each section its own self weight.

3.4

HYDRODYNAMIC LOADS

The hydrodynamic loads on an OWT (see Figure 3-1) are variable in space, time and
direction and are caused by two environmental phenomena: currents and waves and the
resulting velocities and accelerations of the water particles. Since this thesis considers a
two-dimensional load model only, the motion in the y (horizontal out of plane) direction
is neglected; only movement of the water particles in the x (horizontal in plane) and z
(vertical) directions will be considered.
This section describes firstly the variations of the water particle speed in height and in
time due to the current. Secondly the variations of speed and acceleration in time and
position caused by waves are described by using different spectra based on either a
stochastic variation or a deterministic variation. Finally the calculation of the
hydrodynamic load on the support structure will be explained.
The hydrodynamic loads acting on a vertical beam were implemented in SOS3D by
Cassidy (1999). However, this original implementation in SOS3D did not include a
current distribution over depth, random waves in time or the calculation of
hydrodynamic loads on angled beams. These are all critical features for the analysis of
wind turbines and part of this research was to implement these features in SOS3DWIND.
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Current

In principle, current velocities vary in space and time. However, both the length and the
time scales of the variations in the current velocity are large compared to the horizontal
dimensions of an OWT and compared to the range of periods of interest for determining
its dynamic behaviour. Currents may therefore be considered as a horizontally uniform
flow field with a velocity that is a function only of the vertical coordinate and no
acceleration.
Unless more specific information is available for a particular site, models that describe
the current speed will usually be defined as a simple current profile over depth (Figure
3-2). In this thesis, the power law profile proposed by Soulsby (1997) is used to
calculate the current velocity, vcur, at a certain depth, z, depending on the water depth,
zw, according to:
1
⎧
⎛ z ⎞7
⎪v
⎜⎜
⎟
cur
_
ref
vcur ( z ) = ⎨
0.32 z w ⎟⎠
⎝
⎪
⎩ 1.07vcur _ ref

3.4.2

for

0

for 0.5 z w

< z ≤ 0.5 z w
<z≤

(3.1)

zw

Wave spectra

Wave spectra are generally defined in terms of a ‘climate’ for a specific location, where
the statistical properties are assumed constant over discrete three hour periods. The
wave characteristics within such durations are called sea states and can be described
statistically by a variance density spectrum, commonly referred to as a wave spectrum.
A wave spectrum is obtained by performing a Fast Fourier Transform (FFT) on the
wave time series of this sea state. Standard wave spectra have been developed which
can describe a wave climate using a limited amount of parameters. Two often-used
standard wave spectra, which make use of the significant wave height, Hs, and the mean
zero-crossing wave period, Tz, are:
− the Pierson-Moskowitz wave spectrum, for fully developed seas;
− the JONSWAP wave spectrum, for fetch limited wind generated seas.
Note that these wave spectra are described in terms of angular frequency, ω, so that a
‘wave number spectrum’ is generated. By contrast the wind spectra, which are discussed
in the next section, are described in terms of frequency, f, so that a ‘directional
spectrum’ is described. The angular frequency, ω, is equivalent to the frequency, f,
times 2π.
The Pierson-Moskowitz (PM) spectrum for any angular frequency, ω, can be expressed
as:
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⎧ B⎫
exp⎨− 4 ⎬
ω
⎩ ω ⎭
A

5

with :
A=

4π 3 H s2
Tz4

(3.2)

16π 3
B= 4
Tz
The JONSWAP spectrum is based on wave measurements carried out in 1968 and 1969
during the Joint North Sea Wave Project (JONSWAP) in the North Sea. This spectrum
has the shape of the Pierson-Moskowitz spectrum, but is modified by a peak
enhancement. The JONSWAP spectrum used in SOS3D-WIND can be expressed as
(Ochi, 1979):
2
4
5
⎧ − 1 ⎛ 2πk
1 H s k b k γ ⎛ 2π ⎞
⎪
b
S JS (ω ) =
⎜
⎟ exp⎨ ⎜⎜
2
4
8π
Tp
⎝ω ⎠
⎪⎩ π ⎝ ωT p

with the
γ = 3.3
T p =k pTz

following

empirical

⎞
⎟
⎟
⎠

4

⎫⎧ exp ⎪⎨
⎪⎪
⎪⎩
⎬⎨γ
⎪⎭⎪
⎩

(

⎧ − ω −ω p
2

2σ ω p

)2 ⎫⎪ ⎫

2

⎬
⎪⎭

⎪
⎬
⎪
⎭

parameters :

k b = 1.4085

(3.3)

k p = 0.327e −0.315γ + 1.17
k γ = 1 − 0.285 ln(γ )

ω p = 2π / T p
σ = σ a = 0.07

for ω < ω p

σ = σ b = 0.09

for ω ≥ ω p

Figure 3-3 shows a plot of these standard wave spectra for Hs = 9 m and Tz = 11.1 s.
Note that a regular Airy wave with these parameters would have only one infinite peak
in this spectrum at the angular frequency of 0.566 rad/s (=2π/Tz).
3.4.3

Linear random wave theory

Equations 3.2 and 3.3 express sea states in the (angular) frequency domain. In order to
transform such a spectrum to a wave time series, the spectrum has to be changed from
its continuous form to a discrete form. For this, a small bandwidth, Δω, is chosen. A
series of equidistant angular frequencies, ωn, is then created, which are located in the
centre of each bandwidth (see Figure 3-4).
The area under the graph for a given bandwidth, ωn, divided by the bandwidth value can
be considered to be the discrete value of spectrum, S, for this bandwidth, with:
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ω +Δω

S (ωn ) =

1 n
∫ ω S (ω )dω
Δω ωn −Δ

(3.4)

For small values of Δω, the latter equation can be used to define a discrete wave
spectrum, S*:

S * (ω n ) = S (ω n )

(3.5)

This discrete wave spectrum, where the discrete values are represented by dots, is
shown in Figure 3-4.
The surface elevation above the mean water level, ζ, can now be described in the time
domain as a summation of many different regular waves in terms of the Fourier series:
Nw

ζ (t ) = ∑ ζ a ,n cos(ω n t + ε n )

(3.6)

n =1

For each angular frequency, ωn, a wave amplitude, ζa,n, and phase shift, εn, are required.
The phase shift is to be chosen randomly, by a uniformly distributed random variation
of the shift angle in the range from -π to +π. The amplitude can be derived from the
discrete wave spectrum by:

or

1
S * (ωn )Δω = ζ a2,n
2

(3.7a)

ζ a ,n =

(3.7b)

2 S * (ωn )Δω

With this information an irregular wave can be fully derived from a given spectrum.
To calculate the horizontal wave velocity, Vwave, in the irregular wave for a certain water
depth, zw, first the particle velocity of an individual regular Airy wave, vn, at a given
point has to be determined according to:
v n ( z, t ) = ζ a ,nω n

cosh (k n ( z + z w ) )
sin(ω n t + ε n )
sinh (k n z w )

(3.8)

for which the wave number, kn, can be determined iteratively through the dispersion
relationship:
kn =

ω n2

g tanh (k n z w )

(3.9)

The total wave velocity, Vwave, of the irregular wave can now be determined by:
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Nw

Nw

n =1

n =1

Vwave ( z , t ) = ∑ v n ( z , t ) = ∑ ζ a ,nω n

cosh (k n ( z + z w ) )
sin(ω n t + ε n )
sinh z w

(3.10)

Similarly, the horizontal water particle accelerations, an, can be derived with:
a n ( z , t ) = ζ a ,nω n2

cosh (k n ( z + z w ) )
cos(ω n t + ε n )
sinh (k n z w )

(3.11)

Leading to total wave acceleration, Awave, of:
Nw

Nw

n =1

n =1

Awave ( z , t ) = ∑ a n ( z , t ) = ∑ ζ a ,nω n2

cosh (k n ( z + z w ) )
cos(ω n t + ε n )
sinh (k n z w )

(3.12)

These relationships for linear random wave theory have been programmed in SOS3DWIND. Figure 3-5a shows a combination of a regular Airy wave (solid black line), a
linear random wave based upon the Pierson-Moskowitz spectrum (solid grey line) and a
linear random wave based upon the JONSWAP spectrum (dotted black line). All these
waves make use of the same parameters: Hs = 9 m and Tz = 11.1 s. Although there is
some difference between these three waves it can be seen that the height differences
between the highest and lowest waves are in the same order of magnitude, as expected.
Furthermore the zero-crossings are also in the same order of magnitude.
3.4.4

NewWave theory

Running a random time domain simulation for linear random waves is very time
consuming. An alternative, named NewWave, exists which describes a first order wave,
but still accounts for the spectral composition of the sea (Tromans et al., 1991). The
method involves the superposition of directional linear wavelets with an extreme crest
associated with the superposition of all the wavelet crests at a specific point in space or
time.
It can be shown that the NewWave shape can be discretised by a finite number (Nw) of
wavelets for the case defined by the following autocorrelation function, r(t):

ζ ∞
r (t ) = 2 ∫ S xx (ω )e iωt dω
σ 0

(3.13)

where ζ is the crest elevation, Sxx(ωn)dω the surface elevation spectrum (with xx either
PM for the Pierson-Moskowitz spectrum or JS for the JONSWAP spectrum) and σ the
standard deviation corresponding to that wave spectrum.
As there exists a unique relationship between wave number and frequency, spatial
dependency can also be included, leading to the discrete form:
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Nw

∑ [S (ω )dω ]cos(k
xx

n =1

n

n

X − ωnt)

(3.14)

where kn is the wave number of the nth wavelet and X = x – x1 is the distance relative to
the initial position with X = 0 representing the wave crest. This allows the positioning of
the spatial field such that the crest occurs at a user-defined position relative to the
structure, a useful tool for time domain analysis (Cassidy, 1999).
The wave number can again be determined iteratively through the dispersion
relationship as described in Equation 3.9.
By using Wheeler stretching to evaluate the horizontal water particle kinematics in a
crest, the horizontal wave velocity, VNW, can now be calculated as a function of time:
⎛ kn (z + zw ) ⎞
⎟
cosh ⎜⎜
1 + ζ nw ( X , t ) / z w ⎟⎠
ζ N
⎝
cos(k n X − ω n t ) (3.15)
V NW ( X , z , t ) = 2 ∑ [S xx (ω n )dω ]ω n
sinh (k n z w )
σ n =1
Equation 3.15 generates a NewWave as the summation of infinitesimal wavelets coming
into phase, with their amplitudes proportional to Sxx(ωn)dω.
Similarly, the horizontal water particle accelerations, ANW, can be derived as:

ANW ( X , z, t ) =

ζ
σ2

N

∑ [S (ω )dω ]ω
n =1

xx

n

2
n

⎛ kn (z + zw ) ⎞
⎟⎟
cosh ⎜⎜
⎝ 1 + ζ nw ( X , t ) / z w ⎠ sin(k X − ω t )
n
n (3.16)
sinh (k n z w )

Other stretching methods are available, but these are not discussed in this thesis.
Although the NewWave theory is a first order theory, Cassidy (1999) shows that results
lead to similar answers as the much more complicated second order NewWave theory.
The relationships for NewWave were programmed in SOS3D by Cassidy (1999). With
this program it is therefore possible to obtain a NewWave profile based upon the
Pierson-Moskowitz and JONSWAP spectra with Hs = 9 m and Tz = 11.1 s (Figure 3-5b)
3.4.5

Hydrodynamic loads

Both the water particle velocities and the accelerations cause hydrodynamic loads on the
beams of the underwater structure. In SOS3D-WIND, the extended Morison equation is
used to calculate the hydrodynamic loads, incorporating drag and inertia components
and also relative motion between the structure and the fluid. The force per unit length on
a vertical member, qhydro, can be expressed as:
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ρ w C M D 2 Awave −

π
4

1
2

ρ w (C M − 1)D 2 Astruc + ρ w C D D Vwave − Vstruc (Vwave − Vstruc )
(3.17)

where ρw is the density of water, CM the inertia coefficient, D the diameter or the
member, Awave the acceleration of the water, Astruc the acceleration of the structure, CD,
the drag coefficient and Vwave and Vstruc the water and structure velocity respectively.
Since the Morison equation is essentially an empirical equation, the values of the drag
and inertia coefficient have been determined experimentally in a variety of ways. For
the inertia coefficient CM, a value of 2 is widely accepted for objects with a circular
cross section (Mutlu Sumer and Fredsøe, 1997). For the drag coefficient CD, DNV
(2004) uses a value of 0.7 for a circular cylinder in the deterministic fatigue analysis.
To calculate the hydrodynamic forces in x and z directions on beams that are not
vertical, but at some angle in a 3D space, some adjustments had to be made in SOS3DWIND. Firstly the velocity and acceleration acting perpendicular to the beam (xlocal and
ylocal) need to be determined (Figure 3-6). For a beam that can be placed in any direction
and with water that flows in a certain direction this can achieved by conversing the
global directions (x, y, z) into local ones (xlocal, ylocal, zlocal) according to:
⎛ xlocal ⎞ ⎛ cos(γ ) cos( β ) cos(α ) + cos(γ ) sin( β ) sin(α ) 0 sin(γ ) ⎞⎛ x ⎞
⎟⎜ ⎟
⎟ ⎜
⎜
0
0 ⎟⎜ y ⎟ (3.18)
− sin( β ) cos(α ) + cos( β ) sin(α )
⎜ y local ⎟ = ⎜
⎟⎜ ⎟
⎟ ⎜
⎜z
⎝ local ⎠ ⎝ − sin(γ ) cos( β ) cos(α ) − sin(γ ) sin( β ) sin(α ) 0 cos(γ ) ⎠⎝ z ⎠

Directions ylocal and zlocal are both perpendicular to the arbitrary beam and xlocal is along
the direction of the arbitrary beam. The angles α, β and γ are defined as (see Figure
3-6):
α = direction of the wave and current (set at zero in this study)
β = angle of the beam in xy-plane
γ = angle of the beam in the vertical plane cutting through the beam
Ignoring any motion of the structure, the forces in the local y and z-direction on the
beam can now be calculated by the simple Morison equation:
q hydro _ y ( x, z , t ) =
q hydro _ z ( x, z , t ) =
2

π
4

π

4

ρ w C M D 2 Ay _ local + ρ w C D D [VnV y _ local ]
ρ w C M D 2 Az _ local

Vn = V y _ local + V z _ local

1
2
1
+ ρ w C D D VnV z _ local
2

2
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To convert the local forces and moments on each element into global forces and
moments, the following conversion is used:
⎛ x ⎞ ⎛ cos(γ ) cos( β ) − sin( β ) − sin(γ ) cos( β ) ⎞⎛ xlocal ⎞
⎟
⎟⎜
⎜ ⎟ ⎜
⎜ y ⎟ = ⎜ cos(γ ) sin( β ) cos( β ) − sin(γ ) sin( β ) ⎟⎜ y local ⎟
⎟
⎟⎜ z
⎜z⎟ ⎜
sin(γ )
0
cos(γ )
⎠⎝ local ⎠
⎝ ⎠ ⎝

(3.20)

Note that in SOS3D-WIND the hydrodynamic loads on the beams are calculated as if the
beams were freestanding. No influence of refracting waves or shadowing of other
beams is therefore taken into account.

3.5

AERODYNAMIC LOADS

The aerodynamic loads on an OWT (see Figure 3-1) are separated into two types of
load: the loads on the rotor and the loads applied directly on the support structure.
As for the hydrodynamic loading, the aerodynamic loads are simplified and consider
only those acting in the x-z plane.
This section describes the variations of the wind speed in height and in time, as well as
the effect these variations can cause on the rotating blades. Calculation of the
aerodynamic load on the blades and the support structure is then explained.
The calculations described in the following sections were programmed into Fortran and
added to SOS3D-WIND during the course of this research.
3.5.1

Wind speed variations with height

Due to friction between the moving air and the earth’s surface, the wind speed, Vwind,
reduces with decreasing height above the earth, from a maximum about 2 km above the
ground, where the effects of the friction are negligible and the average or reference
wind speed, Vwind_av, is defined, down to the surface, where its value becomes
(practically) zero. Several design codes (DNV, 2004; Germanische Lloyd, 2003)
recommend the following logarithmic function to describe the wind speed profile
(Wortman, 1982):

Vwind ( z ) = Vwind _ av

⎛ z ⎞
ln⎜⎜ ⎟⎟
⎝ z0 ⎠
⎛ z ref ⎞
⎟⎟
ln⎜⎜
z
⎝ 0 ⎠

(3.21)

The surface roughness length, z0, is a parameter that depends on the type of surface.
Reported values for this parameter vary between 0.1 mm for a calm open sea and 3 mm
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for coastal areas with onshore wind (Manwell et al., 2002; DNV, 2004). In the context
of wind turbines, the hub height is recommended to be used as the reference height zref
(DNV, 2004), which means that the reference wind speed, Vwind_av, is also defined at this
height.
3.5.2

Wind speed variations in time

Just as for wave climates, the wind climate is represented by a certain period of time in
which it is assumed that the mean wind speed and the standard deviation of the wind
speed are constant. The standard deviation, σv, is often expressed by the dimensionless
turbulence intensity TI, which gives the ratio of the standard deviation to the average or
reference wind speed, Vwind_av:
TI =

σv

(3.22)

Vwind _ av

In practice, the turbulence intensity, TI, is often given as a percentage value. Where for
a wave climate the period in which the statistical properties are stationary was 3 hours,
for a wind climate this is assumed to be 10 minutes.
The wind characteristics within such durations can be described statistically by a
variance density spectrum, commonly referred to in wind theory as a ‘power spectral
density’ function, or psd function. A number of power spectral density functions are
used as models in wind energy engineering, of which the two most commonly used are
described in Von Kármán (1948) and Kaimal et al. (1972). All models in aerodynamic
engineering are expressed in frequency, f, instead of angular frequency, ω, which is
normally used in hydrodynamic engineering. A suitable power spectral density function,
Sv, which is similar to the one developed by Von Kármán for turbulence in wind
tunnels, is (Manwell et al.; 2002):
⎛

S v ,VK ( f n ) =

⎝ Vwind _ av

⎞
⎟
⎟
⎠

⎡
⎛ f L
⎢1 + 70.8⎜ n w
⎜V
⎢
⎝ wind _ av
⎣

⎞
⎟
⎟
⎠

σ v2 4⎜⎜

Lw

2

⎤
⎥
⎥
⎦

5

6

(3.23)

Where L is the integral length scale and fn the frequency. The integral length scale Lw
represents the average eddy size of the turbulence, and is indicative of the scale of
eddies which contain the greater part of the kinetic energy of the turbulence. This scale
is influenced by the surface roughness as well as altitude. Several relationships for this
length scale of turbulence are proposed (Counihan et al., 1974; Cook, 1985). For this
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thesis it was decided to use the relationship proposed by the British Engineering
Sciences Data Unit (ESDU), reported in Cook (1985), and expressed as:
z 0.35
Lw ( z ) = 25 0.063
z0

(3.24)

Given an average wind speed and turbulence intensity at a site, a time series for the
wind speed can now be simulated. The procedure to create a wind speed time series is
very similar to the procedure described in the previous section to create a wave height
time series: A series of equidistant frequencies, fn, is created, with a value for frequency
increments, Δf, small enough to assume a discrete spectrum where:
S v* ( f n ) = S v ,VK ( f n )

(3.25)

This leads to a discrete psd function, where the amplitude of each sinusoidal wind speed
fluctuation is related to its frequency by:
S v* ( f n )Δf =

or

1 2
v wind ,n
2

(3.26a)

v wind ,n = 2 S v* ( f n )Δf

(3.26b)

The total wind speed fluctuation, Vwind, can then be expressed as the summation of all
the individual sinusoidal fluctuations in a Fourier series:
Nf

Vwind (t ) = Vwind _ av + ∑ v wind , n sin(2π f n t + ε n )
n =1

(3.27)

For each frequency, fn, a wind speed, vwind,n, and a phase shift, εn, is required. The phase
shift is to be chosen randomly, by a uniformly distributed random variation in the in the
range from -π to +π.
A typical result from these equations, implemented in SOS3D-WIND, is shown in
Figure 3-7, based upon the Von Kármán spectrum with Vwind_av = 15 m/s and TI = 12%.
In Figure 3-7a it can be seen that the a low frequency fluctuation in the wind speed
occurs in cycles of more than 15 s. However, high frequency fluctuations are also
present with periods of about 1 s, as can be seen in Figure 3-7b. This behaviour is quite
different from the behaviour predicted for the water surface height (see Figure 3-5), and
reflects the difference in the spectra of wind speed and wave height.
3.5.3

Wind speed variations in time including rotational sampling

The psd function described in the previous section is valid for a fixed point in time.
However, rotating turbine blades are not fixed in time and characteristics are different
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from those measured by a stationary anemometer in time. A rotating blade will slice
through a passing individual eddy several times, as the gust dimension is frequently
large compared with the distance travelled by the air in one turbine revolution. This
phenomenon, known as ‘eddy slicing’ (see Figure 3-8), considerably enhances the
frequency content at the rotational frequency, since every time a blade travels through
this eddy there is a fluctuation in the load. If the rotor were stationary the wind load
would only vary due to the wind change, with a period in the order of 15 seconds as
seen in Figure 3-7. An example of a rotational spectrum, together with a stationary
measured spectrum, is shown in Figure 3-9. It can be seen that a different approach is
needed to calculate the energy content of the wind fluctuations as seen by each point on
the rotating blade.
A method for deriving the psd function corresponding to the wind speed on a point on a
rotating blade (rotational spectrum) is given in Burton et al. (2001). This method is
theoretically only correct for a 1-bladed turbine although it is suggested that there is not
much difference for multiple blade turbines (Cerda Salzmann, 2004). There are
currently no methods available for multiple blade turbines. It was therefore chosen to
implement the method described by Burton et al. (2001) in SOS3D-WIND. The
derivation is performed in three steps, by:
1. deriving an autocorrelation function at a fixed point from the stationary psd
function;
2. determining the autocorrelation function at a point on the rotating blade;
3. using this latter autocorrelation function to produce the rotational spectrum.
This process is detailed below:
Step 1. Autocorrelation function at a fixed point
Following a similar procedure as explained for the NewWave theory, the
autocorrelation function relates the value of the wind speed fluctuation v at time t to its
value at a later time t+τ. The relationship between autocorrelation and the psd function
is based on the following Fourier transform pairs:
∞

Sv ( f )

= 4 ∫ κ v (τ ) cos (2πfτ ) dτ
0
∞

= 2 ∫ κ v (τ ) cos (2πfτ ) dτ

as κ v (τ ) = κ v (−τ )

−∞

with

(3.28)

∞

κ v (τ ) = ∫ S v ( f ) cos (2πfτ ) df
0
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Entering the Von Kármán spectrum from Equation 3.23 into 3.28 yields the following
expression for the corresponding autocorrelation function:

κ v (τ ) =

2σ v2 ⎛⎜
τ /2
1 ⎜
Γ( 3 ) ⎝ 1.34 Lw / Vwind _ av

⎞ ⎛
τ
⎟K 1 ⎜
3
⎟ ⎜ 1.34 L / V
w
wind _ av
⎠ ⎝

⎞
⎟
⎟
⎠

(3.29)

The Gamma function, Γ(1/3), and the modified Bessel function, K⅓,of the second kind
of order ⅓ are both standard mathematical functions.
Step 2. Autocorrelation function at a point on a rotating blade
Burton et al. (2001) showed that the autocorrelation function for a point on a rotating
blade can then be expressed by:
1

2
⎛ s ⎞⎛ 2r sin(Ωτ / 2) ⎞ ⎤
2σ v2 ⎛ s / 2 ⎞ 3 ⎡ ⎛ s ⎞
s
⎟−
⎟⎜
⎟ ⎢K 1 ⎜
κ (r ,τ ) = 1 ⎜⎜
K2 ⎜
⎟ ⎥
Γ( 3 ) ⎝ 1.34Lw ⎟⎠ ⎣⎢ 3 ⎜⎝ 1.34Lw ⎟⎠ 2(1.34Lw ) 3 ⎜⎝ 1.34Lw ⎟⎠⎝
s
⎠ ⎦⎥
with :
(3.30)
o
v

s = Vwind _ av τ 2 + 4r 2 sin 2 (Ωτ / 2)
2

where s is the distance travelled by the wind in the rotating frame of reference and Ω is
the angular velocity of the rotor. As can be seen the autocorrelation function κov used in
Equation 3.30 is a function of, r, which typically represents the rotor radius, R. For
simplification reasons, a representative value of this radius is used for the calculations
on the whole rotor. This value is chosen to be the radius, Req, that divides the rotor
swept area into two areas of equal size, where
Req =

1
R=r
2

(3.31)

Step 3. Rotational spectrum
The rotational spectrum is obtained by using the latter autocorrelation function in
Equation 3.28. No analytical solution has been found for the integral and a solution has
to be obtained numerically using a discrete Fourier transform. Burton et al. (2001)
showed that first, the limits of integration are reduced to –T /2, T /2, as κov(r,τ) tends to
zero for large τ, where period T corresponds to the period of the lowest discrete
frequency. Then the limits of integration are altered to 0, T with κov(r,τ) set equal to
κov(r,T-τ) for τ >T /2, as κov(r,τ) is now assumed to be periodic with period T. Thus:
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T

S vo ( f ) = 2 ∫ κ v*o ( r ,τ ) cos (2πfτ ) dτ
0

with

κ v*o (r ,τ ) = κ vo (r ,τ )
κ v*o (r ,τ ) = κ vo (r , T − τ )

for 0 ≤ τ ≤ T / 2
for
τ >T /2

(3.32)

The discrete Fourier transform then becomes:
⎡1
S vo ( f k ) = 2T ⎢
⎣N

N −1

∑κ
p =0

*o
v

(r , p

T
k T⎞ ⎤
⎛
) cos ⎜ 2π p ⎟ dτ ⎥
N
⎝ T N⎠ ⎦

(3.33)

T
N.

(3.34)

Note that:
fk =

k
;
T

τ=p

T
;
N

Δτ =

By implementing these equations into SOS3D-WIND it becomes possible to calculate a
wind profile that includes the influence of rotational sampling. This is shown in Figure
3-7 for a 3 bladed wind turbine with 45 m rotor blades and a rotating speed of 19.1 rpm.
Since it is difficult to see any difference between the predicted wind speeds including or
excluding rotational sampling, Figure 3-7b focuses only on the first 20 s. Here it can be
seen that the predicted wind speeds are not exactly the same. Although there seems to
be not much difference in the wind speed, there is a clear difference in their spectra as
can be seen in Figure 3-9. The spectrum that excludes rotational sampling has a smooth
profile, which drops continuously from a frequency of 0.01 Hz. However, the spectrum
that includes rotational sampling has clear peaks at frequencies that are multiples of the
rotation speed (here 0.32, 0.64 and 0.96 Hz).
3.5.4

Wind speed variations in time according to IEC 61400-1

A deterministic rather than stochastic approach can also be used to determine the wind
speed. The International Electrotechnical Commission (IEC, 1999) recommended to use
the following mathematical description of a gust:
⎛
⎞ ⎛ 3πt ⎞⎛
σv
⎛ 2πt ⎞ ⎞
⎟⎟ sin ⎜
Vwind ( z , t ) = Vwind _ av ( z ) − 0.37 β ⎜⎜
⎟⎜⎜1 − cos⎜
⎟ ⎟⎟
⎝ T ⎠ ⎠ (3.35)
⎝ 1 + 0.1(2 R / Lw ( z ) ) ⎠ ⎝ T ⎠⎝

This description of a gust uses a brief dip in wind speed before and after the rising and
falling gust. The total duration of this described gust is expressed by the parameter T.
The formula uses the rotor diameter, R, and turbulence scale parameter, Lw(z) as
described in Equation 3.24. The standard deviation of the turbulent wind speed
fluctuations is expressed in parameter σv, and the factor β represents a factor that is
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proportional to the maximum normalised difference in wind speed during the gust. For
gusts with a recurrence period of 1 year the recommended values for β and T are
respectively 4.8 and 10.5 s. These values change to 6.4 and 14 s if the recurrence period
is increased to 50 years.
Note that the calculation of this wind speed variation is not based on a certain spectrum
and is therefore not completely comparable with the stochastic approach. It is however
argued that this wind speed variation together with NewWave theory is a realistic
combination of environmental loads and can lead to a determination of realistic extreme
loadings. To examine this more deeply would go beyond the scope of this thesis.
In SOS3D-WIND it is possible to obtain wind speeds according to the IEC 61400-1. In
Figure 3-10 the predicted wind speeds according the Von Kármán spectrum (solid line)
and according to IEC 61400-1 (dotted line) for a period of 100 s are compared with each
other. It can be seen that the maximum predicted wind speed according to IEC 61400-1
is significantly higher than the stochastically predicted wind speed. Furthermore it can
be seen that the stochastically predicted wind speeds are more irregular than the IEC
61400-1 wind speeds, due to all the low frequency turbulences included in the stochastic
prediction. Note that running the stochastic prediction for wind speeds over a period
much longer than the 100 s period, should theoretically give a similar maximum wind
speed as predicted by IEC-61400-1.
3.5.5

Aerodynamic loads on blades

This section gives an overview of the calculation in SOS3D-WIND of aerodynamic
loads on the blades of an OWT. The blade element momentum theory is used as
described in Burton et al. (2001) and Manwell et al. (2002).
To understand the theories presented it is essential to understand the principles behind
the energy conversion of a modern OWT. When the wind causes the turbine rotor to
rotate, the rotor shaft experiences a torque as well as a horizontal nacelle force. The
torque is transformed into power. It is important for the energy supply that the wind
turbine generates an approximately constant power over a range of wind speeds. This
‘rated power’ is reached when the nominal wind speed is reached, which will lead to the
nominal rotational speed of the rotors. Nowadays pitch-controlled turbines are most
commonly used, where the blade angle (or pitch) is adjusted for wind speeds larger than
the nominal speed to generate the same rotation speeds (and power). The horizontal
force acting on the axis of the nacelle will however not stay constant.
In this thesis and in SOS3D-WIND only this horizontal force acting on the nacelle, Dax,
is used for calculations. To determine the forces, a combination of momentum theory
and blade element theory is used, which is referred to as the blade element
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momentum theory (BEM). In the following section these three theories are discussed

briefly and the relation is explained between wind speed, v, induction factor, a,
horizontal nacelle force, Dax, generated power, P, rotational speed, Ω, and blade angle,
θ.
Commercial programs such as BLADED (Garrad & Hassan, 2007) and FLEX5 (Stig
Øye, 1990) use the BEM theory. As previously stated the code of these commercial
programs is not available for the general public, but the Matlab code of Cerda Salzmann
(2004) is. This coding has been adjusted where needed and transformed into Fortran
coding to fit in the SOS3D-WIND program.
In this thesis it is assumed that the nacelle faces directly into the wind and that the wind
speed at hub height calculated in the previous section is representative for an average
wind speed acting on the blades.
Momentum theory (Burton et al., 2001)
The momentum theory applies the basic conservation laws of fluid mechanics
(conservation of mass, momentum and energy) to the rotor and airflow as a whole to
estimate the rotor performance (Figure 3-11). In this case, only the flow in one direction
(i.e. along the axis) is considered; this theory is therefore often referred to in the
literature as the one-dimensional momentum theory or the axial momentum theory.
With this theory it is possible to couple the horizontal nacelle force, Dax, to wind speed,
v, and an induction factor, a, as detailed below.
The wind turbine extracts energy from the wind by slowing the wind down with its
rotor, thus decreasing the wind velocity. This decrease in velocity within a stream tube
can be modelled by replacing the swept rotor area by a permeable, infinitely thin disc:
the so-called actuator disc. A model of an actuator disc in a ‘stream tube’ is shown in
Figure 3-11.
Within the boundary of the ‘stream tube’ just enclosing the actuator disc, the
undisturbed wind velocity, v0, decreases to vp at the actuator disc and finally to v1 in the
far wake (Figure 3-11). The induction factor, a, is now introduced, to relate the
decreased wind speed passing through the actuator disc (unknown up to this point) to
the undisturbed wind speed as follows:
a=

v0 − v p
(3.36)

v0

From conservation of mass, the momentum theory states that the stream tube just
enclosing the flow through the actuator disc, Ad, has a constant mass flow rate at all
cross sections from far upstream to far downstream. The mass flow is driven through
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the actuator disc by the difference in static pressure between the upwind and the
downwind side of the disc. Bernoulli’s law states that in this stream tube the total
pressure stays constant along a streamline as long as no power is extracted. So the
pressure far ahead, p0, must be equal to the pressure on the upwind side of the disc, p+,
and the pressure on the downwind side of the disc, p-, must be equal to the pressure in
the far wake, p1. This pressure difference makes the disc subject to a net horizontal
nacelle force, Dax, and can be expressed as:
1
1
2
2
Dax = Ad ( ρ a vo − ρ a v1 )
2
2

(3.37)

where ρa is the mass density of air. Laws of conservation of mass and Bernoulli’s law
enable the wind velocity in the far wake to be derived as:
v1 = v0 (1 − 2a )

(3.38)

By combining Equation 3.37 and 3.38, the horizontal nacelle force can be determined
as:
Dax = Ad

1
ρ a v02 4a(1 − a)
2

(3.39)

The power extracted by the rotor, P, can be expressed as:
P = Dax v = Ad

1
ρ a v03 4a(1 − a) 2
2

(3.40)

The maximum power will therefore be reached when the induction factor, a, is 1/3, or in
other words, when the velocity at the actuator disc is decreased to 66% of its original
speed. For a manufacturer this is important to know so that they can design the blades in
a way that the maximum power can be generated.
The horizontal nacelle force can also be expressed in terms of a dimensionless
horizontal nacelle force coefficient, CDax, the ratio between the horizontal nacelle force,
Dax, and the undisturbed wind thrust, Fwind:
C Dax =

Dax
=
Fwind

Ad

1
ρ a v02 4a(1 − a)
2
= 4a(1 − a)
1
2
Ad ρ a v0
2

(3.41)

This means there is a direct relationship between the horizontal nacelle force
coefficient, CDax, and the induction factor, a. Later in this section, reference is made to
Figure 3-15 in which this phenomenon can be seen.
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Blade element theory (Burton et al., 2001)
The forces on the blades of a wind turbine can be expressed as a function of lift and
drag coefficients and the angle of attack. For the analysis in the blade element theory,
each blade is divided into a number of blade elements, with assumed constant cross
sections. The theory considers the aerodynamics around this cross section (the airfoil)
with the relative wind velocity causing drag and lift forces. The blade element theory
makes it possible to couple the horizontal nacelle force Dax to wind speed, an induction
factor, a, blade angle, θ, and rotational speed, Ω. The blade element theory makes two
assumptions:
1. there is no aerodynamic interaction between elements;
2. the forces on the blades are determined only by the lift and drag characteristics
of the airfoil shape of the blades.
The drag and lift forces on the airfoil are caused by the combination of two velocities,
i.e. the wind velocity on the rotor plane, vp, and the velocity of the blade element caused
by the rotation of the rotor, vt. These are expressed as:

v p = v0 (1 − a)

(bis 3.36)

vt = Ωr

(3.42)

where Ω is the rotational speed of the rotor and r the radius of the blade.
These two velocities lead to a relative wind velocity on the element of:
v rel = v 2p + vt2

(3.43)

Figure 3-12a shows the different velocities working on the airfoil and the lift and drag
force that is created. Figure 3-12b shows the resulting forces in the x direction.
The length, Δr, and the chord length, c, of an element are determined by the shape of a
blade. The relative wind velocity on the airfoil creates lift forces, Lf, and drag forces, Df,
on the element defined by:
2
L f = 0.5C L (α ) ρ a v rel
cΔr

(3.44)

2
D f = 0.5C D (α ) ρ a v rel
cΔr

(3.45)

These formulas introduce the lift and drag coefficients (CL and CD), which depend on
the shape of the airfoil and determine the relationship between lift and drag force (Lf and
Df) and the relative wind speed, vrel, as a function of the angle of attack, α.
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Lift and drag coefficients for a typical airfoil for different angles of attack, α, are
presented in Figure 3-14 (Burton et al., 2001; Manwell et al.; 2002). The lift coefficient,
CL, increases for most blade shapes typically from 0 at zero angle of attack, α, to 1.5 at
an α value of 10° and stays more or less constant after that. The drag coefficient, CD,
stays close to 0 till the α value reaches 10°, after which it increases exponential.
The angle of attack is defined as (see Figure 3-12):

α = ϕ −θ

with

ϕ=

(3.46)

⎛ vp
360
arctan⎜⎜
2π
⎝ vt

⎞
⎟⎟
⎠

(3.47)

The resulting force Fx on an element in the x direction can be determined from the lift
and drag components as:
Fx = L f cos ϕ + D f sin ϕ

(3.48)

For Ns elements per blade in a rotor with Nb blades, the total horizontal nacelle force on
the rotor is given by:
Ns

Dax = N b ∑ Fx ,i

(3.49)

i =1

from which the horizontal nacelle force coefficient can be derived as:
2
)(C L (α ) cos ϕ + C D (α ) sin ϕ )
N b ∑ (0.5ρ a cΔrv rel
Ns

C Dax =

Dax
=
Fwind

i =1

Ad

1
ρ a v02
2

(3.50)

Note that again this horizontal nacelle force coefficient depends on the induction factor,
a, as in Equation 3.41. In the next section, the momentum theory and the blade element
theory are combined to enable the horizontal nacelle force calculation.
The power extracted by the rotor may be determined in a similar manner to the
horizontal nacelle force. The rotational force, Frot, on an element can be determined
from the lift and drag forces as:
Frot = L f sin ϕ − D f cos ϕ

(3.51)

For Ns elements per blade in a rotor with Nb blades, the turning moment, Mrot, in the
rotor shaft is given by:
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Ns

M rot = N b ∑ Frot , i ri

(3.52)

i =1

The power, P, extracted can then be derived from the turning moment, Mrot:
P = ΩM rot

(3.53)

In practice, the power produced will be less than that derived from Equation 3.53 due to
mechanical losses. This may be quantified in terms of a dimensionless power loss
factor, KP; a generally accepted value for the power loss factor is around 0.9. The
overall expression for the power generated by the rotor may then be expressed as:
Ns

2
P = ΩN b ∑ ri 0.5 ρ a vrel
cΔrK P ( CL (α ) sin ϕ − CD (α ) cos ϕ )
i =1

(3.54)

Blade element momentum theory (BEM)
Both the momentum theory and the blade element theory lead to an expression for the
horizontal nacelle force coefficient. By definition these coefficients should be equal:
C Dax ,M = C Dax , BE

(3.55)

Both coefficients depend on the induction factor a. The induction factor can vary
between zero (no wind velocity decrease) and 0.5 (velocity in far wake becomes zero).
Equation 3.55 can be solved to evaluate the induction factor, α, in terms of the pitch
angle, θ. This relation depends on the shape of the blades used and can look like the
relation shown in Figure 3-15f, which present results of an example calculation
described below.
A correction is needed to the undisturbed wind velocity, v0, to account for the motion of
the wind turbine itself. Thus if the structural velocity at the level of the wind turbine
axis is vstruc, the relative wind velocity is v0 – vstruc and the horizontal nacelle force, Dax:
Dax = C Dax Ad

1
ρ (v0 − v struc )2
2

(3.56)

The compliance of the wind turbine structure acts as a form of aerodynamic damping,
reducing the force changes due to any change in wind velocity and hence prolonging the
life of the structure.
Example
To make a calculation with the presented BEM theory, SOS3D-WIND needs input for
the number of blades, the blade shape and the accompanying CD and CL coefficients
versus angle of attack. An optimal blade shape does not only vary in width (wide near
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the rotation point and narrow at the top), but also in pitch angle along the blade. Figure
3-13 gives an overview of these two parameters versus the normalised blade length,
ri/R, of a realistic blade. The CD and CL coefficients presented in Figure 3-14 are valid
for this blade and are used for the calculation.
With this information, SOS3D-WIND can be used to calculate the horizontal nacelle
forces on the rotors of a wind turbine for different wind speeds. After the cut-in wind
speed is exceeded the program optimises for power until the rated power is reached.
Thereafter it keeps the power constant by varying the pitch angle until the cut-out wind
speed is reached.
Results of horizontal nacelle force, power, induction factor, pitch angle and rotational
speed versus wind speed for a 3 bladed turbine are presented as thin lines in Figure
3-15. The thick lines present the results for a 2 bladed turbine.
It can be seen that the horizontal nacelle load increases with increasing wind speed
when the pitch-controlled turbine strives for optimal power output. The maximum
horizontal nacelle load is just over 0.4 MN and is reached when the power output of
3 MW is reached at an average wind speed of around 11.5 m/s. When the power is kept
constant for higher wind speeds, the horizontal nacelle load on a pitched controlled
wind turbine becomes lower with increasing wind speed.
By comparing the results from the 2 and 3-bladed wind turbine it can be seen that
although the power output is similar, the pitch angle, horizontal nacelle force and
induction factor vary slightly. For identical blades the rotational speed for a 2 bladed
turbine is, according to these calculations, 18% higher than the rotational speed for a 3
bladed turbine. Note that although the total horizontal nacelle force is similar for a 2
bladed and a 3 bladed turbine, the force per blade for a 2 bladed turbine is much higher.
Furthermore the lower value of the (maximum) induction factor for a 2 bladed turbine
reveals that the blade is not used optimally. As previously shown, an optimal induction
factor would be 1/3 and according to these calculations a value of only 0.25 is reached.
All these results compare with general findings published elsewhere (e.g. Burton et al.,
2001; Manwell et al., 2002; Cerda Salzmann 2004), which validate the implementation
of the BEM-theory in SOS3D-WIND.
3.5.6

Aerodynamic loads on support structure

The column supporting the wind turbine experiences a distributed wind load qaero due to
the drag force caused by the wind. The calculation is similar to the Morison equation for
hydrodynamic loads without the inertia component. The net wind load on the column
caused by the wind is given by:
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1
ρ a v rel _ wind ( z, t ) 2 Do
2

(3.57)

where CD is the drag coefficient, ρa the mass density of air, vrel_wind the relative wind
speed (vwind-vstruc) and D0 the column diameter. It should be noted that for the column,
the wind speed vwind is equal to v0(1-a) behind the rotor plane, and v0 elsewhere. The
drag coefficient, CD, accounts for the airflow pattern, as well as for the geometry and
roughness of the body that it acts on. This coefficient therefore depends on the Reynolds
number and on the surface roughness of the column. Most wind turbine columns have a
circular cross section and their surface may be considered relatively smooth. Typical
Reynolds numbers for the wind flow around the column will be in between 1x102 and
1x105 and therefore the flow will be laminar. This leads to a drag coefficient of CD = 0.7
(Burton et al., 2001).

3.6

FOUNDATION MODELS

SOS3D-WIND has the capabilities of modelling a foundation as pinned, fixed or as a
combination of linear springs. Furthermore, the displacement hardening plasticity model
for flat circular footings on dense sand (Model C), as described in Chapter 2, has been
implemented in SOS3D (Cassidy, 1999) and can be used in SOS3D-WIND.
Different foundation models will change the predicted behaviour of the footings.
However, their influence on the behaviour of the total response of an OWT is small
assuming that the foundation does not displace significantly (Liingaard, 2006). In the
calculations performed during this research it was found that for a foundation consisting
of correctly designed suction caissons underneath a tripod or tetrapod, the influence on
the displacement of the nacelle is negligible. The influence on the first resonant
frequency is only detectable if the caissons are designed incorrectly and undergo too
much displacement during loading.
Note that the foundation models implemented in SOS3D-WIND basically represent a
linear spring model and damping of the complete OWT structure therefore only exists in
the wind turbine component. However in reality, geometrical damping and material
dissipation in the subsoil would contribute to the overall damping of the structure
(Liingaard, 2006). This does not directly influence the natural frequencies of the
structure, but has an effect on the magnitude and shape of the structure deflections. For
this research, the latter are not important, and representation of the foundation response
by springs is therefore acceptable.
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STRUCTURAL DYNAMIC CALCULATIONS

Parts of an offshore wind turbine experience significant deformations with respect to its
overall dimensions. Small deformation analysis based on equilibrium of the undeformed
structure is therefore incorrect. In order to obtain accurate results, the structure is
discretised as a frame built of beam-columns and the numerical method for large
deformation analysis is used. SOS3D-WIND uses frames composed of prismatic
members, with loads applied at the joints. Loads are assumed to move with their
respective joints as the structure deforms. The procedure is based on Lagrangian
formulation.
The Lagrangian formulation accounts for so-called P-Δ effects due to horizontal nacelle
forces no longer acting along the axis of the column. Changes in member chord length
due to axial strains and flexural bowing and the influence of axial force on member
flexural stiffness are taken into account. The latter can be important in dynamic analyses
of OWTs.
Both quasistatic and dynamic analyses can be performed in the SOS3D-WIND program.
These calculations are performed in exactly the same way as in SOS3D which is
described in Bienen and Cassidy (2006b). With the use of shape functions, the mass and
stiffness matrices of each finite beam element can be determined. The matrices for each
element combined are used to compose the total mass, stiffness and damping matrices.
In the dynamic evaluation of nonlinear structural responses, an explicit damping matrix
is required and in SOS3D-WIND Rayleigh damping is employed (Bienen and Cassidy
2006a).
Material nonlinearity of the structure is not considered in SOS3D-WIND as the program
is targeted at the assessment of offshore structures within their serviceability limit state
and is not concerned with structural failure.

3.8

ANALYSES WITH SOS3D-WIND

This section presents the aims of the analyses performed with SOS3D-WIND, the
different inputs and the results. Sections 3.9 and 3.10 will discuss the results in more
detail and draw conclusions from them.
3.8.1

Aims of analyses

The analyses with SOS3D-WIND were performed to answer the following questions:
− what are typical loads and deflections of an offshore wind turbine founded on a
tetrapod and do these calculated loads compare with the loads reported in the
DTI report (2005)?
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− what are typical loads and deflections of an offshore wind turbine founded on a
tripod?
− which differences occur when the foundation is modelled as purely elastic or
according to Model-C?
− what are the calculated differences in loads caused by a deterministic or a
stochastic approach?
− what is the influence of adopting quasi-static or dynamic calculations?
3.8.2

Types of analyses

It was decided to vary only the following four parameters in the analyses to fulfill the
mentioned aims:
− type of substructure (tetrapod or tripod);
− schematisation of footing behaviour (purely elastic or according to Model-C);
− schematisation of loading (deterministic or stochastic);
− calculation mode (quasi-static or dynamic).
Combining the different variations of these four parameters led to sixteen possible
combinations as displayed in Table 3-1 and Figure 3-16.
Table 3-1. General input of analyses with SOS3D-WIND
Run
No
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16

3.8.3

Structure
Tetrapod Tripod
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Footing
Elastic Model-C
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Loading
Deterministic Stochastic
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Calculation
Quasi-static Dynamic
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

Structural input

The dimensions of a typical offshore wind turbine were described in DTI (2005). Where
possible these dimensions were used for the analyses performed. The structure was
taken as 86.6 m high with a 3 MW nacelle consisting of a 3-bladed rotor. The 3-bladed
3-25

Suction caissons in sand as tripod
foundations for offshore wind turbines

The University of Western Australia
School of Civil and Resource Engineering

rotor had the same properties as described before in this chapter (see example in Section
3.5.5 and Figure 3-13 through Figure 3-15). The individual footings were arranged as a
tetrapod or tripod (Figure 3-16); they were placed 22.2 m away from the central column
with three bracings from each footing connecting the individual footings to each other
and to the central column at 0 m and 24 m above the soil level (Figure 3-17). The total
weight of the OWT including either a tetrapod or tripod foundation is estimated to be
7.1 MN and 6.6 MN respectively. More details of each individual member can be found
in Table 3-2 and Figure 3-17.
Table 3-2. Structural details for analyses with SOS3D-WIND
Beam

No

01_Q
01_T
02
03
04
05
06
07
08
09
10
11

4
3
4/3
4/3
1
1
1
1
1
1
1
1

Length
[m]
31.40
38.45
22.20
32.69
24.00
12.60
2.05
7.05
10.00
10.00
13.05
8.05

Dia
[m]
0.559
0.559
0.508
1.067
2.743
4.35
4.35
4.23
3.99
3.74
3.5
3.1

Area
[m2]
0.0429
0.0429
0.0389
0.0926
0.2997
0.6794
0.5983
0.5475
0.4467
0.354
0.2706
0.153

Ah
[m2]
0.0429
0.0429
0.0389
0.0926
0.2997
0.6794
0.5983
0.5475
0.4467
0.354
0.2706
0.153

Iy
[m4]
0.0015
0.0015
0.0011
0.0123
0.273
1.5613
1.3797
1.1948
0.8693
0.6065
0.4072
0.1815

Iz
[m4]
0.0015
0.0015
0.0011
0.0123
0.273
1.5613
1.3797
1.1948
0.8693
0.6065
0.4072
0.1815

E
[N/m2]
2.05E+11
2.05E+11
2.05E+11
2.05E+11
2.05E+11
2.05E+11
2.05E+11
2.05E+11
2.05E+11
2.05E+11
2.05E+11
2.05E+11

G

J

As

8E+07
8E+07
8E+07
8E+07
8E+07
8E+07
8E+07
8E+07
8E+07
8E+07
8E+07
8E+07

0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

Mass
[kg]
10600
10600
6800
23800
56500
67200
9600
30300
35100
27800
27700
9700

Notes:
−
−

3.8.4

Beams 01 through 05 are the same for the tetrapod and the tripod except for beam 01 (indicated with 01_Q for tetrapod
and 01-T for tripod)
Beams 06 through 11 form the superstructure (monopile) of the wind turbine above the tetrapod/tripod)

Foundation input

Each footing consists of a 6 m OD suction caisson which is 4 m high and has a wall
thickness of 20 mm. The analyses were performed by either assuming that these suction
caissons in the soil behave elastically with linear stiffness values as calculated according
to Doherty et al. (2005) or behave according to the displacement Model C (Cassidy
1999). In both cases the soil is described as a sand with a friction angle, φ', of 35°, a
submerged unit weight, γ', of 10 kN/m3, a constant shear modulus of 25 MPa and a
Poisson’s ratio, ν, of 0.2. It is conservatively assumed that the suction caisson cannot
withstand any tension. For 2D loading the yield surface would look like Figure 3-18.
However in these calculations a 3D yield surface is used. The elastic coefficients and
the input parameters for Model C can be found in Table 3-3. For an explanation of the
various coefficients, reference is made to Chapter 2 and Cassidy (1999). Note that the
aim of this exercise is not to determine exactly the behaviour of the footing during
yielding and variations in values for the hardening and flow rule will not affect the
evaluation.
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Table 3-3. Parameters for foundation input
Model feature
Elasticity

Yield surface

3.8.5

Parameter
KV
KH
KM
KT
KC
h0
m0
t0
α1
β1
β2

Value
11.94
10.27
22.66
18.96
-9.41
0.337
0.32
0.033
-0.112
0.76
0.76

Model feature
Hardening

Parameter
k
zpm
fp

Value
3.3
0.0316
0.99

Flow rule

αh
αm
αq∞
β3
β4
k'

3.3
3.3
5.0
0.52
0.52
0.125

Environmental input

Both structures are assumed to be placed in 25 m water depth. The wave conditions
were taken as a representative wave of 1 year return period, either portrayed
stochastically with a random Airy wave or deterministically by the NewWave theory. In
both cases a Pierson-Moskowitz spectrum of Hs = 9 m and Tz = 11.1 s was used. The
free water surface versus time for both cases can be found in Figure 3-5. The current
velocity, vcur, was calculated by using an average current velocity, vcur_ref, of 1.2 m/s.
The wind conditions were schematised either stochastically according to a von Kármán
with a TI of 0.12 or deterministically assuming 50-year gust conditions according to
IEC-61400. For both schematisations an average wind speed of 15 m/s at nacelle level
was used. As portrayed in Figure 3-15 the induction factor, a, for an average wind speed
of 15 m/s is 0.084 and the pitch angle, θ, is 5.9°.
Design codes like IEC (1999) and Germanische Lloyd (2003) prescribe many
(environmental) load combinations and operational situations, any of which can lead to
ultimate loading conditions. For the analyses in this thesis only one operational loading
condition was considered where the pitch angle stays constant as the gust passes the
wind turbine. This is a reasonable assumption since a gust according to IEC-61400 lasts
14 s and automatic adjustment of the pitch angle is unlikely to take place within this
period. First of all, the gust might not be measured at the weather station on top of the
nacelle, which means the pitch-control-computer would not register any need to adjust
the pitch. Secondly the adjustment will always lag the measurements and finally the
pitch control might fail for a certain period. This assumption of a non-changing pitch
angle during the analyses means that the induction factor will stay constant, but the
horizontal nacelle load will increase with increasing wind speed.
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To combine scenarios regarding wave and wind loading it was decided to either
combine the stochastic loads (random wave and von Kármán spectrum for wind speed)
or the deterministic loads (1-yr NewWave storm condition with a (repetitive) IEC61400 50 year gust). In the latter case the peak of the NewWave was set at 49 s, so that
the peak of the wind and wave loading would coincide at that point.
3.8.6

Calculation mode

All the analyses were performed over a 100 s interval and the output includes the
displacement of the nacelle and the loads on footings. The calculations were performed
in either quasi-static or dynamic mode. For the latter the damping coefficient was set at
0.02 for the first two natural frequencies. The calculation time step was varied between
0.1 and 0.001 s in the analyses to stabilise the calculation. In the dynamic mode the
initial loading of the OWT led to some dynamic displacements which settled in the first
few seconds. To separate this initial settling behaviour from the results a decision was
made to apply the self weight of the OWT-structure and in some cases an arbitrary
horizontal load of 0.4 MN in the first second to stabilise the remainder of the
calculation. In the following 13 s the loads are not changed and the OWT can settle
down, after which the arbitrary horizontal load will be released and environmental loads
will be applied. A total settling time of 14 s, so that the repetitive IEC-61400 wind gust,
which is predicted to last 14 s, starts a new cycle again.
3.8.7

Results from SOS3D-WIND

Results of the 16 analyses include displacements of the nacelle and forces acting on the
individual footings. All results are provided in Figure 3-19 through Figure 3-34, where
the figures display three graphs for each of these 16 analyses. The upper left graph
displays the nacelle displacement in the x-direction versus time. The lower left graph
displays the vertical load of each individual footing and the combination of all these
foundation loads (labelled ‘Total’) versus time. The lower right graph displays the
horizontal foundation loads in the x-direction versus time.
As an example the results of Run 10 (Figure 3-28) are discussed below. This analysis
represents the wind loading with a 50-year return period on an OWT founded on a
tripod. The calculations were performed in the dynamic mode and the environmental
loadings were described in a deterministic way. The foundation was described as
behaving purely elastically.
It is apparent that the horizontal loads vary periodically according to the deterministic
description of the 50-year wind gust and the NewWave. The maximum occurring
horizontal load is 3.96 MN and occurs only once after 49 s, when the peak in the wind
gust coincides with the peak of the NewWave. This horizontal load leads to a peak
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moment load of 156 MNm, which only last a fraction of a second. The tripod
foundation counteracts this moment loading by a variation of vertical loads in the
suction caissons underneath the tripod, bringing the windward suction caisson to a
tension of 2.49 MN and the two leeward suction caissons to a compressive loading of
4.52 MN.
The displacement of the nacelle due to the loading is in phase with the wind loading.
The average deflection is around 0.41 m and increases to 1.24 m when the wind gusts
pass through. The influence the wave loading has on the nacelle displacement is not
significant. This can be seen at the points where the wind gust reaches its peak at
respectively 21 and 49 s. Although the value of the wave loading at 49 s is 2.67 MN and
-0.36 MN at 21 s, the difference in nacelle displacement is less than 0.06 m.
Note in the lower left graph, that the total vertical load is not constant in the first 18
seconds of this dynamic calculation. This is caused by the fact that this calculation is set
up in multiple stages and that dynamic effects are taken into account. The first stage
involves placement of the self weight of the structure, but without the weight of the
nacelle and the blades. The second stage was chosen to take place after 14 s and
involves activating the hydrodynamic and aerodynamic loads (see section 3.8.6). This
includes applying the weight of the nacelle and the blades. Because this load is
‘suddenly’ placed on top of the OWT, the structure undergoes damped vibration, taking
in total approximately 4 s to settle down.
Table 3-4 presents an overview for all 16 analyses regarding the minimum and
maximum vertical load per individual suction caisson, the minimum and maximum total
horizontal load on the total foundation, the maximum moment, the mean and maximum
deflection at nacelle height and an indication whether the foundation failed during the
calculation. In the cases where the foundation failed the values are taken as the last
values saved before failure occurred. All the calculated failures occurred due to the
requirement of tensile loading in at least one of the suction caissons at the time of
failure. This tensile failure could have been avoided by increasing the vertical load
(weight of structure) or by increasing the spacing of the suction caissons, but these
variations were not included in the performed runs.
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Table 3-4. Summary of SOS3D-WIND results
Vind [MN]
Min Max
-0.69 4.25
-0.91 4.47
0.02 3.53
-0.20 3.76
0.022) 3.542)
0.122) 3.442)
0.17 3.39
0.03 3.51
-2.40 4.48
-2.49 4.52
-1.05 3.81
-1.18 3.87
0.032) 3.262)
0.002) 3.312)
0.212) 3.172)
0.652) 2.962)

Run
No
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
1)
2)

3.9

Htot [MN]
Min Max
-0.85 4.04
-0.87 4.11
-1.63 4.90
-1.91 5.08
0.13 1.672)
0.13 1.592)
-1.75 4.55
-1.88 4.91
-0.66 3.88
-0.68 3.96
-1.20 4.72
-1.45 4.87
0.18 0.832)
0.21 0.822)
-0.20 2.932)
0.17 1.862)

Mtot1) [MNm]
Max
155
169
110
124
1102)
1042)
110
110
153
156
108
112
722)
732)
662)
512)

Deflection[m]
Mean Max
0.39
1.16
0.38
1.14
0.30
0.42
0.27
0.41
0.40 1.072)
0.44 1.042)
0.31 0.422)
0.32
0.52
0.40
1.21
0.41
1.24
0.32
0.44
0.32
0.46
0.25 0.762)
0.30 0.902)
0.31 0.342)
0.32 0.352)

Failure

Figure

N
N
N
N
Y
Y
Y
N
N
N
N
N
Y
Y
Y
Y

Figure 3-19
Figure 3-20
Figure 3-21
Figure 3-22
Figure 3-23
Figure 3-24
Figure 3-25
Figure 3-26
Figure 3-27
Figure 3-28
Figure 3-29
Figure 3-30
Figure 3-31
Figure 3-32
Figure 3-33
Figure 3-34

Calculated by using M=(4Vmin+7.1)22.2/√2 for the tetrapod and M=(1.5Vmin+0.5*6.6)22.2 for the tripod
Taken at last saved point before failure

COMPARISONS OF SOS3D-WIND ANALYSES

This section compares the results of the different analyses and focuses upon the
differences between quasi-static and dynamic calculations (Section 3.9.1), tetrapods and
tripods (Section 3.9.2), elastic and elastic-plastic foundation schematisation (Section
3.9.3) and deterministic and stochastic loading (Section 3.9.4).
3.9.1

Quasi-static versus dynamic

In this section a comparison is made between the quasi-static calculation and the
dynamic calculation. The calculation time of the quasi-static calculation is an order
faster than the dynamic calculation, so if the quasi-static calculation gives similar results
to the dynamic calculation it would be beneficial to use this.
By comparing the results of Run 01 and Run 02, as shown in Figure 3-35 and Table 3-4,
it is immediately apparent that for this specific configuration of the OWT there are
virtually no differences in the results. The very small differences in displacements of the
nacelle are caused by the very small differences in loads resulting from the movement
of the OWT under the environmental loads. This movement reduces or increases the
relative speed of both the wind and the waves and subsequently decreases or increases
the forces acting on the system. Furthermore the acceleration of the OWT will generate
small forces in the dynamic mode calculation.
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In all other combinations of quasi-static (odd numbers of the analyses) and dynamic
analyses (even numbers) it can also be seen that the difference in results is negligible.
The exception is Run 07 and 08, where failure occurs in the quasi-static calculation after
71.94 s, whereas the dynamic calculation has some small calculation difficulties (see
total vertical load in Figure 3-26) at that point, but resumes to finish the full calculation.
Note that the results of these runs before 71.94 s are very similar. Overall it can be
concluded that at least for this particular type of OWT a quasi-static calculation can be
used to determine a first estimate of realistic nacelle displacements and extreme
foundation loads.
3.9.2

Tetrapod versus tripod

To quantify the differences in the foundation loadings between tetrapod and tripod
foundations, a comparison is made in Figure 3-36 and Table 3-4 of the results of Run 01
with Run 09. Both analyses are for the same loading conditions, with the same elastic
foundation and in the same quasi-static mode.
The variation in movement of the nacelle is virtually the same for the tripod and the
tetrapod. However, the total movements are slightly smaller for the tetrapod than the
tripod, implying that the stiffness of the tetrapod support structure and foundations is
slightly higher than for the tripod construction.
There is a difference in vertical load transferred to the footings for a given moment
loading. As expected the windward foundation of the tripod (footing 1) reaches a force,
here -2.40 MN, which is lower than the force on the windward foundations of the
tetrapod (footing 1 and 2), which has a minimum value of -0.69 MN. Although there is
one bracing more in the water for a tetrapod than a tripod, the peak horizontal loading is
very similar.
From a simple hand calculation, as presented in Chapter 1, it is possible to check the
consistency of the calculated loads on the windward side with the applied moment. The
tetrapod and tripod have a distance between the caissons and the centre of the wind
turbine of 22.2 m and the vertical loads are respectively 7.1 MN and 6.6 MN (see
section 3.8.3). The calculated load on the windward footings of the tetrapod therefore
corresponds to a resisting moment of 155 MNm. The resisting moment of the tripod for
this simplified calculation is 153 MNm. Although there is a small difference, it should
also be noted that the total horizontal loading is slightly different, since the
hydrodynamic loads on the different structures are not exactly the same.
This comparison confirms that for the case where the bracings and foundations are the
same size, the tripod can withstand less moment loading then the tetrapod, as was noted
in Chapter 1. Furthermore these calculations confirm that the foundations rely on a
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push-pull system to overcome the applied moment as assumed in Chapter 1. The
simplified calculations as presented in Chapter 1 can be used for a first check of the
total resisting moment.
3.9.3

Elastic versus elastic-plastic (Model-C)

The analyses with the elastic plastic representation of the foundation showed that the
foundation (and calculation) fail as soon as one of the suction caissons in the foundation
reaches tensile failure. However, if the structure is designed to avoid these tensile loads
it should never be loaded to failure and therefore elastic calculations are sufficient to
determine the loads on individual suction caissons. In selected cases, however, failure
(or non-linear response) of a suction caisson needs to occur to re-distribute the loads
among the suction caissons. This may be evaluated by means of calculations that
incorporate elasto-plastic models of the foundation response.
Figure 3-37 shows the results of a quasi-static analyses with deterministic
environmental loading on a tetrapod which is orientated 45 degrees to the environmental
loading (‘diagonal’). During the first peak of wind loading, the load in the windward
footing (footing 1) reaches tension. Since the push-pull system is insufficient to
overcome the applied moment, the foundation will start to rotate slightly. This lowers
the vertical load on the two middle footings (footing 2 and 3) and increases the vertical
load on the leeward footing (footing 4). After the peak load, the nacelle returns to its
original position, but the loads and deformations of the individual footings will not
return to the same values as before, because of some plastic deformation. This process
can in principle continue until footings 1, 2 and 3 are all loaded into tension.
Unfortunately, the analyses broke down before this happened, because of numerical
instability with the time step adopted.
This example does show the potential of the elastic-plastic calculations, but shows also
that the ‘diagonal’ orientation of the foundations can withstand more moment and
horizontal loading than the ‘parallel’ foundation as used in the analyses (see Figure
3-37b). This was already argued in Chapter 1 and is confirmed by this example.
From this example it is concluded that for a realistic loading and displacement
calculation it is recommended to use the elastic-plastic approach as described in ModelC. However, when it is known a priori that none of the footings will be loaded to tensile
failure (here taken as 0 MN) it is sufficient to perform an elastic calculation to save
considerable calculation time. In reality, the foundations need to be designed so that
they always stay within ‘elastic’ limits and undergo only small and essentially all
reversible displacements.
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Deterministic loading versus stochastic loading

Several researchers and institutes have investigated the difference in loading on offshore
structures by making use of deterministic and stochastic models (e.g. Cassidy (1999) for
hydrodynamic loads; Germanischer Lloyd (2003) for aerodynamic loads). Cheng (2002)
focused his research upon reliable design methods to determine extreme responses of
OWTs and concluded that the types of preferred calculation depend on what the user
wants to do with the outcome. A comparison is made to visualise the differences
between these two methods.
Table 3-4 and Figure 3-38 show the results of Run 09 and Run 11, where identical
systems were analysed for nominally similar environmental loading, but expressed as
deterministic loading or stochastic loading respectively.
Differences in the nacelle displacement are significant (more than 0.75 m). The
deterministic wind loading according to IEC 61400 gives (for the investigated 100 s)
much higher peak loads than the random von Kármán loading and therefore the nacelle
displacements are also significantly higher. However, the maximum total horizontal
loads for the stochastic calculation are larger than the maximum total horizontal load for
the deterministic loading. The wave loading for the stochastic calculation is higher than
that from the deterministic calculation. The maximum moment loading, which can be
interpreted from the difference in vertical load on the individual suction caissons, is
larger for the deterministic calculation than for the stochastic calculation, implying
higher aerodynamic loading.
This example does not show a direct justification for the combination of the wave
loading according to the NewWave theory and the wind loading according to IEC
61400. However, the predicted loads give a good indication of the maximum loads as
calculated in the stochastic calculation. The most realistic loading prediction would
come from a stochastic calculation which is performed over a significant time span and
preferably run several times with different random phase shifts.

3.10

CONCLUSIONS FROM THE SOS3D-WIND ANALYSES

In this section some general remarks are made regarding the horizontal, moment and
vertical loading on the foundation of the OWT that has been analysed. Findings from
the analyses for the tetrapod are compared with the findings from DTI (2005). Finally a
recommendation is made regarding the optimal design load calculation for an OWT
with the computer program SOS3D-WIND that has been developed.
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Horizontal loads

The horizontal load comprises two main components: hydrodynamic and
aerodynamic.
The hydrodynamic loading has a cyclic character, since the velocities and accelerations
of a water particle vary from positive to negative as a wave passes. The cycle of
increase and decrease of the horizontal foundation loads therefore takes as long as a
wave passing through, e.g. around 12 s in storm conditions. The highest load in the xdirection occurs when the crest of a wave passes the supporting column of the wind
turbine. For the particular case analysed here, the maximum hydrodynamic force on the
tetrapod, calculated in a quasi-static way, is approximately 2.8 MN for the deterministic
loading, and 3.9 MN for the stochastic loading. The reason for this difference is that in
the stochastic case the peak acceleration and velocity were higher than in the
deterministic case. This was caused by the fact that a similar wave height was reached
in a shorter time span. If the calculation is performed in a dynamic mode the horizontal
foundation loads are slightly lower, due to the influence of the relative speed. Note that
the calculation of hydrodynamic loads is based on the empirical Morison equation,
where the velocities in the crest are calculated by Wheeler stretching and where
refraction of waves between the different members of the tetrapod and tripod is not
taken into account. More research into the consequences of these assumptions is needed
to improve the calculation of the hydrodynamic loads. Without these improvements, the
calculated values of load should be taken as indicative only.
As displayed in Figure 3-15, the maximum aerodynamic force in the x-direction on the
nacelle for a 3 MW turbine is 0.4 MN for a wind speed of 11.5 m/s. This is based on the
assumption that the pitch angle is constantly adjusted for the instantaneous wind speed.
In the calculations it was assumed that the pitch angle set at 15 m/s (5.9°) does not vary
during the passing of a gust. This means that the force occurring at 15 m/s (0.28 MN)
can increase to 1.12 MN in a quasi-static calculation, when the gust reaches a maximum
value of 30.2 m/s as predicted by IEC-61400. The aerodynamic loading on the support
structure, based on a wind velocity of 15 m/s at hub height, is small and in the order of
0.1 MN.
It can be concluded that the main part of the horizontal loading on an OWT is caused by
the hydrodynamic loading and is in the order of 3 to 4 MN. The aerodynamic loading is
only in the order of 0.4 MN, assuming that the OWT works perfectly with the blade
pitch being adjusted during the passing of a gust. Where this is not the case, the
aerodynamic load can increase to 1.2 MN.
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Moment loads

The moment load can be calculated by multiplying the horizontal hydrodynamic and
aerodynamic load by their appropriate lever arm. From the analyses conducted, it can be
concluded that the resultant of the hydrodynamic load is located at approximately 2/3 of
the crest height and the main part of the aerodynamic load is located at the nacelle,
which is placed 86.8 m above mudline.
In the analyses, this led to a total moment acting on the foundation of 155 MNm made
up of 58 MNm from the hydrodynamic load and 97 MNm from the aerodymanic load.
Note that the largest part of this moment loading is caused by windgusts, for an OWT,
where the pitch angle of the rotors is not changed in the time span of the gust. Where
the blades can be adjusted, this maximum moment will be significantly lower.
It can be concluded that the maximum moment depends heavily on the wind load acting
on the nacelle. It is important to understand how this load is generated and its
dependency on the adjustment of the pitch angle of the blades. The maximum design
moment is therefore very sensitive to the choice made regarding the behaviour of the
nacelle during ultimate loading.
3.10.3

Vertical loads

The total vertical load of an OWT consists of the weight of the blades, the nacelle, the
superstructure and the foundation (see Figure 3-1). This weight can typically be
determined very accurately. Where the OWT is not subjected to moment loading, this
vertical load may be assumed equally distributed over all suction caissons. However, to
withstand the moment loading a push-pull system is developed between the suction
caissons. Simple calculations, as presented in Chapter 1, can be used to predict the load
acting on each suction caisson.
For the particular OWT it can be estimated that the weight of the 24 m support structure
including four or three 6 m diameter suction caissons, each 4 m high and a distance of
22.2 m from the column of the OWT, is in the order of 3.4 MN (tetrapod) or 2.8 MN
(tripod). The superstructure weighs another 2.1 MN and the nacelle another 1.7 MN. In
total this gives a weight of approximately 7.1 MN for the tetrapod and 6.6 MN for the
tripod. For the tetrapod a moment of 155 MNm must be resisted. The vertical load of
the windward caissons of the tetrapod will be lowered from 1.8 MN to -0.7 MN. The
leeward caissons will be loaded up to 4.3 MN. For the tripod where a moment of
153 MNm must be resisted, the vertical load of the windward caisson is lowered from
2.2 MN to -2.4 MN. The leeward caissons will be loaded up to 4.5 MN.
Since the moment loading is directly coupled to the horizontal loading, it is logical that
the cycle of variation in vertical foundation loads has the same time length as the
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variation in horizontal load. It is important to realize that low vertical loads, or even
tensile loads, only occur for a very small period of time, directly related to the wave or
gust period. This is an important consideration, since tensile capacity of a suction
caisson is a function of the timespan of the loading.
3.10.4

Comparison with DTI report

The loads acting on an OWT calculated in the DTI report were based on different
combinations of environmental conditions and operating conditions. Typical parameters
used for the environmental loading conditions are as described previously in this
chapter. Computer programs SACS and BLADED were used to make predictions of the
loads, although both programs have their limitations. SACS can make calculations for
complicated offshore structures and includes wave loading on tetrapods, but does not
directly include wind loading on the nacelle. BLADED can make calculations for loads
on the nacelle, but the support structure of the wind turbine must consist of a single
column and pile. By combining the best of these two programs, load predictions were
made. Only the maximum peak load values of V, H1, H2, M1, M2 and T were
presented with no information provided regarding how long these peak loads acted on
the foundation.
As predicted by DNV (2004), different loading conditions lead to the peaks of V, H1,
H2, M1, M2 and T. For example the maximum moment occurs with load case ‘E1.5’,
which is valid for basic state power production with normal external conditions with
extreme wave loading and reduced gust, but the maximum torsion occurs for load case
‘S1.3’, which is valid for single pitch mechanism failed and normal external conditions.
There is unfortunately insufficient information supplied in the DTI report to run these
analyses with SOS3D-WIND. It is therefore virtually impossible to make a direct
comparison between the results presented in the DTI report and the results from the
analyses made in SOS3D-WIND.
Nevertheless, a few comparisons can be made between the results presented in the DTI
report and the results from analyses with SOS3D-WIND. An overview is provided in
Table 3-5.
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Table 3-5. Comparison of several loads presented in DTI 2005 and calculated with SOS3D-WIND
Load condition

DTI report

Reference

Horizontal load, H1, in x-direction on the
nacelle facing the wind
Vertical load, V, on the nacelle
Horizontal load, H1, on parallel Tetrapod

0.32 MN

Table 2.4

2.6 MN
8.6 MN
4.9 MN
172 MNm

Table 2.4
Table 3.3
Table 3.8
Table 3.3

155 MNm

7.9 MN

Table 5.3

7.1 MN

Table 5.3

0 MN1)

Run 01
through 08
Figure 3-37

Table 5.3

5.2 MN

Figure 3-37

Overturning moment, M, on parallel
Tetrapod
Total vertical load, V, on parallel Tetrapod

Vertical load, V, on windward footing
-0.74 MN
(footing 1) for diagonal Tetrapod
Vertical load, V, on leeward footing
4.73 MN
(footing 4) for diagonal Tetrapod
1)
Failure of the foundation was assumed for lower values

SOS3DWIND
0.44 MN
1.65 MN
4 MN

Reference
Figure 3-15
(Vestas 2003)
Run 01
through 08
Run 01

It can be concluded that, although the values are not exactly the same, it is clear that
they are all in the same order of magnitude. The difference in the maximum horizontal
load (8.75 MN versus 4 MN) can be partly explained by the fact that for the DTI
calculation a 12.5 m wave with a period of 13.1 s was used while for the SOS3D-WIND
calculation a NewWave with 9 m wave and period of 11.1 s was used. This latter was
also used in the BLADED analyses and this resulted in a maximum horizontal load of
4.9 MN (Table 3.8 of the DTI report), which is in better agreement with the value from
SOS3D-WIND.
Note that SOS3D-WIND can only calculate forces in the direction of the nacelle.
However, results from the DTI report indicate that the horizontal forces perpendicular to
this can become very large when the heading of the nacelle does not follow the change
in wind direction. It is recommended to update SOS3D-WIND in the future to include
these forces.
3.10.5

Proposed type of calculations

After investigating the results from the 16 analyses, it is recommended to determine the
highest realistic loads on an OWT with SOS3D-WIND by running several quasi-static
analyses with stochastic loading for over 300 s. The proposed deterministic calculations,
where the NewWave theory for wave and IEC 61400 equation for gusts are combined,
seem to predict higher maximum loads and displacements. However, there is some
doubt as to whether these loads are realistic. This requires further research from a
statistical and mathematical viewpoint.
The representation of the foundation behaviour is recommended to be purely elastic.
This compares with one of the findings from DTI (2005), which state that the stiffnesses
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calculated with the ISIS model (which incorporated Model C) were in remarkably good
agreement with stiffnesses calculated with classical elasticity. This purely elastic
representation of the foundation behaviour is sufficient and appropriate as long as the
resulting forces do not bring the foundation close to failure. For a foundation design
with a factor of safety in the order of 2, the actual forces should never be close to the
failure loads.

3.11

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the development of a computer program, named SOS3D-WIND, was
described. The program is able to calculate the loads and dynamic behaviour of an
OWT under various environmental load conditions and with different foundation
models.
Wave and wind loading can be performed in a time domain with either a PiersonMoskowitz or a JONSWAP spectrum for the wave characteristics and a von Kármán
spectrum taking rotational sampling into account for the wind characteristics.
Alternatively the wave profile in time can be calculated according the NewWave theory
and the wind profile in time according to the gust description from IEC-61400.
Hydrodynamic loads are calculated with the relative Morison equation. Horizontal
aerodynamic loads on the nacelle are determined by the beam element momentum
theory. With this theory it is possible to calculate the desired pitch angle for a certain
blade and for a certain average wind speed to create a constant power output. To
determine maximum loads for a certain time period, in which the statistical properties of
the wave and wind climate are assumed to be constant, it was assumed that the pitch
angle does not change during the passing of a gust.
The calculations of the environmental loads were implemented in a computer program
which has been developed at UWA. The existing computer program (SOS3D) was
developed to calculate structural behaviour of jack-ups during wave loading.
Calculations can be performed in a quasi-static and dynamic mode. Representation of
the footing behaviour can be as fixed, pinned, linear springs or in terms of a loadresultant model.
The existing program (SOS3D) was upgraded to SOS3D-WIND to be able to calculate
structural behaviour of OWTs during wind and wave loading. The aerodynamic loads in
SOS3D-WIND are currently only calculated for a nacelle facing directly into the wind.
In the next version of this program it is recommended to include loading of the nacelle
in 3D.
A series of example analyses were conducted and revealed that:
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− peaks in aerodynamic loads for a typical 3 MW offshore wind turbine, with
three blades of 45 m, are generally around 0.4 MN. In a deterministic
calculation these loads can go up to 1.2 MN in extreme gusts, representing a
gust that occurs once every 50 years. In a stochastic calculation, performed for
a time interval of 100 s, this load is typically much lower, because the extreme
gust speed is significantly lower than the wind speed predicted by the 50 year
wind gust;
− peaks of hydrodynamic loads on a tripod or tetrapod foundation in 25 m water
depth and with one-year storm conditions are in the order of 3 to 4 MN;
− the aerodynamic and hydrodynamic horizontal loads lead to a maximum
overturning moment of 155 MNm;
− typical vertical load for an 86 m high 3 MW wind turbine is 7 MN. This
vertical load together with the spacing of the suction caissons and their tensile
capacity determine the maximum resisting moment of the foundation;
− the peak loads occur over a very short period. This is important since capacity
depends on the timespan of loading, particularly in the case of tensile capacity
in sand;
− predictions made in dynamic mode smooth the displacement of the wind
turbine, although the analyses performed here showed no noticeable difference
with predictions made in the quasi-static mode;
− representation of the foundation behaviour as purely elastic is sufficient and
appropriate as long as the resulting forces do not bring the foundation close to
failure. For a foundation designed with a factor of safety in the order of 2, this
should always be the case;
− to determine realistic peak loads and displacements it is recommended to use
quasi-static analyses, to save time, with stochastically generated environmental
loading. Preferably several runs with different random phase shifts should be
made;
− the loads calculated with SOS3D-WIND compare in order of magnitude with
the loads reported in the DTI report (2002).
These findings will be used in the remainder of this thesis to determine where current
foundation design can be improved and what the typical load combinations are for
(model) testing of an OWT foundation consisting of suction caissons beneath a tripod.
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CHAPTER 4. CENTRIFUGE TESTS
4.1

INTRODUCTION

This chapter describes the purpose and experimental details of the centrifuge tests using
scaled models of suction caissons during installation, cyclic loading and uplift. The
experimental devices and soil properties are presented in detail as well as the sample
preparation techniques. The testing procedures are then discussed, providing details of
the suction caisson installation methods, the in-situ permeability tests and the different
cyclic loading and uplift tests. Finally an overview is given of all centrifuge tests
performed and some conclusions are presented.

4.2

PURPOSE OF CENTRIFUGE TESTS

The literature review revealed that several soil-structure mechanisms related to suction
caisson foundations supporting offshore wind turbines in very dense sand are not fully
understood or need more experimental data to allow quantitative design models to be
established. Based on this a decision was made to perform tests on suction caissons in
dense sand, with the aim of addressing the following topics:
− penetration resistance of a suctions caisson in dense sand (Chapter 5). The aim of
these tests was firstly to quantify the reduction in penetration resistance during
suction installation compared to penetration resistance during jacked installation
and secondly to acquire sufficient data to develop a new design method for
suction caisson installation in sand;
− penetration resistance of a suctions caisson in clay or silt overlaying sand
(Chapter 6). The main aim of these tests was to investigate whether there is a
reduction in penetration resistance in the sand layer during suction installation.
Furthermore it was hoped the tests would reveal the behaviour of the less
permeable layer during the installation process. Ideally the tests would provide
sufficient information to develop a design method for suction caisson installation
in layered soils;
− uplift of a suctions caisson out of dense sand (Chapter 7). The aim of these tests
was to quantify the influence of the uplift rate on the maximum uplift capacity,
and also to investigate the load-displacement behaviour during uplift. The data
would also allow development of a new design method for uplift of a suction
caisson out of dense sand;
− cyclic loading of a suctions caisson in dense sand (Chapter 8). The main aim of
these tests was to prove or to evaluate any degradation in soil strength and soil
stiffness response during cyclic loading. Secondly the influence of the cyclic
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loading frequency upon the maximum capacity was investigated. The data
generated would provide the basis of a new design method for cyclic loading in
sand.
To investigate soil-structure interaction, performing a full scale field test is in most
cases very expensive. Small-scale model tests are a cheaper alternative and also have
the advantage of greater control over the soil conditions. Extrapolation of small-scale
test results to full scale conditions may lead to problems, since soil strength and
stiffness are highly dependant on the surrounding stress level. To observe the same
response between models and prototypes, the same stress level needs to be replicated.
Centrifuge modelling is significantly cheaper than full scale testing and has the ability
to achieve similar stress conditions in model and prototype. It was therefore decided to
use centrifuge testing to further investigate the soil-structure mechanisms related to
suction caisson foundations supporting offshore wind turbines in very dense sand.
Scaling laws applicable for centrifuge tests have been published by many authors
(Schofield, 1980; Taylor, 1995; Allersma, 1995) and a summary can be found in Table
4-1.
Table 4-1. Centrifuge scaling laws
Parameter
Gravity
Length
Density
Mass
Stress
Strain
Force
Moment
Time (consolidation)

Scaling relationship
(model/prototype)
N/1
1/N
1/1
1 / N3
1/1
1/1
1 / N2
1 / N3
1 / N2

During this research 15 samples in total were prepared in which 77 tests were
performed. Of these, 44 tests in 8 samples prepared with only dense sand were
performed specially for this research, while a further 33 tests were performed in 7
samples with layered soils as part of a study initiated by industry (Arup Energy)2
(Gaudin et al., 2006).
2

The same set-up and installation procedures were used as for the pure sand samples and the involvement
of the researcher was limited to the execution of 22 tests in 4 different samples. However, all data
gathered in the samples with layered soils were used in this thesis since it was believed to be useful to
include all these tests as the lessons learned from the installation tests in sand could also be used for the
installation tests in layered soils. This was made possible due to the approval of Phil Watson, Advanced
Geomechanics (formerly Arup Energy), who made these data available.
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The geotechnical beam centrifuge at UWA (Figure 4-1) was used for these experiments.
Details of this centrifuge are described in Randolph et al. (1991), with the main points
summarised below:
− the centrifuge is an Acutronic Model 661 Geotechnical Centrifuge;
− the distance from the middle of the centrifuge to the base of the swinging
platform is 1.8 m (Figure 4-1);
− the platform is rated at 40 g-tonnes, e.g. packages of up to 400 kg can be tested
at acceleration levels of 100 g and below, while lighter packages can be tested
up to 200 g;
− the platform seats standard rectangular ‘strongboxes’. The internal dimensions
of these strongboxes are 650x390x325 mm (LxWxH). At 100 g this represents
a prototype test bed of up to 65 m long by 39 m wide by 32.5 m deep;
− a height of 900 mm is available on top of the strongboxes which allows for
mounting equipment such as actuators. These actuators allow ‘in-flight’
movements to be performed, such as pushing a cone penetrometer into the soil;
− the whole machine is housed in a specially constructed circular reinforced
concrete chamber that is air-conditioned to maintain constant temperature
during long tests and to avoid seasonal variations.
A number of developments have occurred since the original specification described in
Randolph et al. (1991), particularly in respect to upgrades in the control software, faster
computers and in transmission of data. The current system uses wireless communication
and a 16 bit system, instead of the previous slip-ring and 12 bit system.
4.3.2

Control room and software

The control room is located next to the centrifuge. In-house software is used to control
the centrifuge and other equipment like the actuator (used for moving the suction
caisson) and the syringe pump (used for suction installation). During the period of the
research many changes were made to the software mainly to optimise the load control
system. The air supply controlling the pneumatic valves (see Section 4.3.9) was
regulated outside the control room.
The data gathered from the tests were initially stored on the flight-computer, which is
physically located in the geotechnical centrifuge. During the testing period the data is
displayed ‘in real time’ in the control room. After the tests the data was retrieved to a
computer in the control room.
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Actuator

An electrical actuator was used for the vertical displacement of the suction caissons and
the cone and T-bar penetrometers. Details of the centrifuge actuators are described in
Randolph et al. (1991) and are summarised as follows:
− movements are effected by two DC servo-motors driving vertical and
horizontal lead-screws and ball-races;
− the vertical loading capability is 8 kN, with travel of up to 240 mm at a
variable speed up to 3 mm/s;
− displacement measurements are nowadays taken directly from the velocity
controlled servo loop;
− actuators are controlled by software written in-house using a Labview
interface. The primary control software runs on a computer mounted on the
centrifuge, and this acts as a slave to a master computer in the centrifuge
control room;
− power is provided via electrical slip rings and communication is by wireless
transmission (Figure 4-1). Load or displacement controlled testing is achieved
with a software feedback loop using the outputs of a load cell or encoder.
The loading frequency of the actuator depends on the travelling distance. For a 1 mm
amplitude it can reach 3 Hz and for smaller amplitudes it can reach a maximum of
30 Hz. At these high frequencies a small time delay in the software loop can lead to a
significant overshoot of the requested maximum load. Initially it was found that the
fastest practical cyclic loading for this experiment was around 0.1 Hz. Even at this rate,
the maximum load reached during each cycle was accurate only to within approximately
5% of the target value (10 N variation during a load cycle going up to 200 N). After
several changes in the software feedback loop, accurate load cycles of up to 15 Hz were
reached where the displacement amplitude was smaller than 0.03 mm.
4.3.4

Syringe pump

The syringe pump is a cylinder mounted within the base of the centrifuge platform and
was specially designed to apply suction inside model caissons under centrifuge
acceleration (House, 2002). Relevant details are summarised below (Gaudin et al.,
2006):
− the syringe pump contains a 50 mm diameter inner piston, which has a stroke
of 196 mm. It can therefore displace 0.385x10-3 m3 (0.385 litres) of fluid in one
full stroke;
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− the motor driving the syringe pump is powered by a 70 watt REO36-072
Maxon motor combined with GP032A planetary gear head of ratio 1:66.2,
capable of delivering torque up to 4.5 Nm;
− the position and speed of the motor is software controlled through the wireless
communication of an ASCII serial string between the Labview control software
and the Maxon PCU2000 controller;
− a Hewlett-Packard photoelectric optical digital encoder records 500 encoder
counts per revolution;
− the piston is driven by a 2 mm pitch lead screw and the gearing ratio results in
66220 encoder counts per millimetre of piston displacement (1.963x10-6 m3
volume displacement);
− the drive rate of the motor shaft ranges from 0.01 to 3 mm/s, corresponding to
fluid evacuation rates from 0.02 to 5.9x10-6 m3/s;
− a pore pressure transducer (1.5 MPa capacity) is built into the syringe pump to
record pressure developed in response to suction or purging of the fluid within
the syringe barrel.
4.3.5

Soil characterisation equipment

In-flight soil characterisation equipment at UWA consists of cone and T-bar
penetrometers (Figure 4-2). These tools are mounted on the actuator, and can be pushed
in-flight into the soil at any position.
The cone penetrometer is used to characterise the sand and has a diameter of 7 mm.
This gives a tip area of about 38.5 mm2. A load cell is attached inside the penetrometer
rod (behind the tip of the cone), measuring the tip resistance.
The T-bar penetrometer is a relatively new characterisation tool used to characterise
clay (Stewart and Randolph, 1991; Stewart and Randolph, 1994; Randolph et al., 1998).
It consists of a cylindrical bar 5x20 mm (dxL) attached perpendicularly to the extremity
of a shaft. Strain gauges are located immediately above the cylindrical bar to record the
penetration resistance continuously as the cylindrical bar is forced through the clay.
Dividing the penetration force by the projected area of the bar (100 mm2) gives a
resistance as a pressure, qT-bar. Theoretical solutions suggest that the resistance can be
divided by a factor, NT-bar, to calculate the shear strength, su (Randolph and Houlsby,
1984). This factor depends on the roughness of the tool and varies approximately
between 9 and 12. For practical purposes it has been suggested to use an an average
factor of 10.5 for NT-bar, representing an average interface friction ratio of 0.5 (Stewart
and Randolph, 1991).
Calibrations of the cones and T-bars can be found in Figure 4-3.
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Load cells

Load cells are manufactured by the mechanical workshop at UWA. These load cells are
waterproofed and comprise a steel cylinder strain gauge in half-bridge, which is
reasonably insensitive to temperature variations. Due to the high resistance encountered
during jacked installation of the suction caissons tested at 100 and 150 g it was
necessary to use a 10 or 8 kN load cell to measure the vertical loading. To measure the
vertical loads during suction installation a 3 kN load cell was sufficient. Every load cell
used in the research program was carefully calibrated before testing. Calibrations of
several of these load cells can be found in Figure 4-4.
The tests performed before Test 4-5 (see Table 4-5) had the load cell at a high level just
underneath the actuator but above the fluid level in the strongbox. However, it was
found that small moments caused by slight misalignment of the actuator and caisson
could influence the load measurements. Therefore the location of the load cell was
adjusted from Test 4-5 onwards to just above the top of the suction caisson, in order to
minimise possible bending moment influences on the load cell readings. This cell was
connected to the actuator by means of a rigid aluminium extension rod of 25 mm
diameter.
4.3.7

Pore pressure transducers

Pore pressure transducers (PPTs) were used in this research to measure the pore
pressure inside and outside the caisson and in some cases in the soil. These PPTs were
manufactured by GE Infrastructure (UK), especially for centrifuge applications and
have ranges of either 350 or 700 kPa. Calibrations of these sensors can be found in
Figure 4-5.
Two pore pressure sensors were used to measure the differential pressure inside the
caisson (see Figure 4-6). One sensor, p1, was placed on top of the caisson to measure the
pressure just above the top plate. Another sensor, p2, was screwed into one of the
openings of the top plate and measured the pressure inside the caisson. This sensor had
its porous stone removed, to provide a more sensitive response. The differential pressure
was interpreted by subtracting the values measured by these two sensors, taking into
account their zero readings when both PPTs were fully submerged and no excess pore
pressure was acting inside the caisson.
In some tests two other pore pressure sensors (p3 and p4) were buried in the sand to
measure the variation in pore pressures in the sand both inside and outside the caisson at
one test location of the sample. Figure 4-6 gives a schematic overview of the pore
pressure sensors and the different pressures they were intended to measure.
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Suction caissons

The suction caisson models were designed to represent typical suction caissons that
might be used in reality. Typical sizes of prototype suction caissons are in the order of 4
to 12 m diameter by 4 to 8 m height, with a typical L/D ratio between 0.5 and 1.0. Since
it was decided to perform most of the centrifuge tests at 100 g, the models should be
100 times smaller. Five different sized suction caissons were used during these tests (see
Figure 4-7). The dimensions of these caissons and their prototype sizes are given in
Table 4-2.
Table 4-2. Suction Caisson dimensions
No

Model
Diameter,
D
[mm]
60
49
70

Prototype (100g)
Diameter,
Wall thickness,
D
wt
[mm]
[m]
6
30
4.9
50
7
40

A
B
C

Length,
L
[mm]
60
60
114

D

63.3

80

0.4

6.33

8

40

E

60

120

0.6

6

12

60

Wall thickness,
wt
[mm]
0.3
0.5
0.4

Length,
L
[m]
6
6
11.4

The top plates of all caissons have a thickness of 3.4 mm and have at least 3 different
openings in them: one for the internal pore pressure sensor, one for the ‘self weight
pneumatic valve’ and one for the ‘syringe pump pneumatic valve’. One caisson (A) has
a spare opening in case it was decided to investigate the soil inside the can as
demonstrated by Tran (2005).
The suction caissons were mounted beneath an actuator, which could be controlled
under displacement or load.
4.3.9

Pneumatic valves

Pneumatic valves are spring valves developed in-house, which can be closed by
applying air pressure on the top plate of the valve. A schematic drawing is presented in
Figure 4-8. In the left hand photograph of Figure 4-7 the valves can be seen on top of a
suction caisson.
Two valves were used during the tests: one to let the water out during self-weight
penetration (after which this valve is closed) and one to seal the caisson off from the
syringe pump after full installation. The latter valve was installed after initial tests
showed that the generation of internal pressure was slower than expected. This was
attributed to the open connection via a flexible hose to the relatively large fluid reservoir
in the syringe pump. Results of tests that included the second valve showed that this
adjustment indeed led to a faster and more realistic build up of internal pressure.
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SOIL SAMPLES AND SILICON OIL

The materials used to reconstitute soil samples for the centrifuge tests consisted of: pea
gravel, silica sand, silica flour, calcareous silt, kaolin clay, silicon oil and water. All
these materials are commercially available except the calcareous silt. This section
provides more details regarding the granular materials (pea gravel, silica sand, silica
flour and calcareous silt), the kaolin clay and the silicon oil. It also discusses for what
purpose these materials were used.
4.4.1

Granular materials

Four different granular materials were used in the centrifuge tests performed for this
research: pea gravel, silica sand, silica flour and calcareous silt.
Pea gravel with a high permeability was used as a drainage layer in the bottom of the
strongbox. The drainage layer ensured uniform spreading of the fluid entering the
strongbox from the bottom, over the whole strongbox. Some soil characteristics are
presented in Table 4-3 and the particle size distribution (PSD) can be found in Figure
4-9. Note that this soil has no influence on the tests and properties are not used for any
back calculations.
The silica sand was used to represent the sand found in the North Sea, where most of the
offshore wind parks are currently planned. Since a scaling problem can occur in
centrifuge tests when the relative sand-caisson size is significantly different than in the
prototype (Mikasa & Takada, 1973), it is an advantage that this soil has a D50 of only
160 μm (see Figure 4-9). However, the wall thickness of the model suction caisson is
only 300 μm which is only twice the mean grain size. This is significantly different
from prototype suction caissons where the wall thickness generally exceeds 30 mm, or
approximately 100 times typical D50 values. This means that the failure mechanism
around the tip of the skirt in the model test will be formed by a few grains, whereas in
the prototype test the failure mechanism will consist of 100s of grains. The normalised
penetration resistance measured in the test model will therefore be higher than in the
prototype test, since the ground failure mechanism consisting of shear bands as assumed
by the classical theories will not be formed in the ground (Tatsuoka et al., 1997).
More characteristics of the silica sand can be found in Table 4-3. Tran (2005)
investigated the permeability of this sand for different relative densities (see Figure
4-10) and found that it varied linearly between 3.0x10-4 m/s (for a relative density of
11%) and 0.8x10-4 m/s (for a relative density of 95%). Tran (2005) also performed
interface shear box tests and drained triaxial compression tests on dense silica sand.
Results are presented in Figure 4-11 and Figure 4-12 respectively. The interface shear
box tests reveal that the interface angle, δ, between the silica sand and the suction
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caisson material is 22°. The undrained triaxial compression test shows a peak in the
deviator-stress of 420 kPa with an effective cell pressure of 100 kPa. The back
calculated angle of internal friction, φ', is therefore 43°. In this triaxial test it can also be
seen that for a density of 91%, the silica sand behaves in a non-dilatant manner (Figure
4-12b).
The silica flour, which is crushed silica sand, was used to simulate silt in two of the
strongboxes used for the industry tests. Although the main purpose of this material was
to represent a low permeability layer compared with the silica sand, this parameter was
not measured rigorously and the value of 2x10-6 m/s as presented in Table 4-3 is taken
from Bruno (1999). A particle size distribution (PSD) can be found in Figure 4-9 and
other available characteristics can be found in Table 4-3. The silica flour exhibits a
highly dilatant behaviour which led to the use of calcareous silt as an alternative
material.
The calcareous silt was used in 1 strongbox for the industry tests. This material was
gathered offshore during a site investigation in the Gorgon field and was made available
to UWA for research purposes. As for the silica flour, the permeability, k, was not
measured rigorously and the value of 1x10-6 m/s as presented in Table 4-3 is taken from
Dyson (1999). A particle size distribution (PSD) can be found in Figure 4-9 and other
available characteristics can be found in Table 4-3.
Table 4-3. Characteristics of the used granular material
Parameter Pea gravel Silica sand Silica flour Calcareous silt
emax
0.76
emin
0.49
Gs
2.65
2.65
2.65
2.65
45
5000
160
81
D50 (μm)
6
2800
100
26
D10 (μm)
Cu
1.96
1.77
8.54
3.85
Cc
1.08
1.82
1.06
k (m/s)
>> 3.0x10-4 0.8 – 3.0 x10-4
≈2x10-6
≈1x10-6

4.4.2

Kaolin clay

The kaolin clay was, like the silica flour, used to simulate a less permeable layer on top
of the sand in some of the strongboxes used for the industry tests. The permeability of
the low permeability layer (which is a silt layer in the field situation) is in the order of 15x10-10 m/s depending on the stress level. Other available characteristics can be found in
Table 4-4 (Gaudin and Randolph, 2005).
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Table 4-4. Characteristics of the Kaolin clay
Parameter
ω (%)
γ' (kN/m3)
OCR
su (kPa)
LL (%)
PL (%)
IP (%)
cv (m2/s)
Cc
k (m/s)

4.4.3

Kaolin clay
40 - 50
8 - 10
4 - 10
0.22σv'OCR0.8
61
27
34
2.5x10-7
0.48
1 – 5x10-10

Silicon oil

Silicon oil (Dow Corning 200®) with a viscosity of 100 centistokes was used in most of
the 100 g centrifuge tests to simulate realistic fluid flow and make it possible to perform
cyclic loading tests at a frequency that the actuator and software feedback loop could
apply. The theoretical reason for this choice is explained below.
To investigate suction installation in centrifuge tests, the fluid flow rate through the
sand is a key parameter. In case of laminar fluid flow through a permeable material the
velocity, v, of the fluid flow is described by Darcy’s law:
v = ki

(4.1)

where k is the Darcy permeability coefficient, which is related to the intrinsic
permeability, K, by:
k=K

γw
μ

(4.2)

In this equation the soil unit weight is represented by γw and the dynamic fluid viscosity
by μ. In centrifuge tests the value of k will increase linearly with the g level (N) as the
value of γw will increase linearly with the g level. By changing μ in proportion to N, the
Darcy permeability is reduced and the fluid velocities in the model remain the same as
for the prototype. This allows the correct balance to be made between seepage flow and
evacuation of the water beneath the caisson lid. The latter controls the penetration rate
and scales directly, 1:1, between model and prototype.
Scaling of the permeability also has a positive influence on the cyclic loading
frequency. The cyclic loading on an OWT is mainly generated by wave loading with a
period in the order of 12 s (see Chapter 3). Diffusion events occur in the centrifuge
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model test N2 faster than in a prototype test. To correctly model dissipation of pore
pressure generated by cyclic loading the frequency in the model would need to be
increased by N2 (e.g. a period of 0.0012 s (=833 Hz) for a test at 100 g). This is outside
the scope of the on-board devices and would also introduce inertial effects. However,
with the silicon oil with a viscosity of 100 cSt the loading could take place at achievable
frequencies scaled to N1 (e.g. a period of 0.12 s (8.3 Hz) for a test at 100 g).

4.5
4.5.1

SAMPLE PREPARATION
Preparation for tests in dense sand

Eight samples were prepared for the tests in dense sand. In four of these, pore pressure
sensors were placed within the soil mass at a specific location using stalks fixed to the
bottom of the strongbox (see left hand photograph in Figure 4-13). The remaining steps
of the sample preparation comprised the following:
1. A drainage layer was placed at the bottom of the rectangular strongbox.
This layer consisted of 30 mm pea gravel with a geosynthetic mat on top.
2. Dry sand was rained inside the rectangular strongbox until a total
thickness of approximately 200 mm was achieved. The hopper opening
was set at 1 mm, the fall height at 1 m and the travelling velocity of the
hopper at 1.25 m/s. These values were determined after several trials to
achieve a relative density of the in-situ soil of around 85%.
3. The samples were then placed on a vibrating table to increase the density
further. The final density was evaluated by weighing the strongbox on a
250 kg scale and by assessing the volume of sand poured. Although not
very accurate, these measures gave a reasonable estimate of the relative
density of the samples, which ranged from 90 to 100%.
4. A bronze porous plate was then locked into place on top of the sand layer
to prevent any vertical displacements of the sand during the saturation
process (see right hand photograph in Figure 4-13).
5. Silicon oil with a viscosity of 100 cSt was then introduced from the
bottom of the strongbox. This silicon oil was pressurised to 25 to 75 kPa
to accelerate the filling process, without disturbing the soil. When the
silicon oil had reached the top of the sand layer, the process was
maintained until approximately twice the volume of silicon oil required
had travelled through the sand layer. This process was performed to
achieve a ‘fully saturated’ sample and took an average of 5 hours. Note
that the first strongbox was filled with water instead of silicon oil.
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6. The strongbox was then placed on the centrifuge and the system was
spun up and down 3 times to 150 g to stabilise both horizontal and
vertical stresses in the sand. Experience at LCPC and UWA has shown
that this gives greater consistency in subsequent cone and model tests.
4.5.2

Preparation for tests in clay or silt overlaying dense sand

The process to prepare the strongboxes with clay or silt overlaying dense sand was
described in Gaudin et al. (2006) and the main points are summarised below.
The first 3 steps were similar to those described in the previous section. The only
difference was that the drainage layer was thinner and the sand layer was only rained in
to a height of around 111 mm.
As it was considered impractical to use silicon oil and kaolin clay together, as this
would lead to an extremely low permeability material and therefore very long
consolidation times, the strongboxes with the kaolin clay layer (P2, P3, P4 and P5) were
filled with water.
For these four samples, with a top layer of kaolin clay, the preparation process after the
first 3 steps was as follows (Gaudin and Randolph, 2005):
4. The kaolin was mixed under vacuum with water at a moisture content of 120%
to form a homogeneous slurry. The kaolin slurry was poured directly onto the
top of the sand.
5. The strong box was placed under a hydraulic press and left for 6 days under a
uniform pressure, σv', of 80 kPa in order to achieve the first consolidation stage.
6. A sand layer was placed on top of the top layer, which had gained sufficient
strength to support this. Also vertical drains were placed in each corner of the
strongbox to create a hydraulic connection between the bottom sand layer and
the free surface. The purpose of these drains was: (i) to permit two ways
drainage and therefore accelerate the consolidation and (ii) prevent any
restriction of the flow in the bottom sand layer during the suction installation,
thus modelling an infinite medium.
7. The strongbox was then spun up again in the centrifuge at 150 g for a total
duration of at least 72 hours to achieve the required overconsolidated clay
strength.
8. The strongbox was stopped and then most of the overburden of sand was taken
off until there was only 8 mm left on top of the clay.
For the (two) suction installation test samples, C-SuTS1 and C-SuTS2, the preparation
process was slightly different. The initial process involved the first 5 steps as described
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for the strongbox with only dense sand. To create the less-permeable top layer made of
silica flour, the following steps were taken (Gaudin et al., 2006):
6. The silica flour was mixed under vacuum with 100 cSt silicon oil at a fluid
content of 60% to form a homogeneous slurry. The slurry was then poured
directly onto the top of the sand.
7. The strongbox was then spun up in the centrifuge at 150 g for a total duration of
15 hours. After 15 hours spinning, when the top layer had gained sufficient
strength, the centrifuge was briefly stopped to place 4 vertical drains in each
corner of the strongbox.
8. The acceleration was reduced for testing to 100 g, leading to a constant
overconsolidation ratio in the sample of 1.5.
For the suction installation test featuring a less-permeable top layer made from
calcareous silt (C-SuTS3), the preparation process was different to the preparation
process for the silica flour layer. For this sample the following steps were taken after the
sand layer was prepared (Gaudin et al., 2006):
6. The calcareous silt was mixed under vacuum with silicon oil at a moisture
content of about 50% to form a homogeneous thick slurry. A paper filter was
placed above the sand layer and the slurry was poured onto it. The purpose of
the paper filter was to prevent any disturbance that might occur during the
pouring due to the relative thickness of the slurry and to ensure a perfectly flat
interface between the two layers.
7. The strongbox was placed under a press where a uniform pressure of 33 kPa was
applied to achieve an overconsolidation ratio of about 5 at the middle of the
impermeable top layer during the centrifuge tests. The pressure was applied for
96 hours to achieve 99% of the consolidation of the layer.
8. Corner drains were placed through the top layer, similarly to stage 8 of the clayreconstitution process.
9. The sample was spun at 100 g for at least 12 hours before testing.

4.6

TEST PROCEDURE

In this section the in-flight procedures are described for soil classification, jacked
installation, suction installation, in-situ permeability tests, uplift and cyclic loading.
Note that not all of these tests were performed in each strongbox. An overview
regarding the type of tests performed, g level and the caisson used can be found in Table
4-6.
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Soil classification

To investigate the characteristics and uniformity of the centrifuge soil sample in-flight,
a model cone penetrometer and a model T-bar penetrometer were used (see Figure 4-2).
In a standard model penetration test, the cone penetrometer is pushed in at a rate of
1 mm/s. However, in most of the strongboxes silicon oil was used to saturate the
samples. It was therefore anticipated that a lower penetration rate was required to ensure
drained penetration (Finnie, 1993). Figure 4-14 presents results of cone tests performed
in Boxes 2 and 4. The penetration speeds varied from 0.01 to 1.0 mm/s. The results do
not indicate any direct relationship between penetration speed and penetration
resistance. However it can be seen that the data gathered in Box 2 (speeds between 0.2
and 1.0 mm/s) show a larger scatter then the data gathered in Box 4 (speeds between
0.01 and 0.05 mm/s). This suggests that some tests in Box 2 were not performed
completely drained. To avoid this uncertainty the remainder of the cone penetration
tests were conducted at a velocity of 0.05 mm/s.
Three to six CPTs (cone penetration tests) were performed per centrifuge sample in
order to assess the tip resistance and uniformity of the soil. This comprised three CPTs
performed before testing with the suction caisson at positions ensuring no disturbance
between cone tests and suction tests. After the testing three other CPTs were performed
at positions that were not disturbed by the testing. Note that these last tests were used to
assess potential changes of the sample with time (such as due to periodic ramping up
and down of the centrifuge).
The T-bar tests were only performed in the samples that included a clay layer (Boxes P2
to P5). The top sand layer was removed at the test location. Thereafter the T-bar was
penetrated at a constant rate of 1 mm/s resulting in undrained penetration till the
underlaying sand layer was reached. The T-bar was then cycled up and down for three
times at the same speed to determine the remoulded clay strength. This number of
cycles was however insufficient to remould the clay fully.
4.6.2

Jacked installation

Before a jacked installation was started, the suction caisson was completely submerged
in the fluid and placed just above the seabed. The vented suction caisson was then
installed by slowly pushing the caisson into the soil until full penetration was reached.
Full penetration was defined as the moment when the lid touched the soil plug
corresponding to a sharp increase in the installation resistance. Jacking penetration rates
were mostly constant at 0.1 mm/s, but varied over the tests between 0.05 and 0.3 mm/s.
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During the jacking stage, time, load, vertical displacement and internal and external
pore pressures were recorded. The internal and external pore pressures were monitored
during the jacking procedure to check no build up of differential pressure occurred.
4.6.3

Suction installation

As for the jacked installation, the first step in the suction installation was to completely
submerge the suction caisson in the fluid and place it just above the seabed. Then the
vented suction caisson was installed by slowly pushing the caisson into the soil until a
predetermined resistance or predetermined penetration depth was reached.
Next, the caisson was sealed by closing the pneumatic valve, and the syringe pump was
activated by pulling the 50 mm piston backwards with a typical extraction rate of
0.2 mm/s (= 0.04x10-6 m3/s evacuation rate), but varied in the different installations
between 0.1 and 3.0 mm/s (0.02 to 5.9x10-6 m3/s evacuation rate). In some tests the
syringe speeds was also varied during suction installation.3 During the suction
installation stage, a feedback loop on the vertical load cell and actuator allowed the
external vertical load to be maintained constant, modelling the self-weight of the
caisson. Full penetration was again defined as the moment when the caisson lid
contacted the soil plug. This was assumed to be achieved when the internal pressure
increased rapidly without any further penetration.
During suction caisson installation, time, load, vertical displacement and internal and
external pore pressures were recorded. Where the caisson was placed in the
neighbourhood of the PPTs in the soil, these were also recorded.
4.6.4

In-situ permeability tests

The in-situ permeability tests were performed to determine the overall permeability of
the system after full installation of the caisson (either jacked or sucked). The overall
seepage for the system should be equal to the seepage through the soil and into the
caisson, assuming there are no leaks in the system. However leaks can occur because of,
for instance, a partially closed pneumatic valve or a leaking connection.
To perform the in-situ permeability test, the piston in the syringe pump was activated at
a (low) constant rate until the differential pressure within the suction caisson reached a
steady value. This was repeated two times more with different syringe pump rates to
3

In the remainder of this thesis, the reported syringe speed or installation speed refers to the equivalent
speed of the suction caisson and not the travelling speed of the piston in the syringe pump. Where the
inner diameter of the suction caisson is the same as the inner diameter of the syringe pump (50 mm),
these values are the same. Otherwise the reported speed is converted by making use of the ratio of the
internal area of the suction caisson and the internal area of the syringe pump.
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verify that the seepage rate was linearly related to the pressure difference. Typical
(converted) rates of the syringe pump for these tests in silicon oil were 0.005, 0.010 and
0.025 mm/s, while for the test with water rates of 1.0, 2.0 and 3.0 mm/s were used.
The main measurements recorded during such permeability tests were internal and
external pore pressures and time, together with the syringe pump movement.
4.6.5

Uplift

The uplift tests were performed by pulling the suction caisson out of the soil at a predetermined uplift rate. In some tests different uplift rates were used during the uplift
process. To achieve drained uplift, the caisson was either vented or the uplift was
performed at a very slow pullout rate. To achieve an undrained uplift, the caisson was
sealed and a fast uplift rate was used.
Measurements during uplift included time, load, vertical displacement and internal and
external pore pressures.
4.6.6

Cyclic loading

The aim of the cyclic loading was to investigate undrained behaviour of a sealed
caisson. Therefore both pneumatic valves were closed. Vertical cyclic loading was
performed under load control. During the research period several software changes were
made which optimised the feedback loop. With the last version of the software it was
possible to request accurate load cycles for caisson A for load amplitudes of up to 125 N
(P = 0.74γ'D, where P is the equivalent pressure, F/Acan, with Acan the can area of the
model caisson, γ' the unit weight of the soil of 10 kN/m3 and D the prototype caisson
diameter of 6 m) at 15 Hz.
The requested load cycles varied in magnitude and frequency not only per test, but also
within a test. When no (tensile) failure occurred with a certain load, frequency and
number of cycles the requested load cycle was altered. This is shown schematically in
Figure 4-15, where it can be seen that if the standard load cycle (A in Figure 4-15) does
not lead to (tensile) failure after a certain amount of cycles, the loading parameters can
be changed to increase the chance of failure by either:
− increasing the frequency (B in Figure 4-15);
− increasing the amplitude of the load cycle (C in Figure 4-15);
− decreasing the average load (D in Figure 4-15).

Note that the actuator was limited in its ability to cycle at high frequencies or high
amplitudes. Different combinations of load cycle, frequency and average load were
tried in every cyclic loading test until tensile failure occurred.
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OVERVIEW OF CENTRIFUGE TESTS

This section gives an overview of the tests performed in the beam centrifuge of UWA
which were related to this research. Details provided per test include: the name of the
test, the caisson used, the pore fluid, and a description of which procedures were used
during the test (type of installation, permeability test, uplift and cyclic loading). Section
4.7.1 gives an overview of the tests in dense sands which were undertaken solely for the
purpose of this research. More detailed information regarding these tests can be found in
Appendix B. Section 4.7.2 discusses the tests which were performed for industry to
investigate the installation of suction caissons in layered soils.
4.7.1

Tests in dense sand

Table 4-5 gives a complete overview of the centrifuge tests performed in dense sand. In
total 8 strongboxes filled with dense sand were tested, all at 100 g. Box 1 was saturated
with water and all other boxes were saturated with silicon oil. During the tests
performed in Box 3 the data acquisition did not work properly and no useful data were
retrieved. These data were therefore discarded.
The overview reveals that 38 tests were performed with suction caisson A, 4 with
caisson B and only 2 with caisson C. In all sample boxes, except Box 2, at least one insitu permeability test was performed. In all boxes at least one jacked installation took
place. With the exception of Box 2, all boxes had at least one suction installation test.
Cyclic tests were performed in all boxes, except in Box 1. A total of four tests included
‘stepped jacked installation’, where the installation process consisted of jacking the
caisson to a certain penetration after which it was extracted by 5 mm4. This was
repeated several times until the final penetration depth was reached. During two suction
installation tests5 the installation was stopped several times on purpose and only
restarted when the differential pressure dropped to zero.
Table 4-5. Overview of the centrifuge tests performed in dense sand
Test
1-1
1-2
1-3
1-4
1-5
1-6

Caisson
A
A
A
A
A
A

Fluid
Water
Water
Water
Water
Water
Water

4

Tests 7-3, 8-1, 8-5 and 8-7

5

Tests 7-4 and 8-4

Installation
1g-Jacked
Jacked
Jacked
1g-Jacked
1g-Jacked
Suction

Permeability test
N
N
N
Y
N
N
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Uplift
Open
Closed
Open
Closed
Open
Closed

Cyclic loading
N
N
N
N
N
N
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2-1
2-2
2-3
2-4
2-5
2-6
4-1
4-2
4-3
4-4
4-5
4-6*
5-1
5-2*
5-3
5-4
5-5
5-6
6-1*
6-2*
6-3*
6-4
6-5*
6-6*
7-1
7-2
7-3
7-4
7-5
7-6
8-1*
8-2*
8-3*
8-4
8-5*
8-6*
8-7
8-8

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
B
B
B
B
C
C

Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
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Jacked
Jacked
Jacked
Jacked
Jacked
Jacked
Suction
Suction
Jacked
Jacked
Suction
Suction
Jack/Suck
Suction
Suction
Suction
Jack/Suck
Jack/Suck
Jack/Suck
Suction
Suction
Suction
Suction
Suction
Jacking
Suction
Jacked+
Suction+
Suction
Suction
Jacked+
Suction
Suction
Suction+
Jacked+
Suction
Jacked+
Suction

N
N
N
N
N
N
N
N
N
N
Y
Y
N
Y
Y
N
N
N
N
N
Y
Y
N
N
N
Y
Y
Y
N
N
N
Y
Y
Y
N
N
N
Y

Closed
Closed
Closed
Closed
Closed
Closed
Closed
Closed
Open
Open
Closed
Closed
Open
Open1)
Closed
Closed
Open
Closed
Open
Closed
Closed
Closed
Closed
Closed
Open
Cyclic
Closed
Closed
Closed
Closed
Open
Closed
Closed
Open
Closed
Closed
Closed
Closed

Y
Y
Y
Y
Y
Y
N
Y
N
N
Y
Y
N
N
N
Y
N
N
N
N
N
Y
Y
Y
N
Y
Y
N
Y
Y
N
Y
Y
N
Y
Y
N
Y

* indicates a test for which the results are also displayed elsewhere in this thesis
1) Did not close properly

4.7.2

Tests in clay or silt overlaying dense sand

Table 4-6 gives a complete overview of the centrifuge tests performed in layered soil. In
total 7 sample boxes were filled with layered soils in which 33 tests were performed.
The names of the tests between brackets in Table 4-6 are the test names used in Watson
et al. (2006).

4-18

Suction caissons in sand as tripod
foundations for offshore wind turbines

The University of Western Australia
School of Civil and Resource Engineering

All 22 tests in the sample boxes that had kaolin clay on top and were filled with water
were performed with caisson D. All these tests were performed at 150 g. The soil
samples with either silica flour or calcareous silt on top were filled with 100 cSt silicon
oil. All tests in these sample boxes were performed at 100 g and were executed with
caisson E. In all sample boxes at least one jacked and one suction installation was
performed. No tests in layered soils were performed to investigate the in-situ
permeability, uplift force or behaviour during cyclic loading.
Table 4-6. Overview of the centrifuge tests performed in clay and silt overlaying dense sand
Test
P2-1
P2-2
P2-3
P3-1
P3-2
P3-3
P3-4
P3-5
P4-1
P4-2
P4-3
P4-4
P4-5
P5-1
P5-2 (T1)*
P5-3
P5-4 (T2)*
P5-5 (T3)
P5-6
P5-7 (T4)
B5-8 (T5)
B5-9 (T6)
C-SuTS1-1
C-SuTS1-2
C-SuTS2 -1
C-SuTS2 -2
C-SuTS2 -3
C-SuTS2 -4
C-SuTS3 -1*
C-SuTS3 -2*
C-SuTS3 -3
C-SuTS3 -4
C-SuTS3 -5

Caisson
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
E
E
E
E
E
E
E
E
E
E
E

Fluid
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil
Silicon oil

Overlaying soil
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Kaolin clay
Silica flour
Silica flour
Silica flour
Silica flour
Silica flour
Silica flour
Calcareous silt
Calcareous silt
Calcareous silt
Calcareous silt
Calcareous silt

g level
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
150
100
100
100
100
100
100
100
100
100
100
100

* indicates a test for which the results are also displayed elsewhere in this thesis
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Installation
Jacked
Suction
Jacked
Suction
Suction
Jacked
Suction
Suction
Suction
Jacked
Suction
Suction
Suction
Suction
Suction
Suction
Suction
Jacked
Suction
Jacked
Suction
Suction
Suction
Jacked
Suction
Suction
Suction
Suction
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SUMMARY

This chapter has explained the reasons behind the centrifuge tests performed during this
research, and has described their execution. In addition to in-flight soil classification
tests with cone and T-bar, tests were performed with different size suction caissons to
investigate the behaviour during installation, uplift and cyclic loading. To determine the
seepage behaviour through an installed suction caisson, in-situ permeability tests were
performed.
The test arrangement described was relatively easy and fast to prepare and the tests
could be performed without too many practical difficulties. Preparation and testing of a
sample with, say, 6 cone tests, an in-situ permeability test and 6 suction caisson tests
(installation and cyclic uplift) took approximately 5 working days.
The soil conditions in the strongbox with only sand (Boxes 1 through 8) were very
repeatable although it was found nearly impossible to create different densities in the
top 60 mm where the tests were performed. The approach of preparing the strongbox by
firstly raining in the dry sand to approximately 200 mm, and then saturating the sand by
pressurising the silicon oil reservoir with a fixed permeable plate on top of the sand, was
successful and gave repeatable results.
The soil conditions in the strongbox with layered soil (sample boxes P2 through P5 and
C-SuTS1 through C-SuTS3) were also repeatable although more variation in the
measured cone resistances was found.
The use of 100 cSt silicon oil gave an in-situ permeability 100 times lower than using
water. This made testing at lower frequencies possible, while still modelling drainage
conditions correctly.
The installation procedure by jacking and suction models the prototype conditions
realistically and was easy to control. The self-weight pneumatic valve worked well and
was essential to ensure no internal pressure development inside the caisson. The
procedure to extract the caisson was straightforward. To represent a realistic generation
of excess pore pressure inside the caisson, it was essential to have a pneumatic valve
that could isolate the suction caisson from the syringe reservoir.
The control of cyclic loading on the suction caissons proved to depend on the software
loop in the system. To achieve fast cyclic loading (e.g. at 10 Hz) within a given load
range many adjustments had to be made to the software controlling the feedback loop.
Fast accurate loading cycles were only achieved in the strongbox tested last. The cyclic
loadings performed in the first 7 strongboxes were therefore not as useful as the tests
performed in the last strongbox.
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CHAPTER 5. INSTALLATION IN UNIFORM SAND
5.1

INTRODUCTION

This chapter presents a design method for the installation of suction caissons in uniform
sand. The method is an alternative to that developed by Houlsby and Byrne (2005) and
uses the cone resistance, qc, rather than the angle of internal friction, φ', as the main
input parameter.
First the main concern regarding the installation of suction caissons in dense sand is
discussed. This is followed by the findings of the suction installation tests performed in
the centrifuge. The development of the alternative prediction method is then described.
This alternative method predicts the resistance during suction installation and the
relative contribution of seepage flow to the total volume of water pumped. Some backcalculations are presented of the centrifuge model tests with the new prediction method.
The prediction method is then compared with published data from small and full-scale
caissons and compared with other existing prediction methods. Finally some
conclusions are drawn and recommendations are made.

5.2

MAIN CONCERN DURING SUCTION INSTALLATION

The offshore installation of a tripod with suction caissons beneath it consists typically of
the following phases (SPT, 2009):
−

preparatory works o/b installation vessel;

−

preparatory works upon arrival of jacket substructure offshore;

−

set-down;

−

jacket suction installation;

−

SPU & umbilical retrieval;

−

preparations for demobilisation.

The jacket suction installation is the most critical phase and includes closing of the vent
valves, levelling of the structure by activating only certain pump(s), slow simultaneous
installation of all suction caissons and constant monitoring of internal pressures,
inclination and penetration during the suction installation. A typical installation speed is
in the order of 0.3 to 0.4 mm/s (SPT, 2009)
The main concern for an operator regarding the installation of suction caissons in dense
sand is whether sufficient driving force can be generated to overcome the (high)
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resistance, without lifting the sand plug, or compromising the density of the sand in the
immediate vicinity of the caisson.
Offshore wind farms are ideally placed near shore to limit the travelling distance for
maintenance trips and the length of the power cable from the wind farm to the existing
power grid. A particular area of focus for offshore wind farm developments is the North
Sea, where several projects are planned. At many of the proposed sites, such as
Scheveningen Buiten in The Netherlands (Noordzeeloket, 2007), the seabed soils
comprise very dense sands at shallow depths, with cone resistances of 20 to 30 MPa as
shallow as 4 m depth.
An OWT is relative light (typically 5-7 MN) in comparison to other offshore structures.
It is therefore a realistic concern that the driving force cannot overcome the high soil
resistances. The maximum driving force generated by the suction pressure depends on
the water depth and with near shore water depths typically not deeper than 30 m, would
be limited to 400 kPa. However, the suction pressure can lead to a dramatic reduction in
resistance (Hogervorst, 1980; Tjelta et al., 1986; Erbrich and Tjelta, 1999). Model tests
and FE analysis suggest that the upward hydraulic gradients within the soil plug can
reduce the inner friction and end bearing to close to zero.
During this research, centrifuge tests were performed on suction caissons in very dense
sand to quantify this reduction in penetration resistance. The centrifuge tests were also
used to quantify the seepage for different penetration rates and hence develop a
predictive model linking caisson installation rates to the pumping rates. The findings of
these centrifuge tests will be presented in the next section.

5.3

FINDINGS OF THE CENTRIFUGE INSTALLATION

TESTS
5.3.1

Normalisation of results

Normalisation of the measured quantities is generally adopted to enable simple
allowance for the effects of differences in these parameters, and to reduce the number of
variables involved (Butterfield, 1999). To make direct comparison with full-scale data
possible and taken the scaling laws into account (see Chapter 4), all the centrifuge test
results are therefore normalised as indicated in Table 5-1.
Table 5-1. Normalisation of measurements
Parameter
Length
Displacement
Differential pressure
Force

L
z
p
F

Unit
[m]
[m]
[kPa]
[kN]
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The length and displacement are normalised by dividing the measurements by the
caisson diameter, D. The differential pressure, p (or Δp), is normalised by dividing the
measurements by the product of the effective soil unit weight, γ', at 1 g and the
equivalent prototype caisson diameter, D. In this thesis the effective soil unit weight, γ',
at 1 g of the silica sand in all boxes was taken as 10 kN/m3. Measurements of the load
cell directly above the suction caisson are also normalised by firstly dividing the
measurements by the inside area of the model suction caisson, ¼πDm2, and then
dividing this value by the product of the effective soil unit weight, γ', at 1 g and the
equivalent prototype caisson diameter, D. That way the normalised differential pressure,
p/γ'D, and normalised total force, P/γ'D, can be compared with each other and added to
each other to give an overall normalised force acting on the suction caisson. Note that
the normalised force is labelled with a capital ‘P’ instead of a lower case ‘p’, which is
used solely for differential pressure.
5.3.2

Soil classification

Cone penetration resistance profiles for Box 1 and Box 8 are presented in Figure 5-1.
These samples and their profiles of cone resistance are representative of all the dense
sand samples. The CPTs in Box 1 and Box 8 were all performed at penetration rates
sufficiently low to achieve drained conditions during penetration (see Chapter 4).
The soil conditions in the first 60 mm (= 6 m prototype) of the centrifuge tests were the
most important, since the suction caissons were typically installed to this depth.
By comparing and investigating all cone tests performed in the 8 dense sand samples the
following conclusions were drawn:
− the uniformity of the soil was very good in all strongboxes. Particularly in the
top 60 mm (= 6 m in prototype) in which the caisson tests were undertaken;
− the cone resistance profiles in Box 1 (filled with water) were similar to those in
the other boxes (filled with silicon oil);
− no direct relation between cone resistance and cone penetration rate was found.
However, the CPTs performed with speeds above 0.05 mm/s showed slightly
more variation;
− the sand just above the bottom of the strongbox, on top of the geosynthetic mat,
seemed to have undergone some relaxation (either due to compression of the
cloth and the pea gravel layer or disturbance during saturation of the sample);
− differences in preparation of the sample could be observed from the CPT
results but were confined to the sand close to the geosynthetic mat.
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Seepage flow

One of the reasons to perform the centrifuge tests was to assess whether the
permeability of the soil changes during the installation process. Measured pore
pressures at three locations during suction installation were used for this verification.
For a uniform sand with a constant permeability, the theoretical ratio of pore pressures
at a certain location around the suction caisson (p3 and p4) to the suction pressure
directly below the caisson lid (p or Δp) can easily be determined. To determine these
theoretical ratios, axi-symmetric seepage analyses were performed with Plaxis in a
similar manner to Tran (2005). A suction caisson with different penetration ratios (z/D)
was wished in place in a uniform sand with a uniform permeability. The soil surface
inside the suction caisson was subjected to a differential pressure relative to the outside
surface, causing a steady state seepage flow. These analyses resulted in theoretical
pressure distribution around a suction caisson. Figure 5-2b and Figure 5-2d shows the
results of two Plaxis analyses, showing the pressure contours around a suction caisson
at penetrations of 0.33D and 0.83D.
In Figure 5-2a the normalised measured differential pressure at locations p3, p4 and
underneath the caisson lid can be seen from the suction installation of Test 4-6. In
Figure 5-2c the ratio of the differential pressure measured at p3 and p4 over the
differential pressure at p2 is displayed. It can be seen that the differential pressure
measured at p3 starts at about 30% of the differential pressure at a normalised
penetration of 0.18D and increases to 60% at a full penetration of 0.95D. The
differential pressure measured at p4 starts at about 13% of the differential pressure at a
normalised penetration of 0.18D and decreases to 3% at a full penetration of 0.95D.
As displayed in Figure 5-2, the predicted ratios of differential pressures compare very
well with the measurements. From these (and other) measurements it can be concluded
that the pressure distribution in the soil during suction installation is consistent with
theory assuming uniform permeability suggesting negligible increase in permeability
within the soil plug.
Note that after measurements in the first 4 strongboxes it was decided not to install the
PPTs p3 and p4. The main reason was that these PPTs fulfilled their task of verifying
that the seepage pressure develops as predicted. Furthermore the risk of negative
interference of the PPTs with the suction caisson, was believed to be larger than the
possible benefit from more measurements.
5.3.4

In-situ permeability data

Figure 5-3 shows plots of some of the in-situ permeability tests performed during the
research period. The upper three graphs (a, b and c) show measured differential pressure
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and measured syringe pump velocity versus time for three different permeability tests.
The left hand graphs (a and d) display the test in Box 1 (filled with water), the middle
graphs (b and e) show a test from Box 3 (silicon oil) and the right hand graphs (c end f)
show a test from Box 4 (also filled with silicon oil).
The in-situ permeability was calculated from the seepage data, using the results of the
FE analyses. These led to a relationship for a caisson installed to L/D ~ 0.95 of (Tran
2005):
k=

v
v
v
=
=
Δp /(γ w g _ level )
Δp /(γ w 100)
i
drainage _ length
1.28 L

(5.1)

where
k

=

soil permeability [m/s]

v

=

fluid velocity [m/s]

i

=

hydraulic gradient [-]

Δp

=

pressure difference [kPa]

γw

=

weight of water [kN/m3]

For the measurements of Box 4, where the syringe pump was retracted at 0.025 mm/s
and the pressure built up to a constant level of around 15 kPa, the Darcy permeability
(using silicon oil) was calculated to be approximately 1.0x10-4 m/s at 100 g. The in-situ
permeabilities deduced from the data can be found in Figure 5-3d, e and f.
It can be seen that a settling period of approximately 50 s is necessary for the tests in
silicon oil, but that there is virtually no settling period for the tests performed in water
(Box 1). This settling period is thought to reflect the consolidation time to create a
steady state flow. This occurs not only during in-situ permeability tests but also during
the start of suction installations.
Furthermore it can be observed that the in-situ permeability for the 100 cSt silicon oil is
indeed 100 times lower then for water (1.0x10-4 m/s versus 1.0x10-2 m/s for tests at
100 g). The measured values correspond reasonably well with results from conventional
permeability tests reported by Tran (2005) and displayed in Chapter 4. The reported
Darcy permeability at 1 g for water saturated super fine sand was approximately
0.9x10-4 m/s for relative densities of 100%.
Note that although Boxes 3 and 4 were prepared differently, the in-situ permeability is
very consistent.
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Jacked and sucked installation

Typical measurements of jacked and suction installation are presented in this section.
Details of Test 8-1 (jacked installation) and Test 8-2 (suction installation) are presented
in Figure 5-4. Both tests were performed in Box 8, which consisted of dense sand
saturated with silicon oil and for which the cone resistance profile can be found in
Figure 5-1b.
Figure 5-4a shows the normalised total force (self weight and differential pressure) for
the jacked and suction installation. This shows that the self weight during the suction
installation in sand was set at 340 N (P = 2γ'D). Furthermore, it can be seen that the
jacked installation test gives higher resistances than the suction installation test. This is
a well-established observation for suction caisson installations in sand (Hogervorst,
1980; Tjelta et al., 1986; Erbrich and Tjelta, 1999).
In Figure 5-4b the normalised suction pressure versus normalised penetration for Test
8.2 can be seen. The development of the suction pressure occurs gradually during the
penetration. When full installation (z = 0.96D) is reached and the caisson lid touches the
soil, the pressure increases. This behaviour is seen for all suction installation tests.
Figure 5-4c presents the relative speeds for Test 8.2 of the syringe, vsyringe, the suction
caisson, vdisp, and the seepage, vseep. The syringe speed is controlled by the operator and
determines the rate of water extraction from the suction caisson. In the beginning of the
suction installation process nearly all this extracted water is used to lower the suction
caisson, i.e. the speed of the suction caisson is equal to the converted speed of the
syringe6. However, when the suction pressure develops, more seepage water will enter
the suction caisson and the speed of the suction caisson drops. In this installation it can
be seen that after 1050 s the seepage velocity becomes nearly equal to the syringe speed.
This means that water is extracted entirely from the soil and no further penetration
occurs. Therefore a decision was made to double the syringe speed after 1075 s. This
led to full penetration. During several suction installation tests, the syringe speed needed
to be increased to achieve full installation. This compares with the recommended
installation procedure where the operator will start with a low pumping speed and will
increase the pump speed gradually during installation (SPT, 2009).
Figure 5-4d presents the normalised penetration versus time for Test 8.2. This graph can
be deduced from the other graphs, but is presented since it facilitates understanding the
penetration process. The first 430 s were used for self weight penetration, with a nearly
6

The converted syringe speed is quoted as the equivalent rate of water extraction (per unit area) from
within the caisson (see Chapter 4)
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constant installation speed. Thereafter nothing happened for 90 s. The penetration
continued at 520 s, with a penetration speed which decreased in time. After doubling the
syringe speed at 1075 s, the penetration rate increases again, until full penetration was
reached at 1150 s. This installation process is representative for many suction
installation tests performed during this research.

5.4

DEVELOPMENT OF ALTERNATIVE INSTALLATION

METHOD
This section describes the development of an alternative prediction method for suction
installation in sand. First a prediction of the centrifuge test results presented in the
previous section is made with the Houlsby and Byrne method. Secondly the concept and
the considerations behind the development of an alternative prediction method are
discussed. Thereafter the prediction method is presented for a jacked installation, based
on cone resistance. This is followed by the presentation of the prediction method for
suction installation, which takes into account the influence of seepage and pressure
gradients. Finally a flow model is presented which balances the volume of water
evacuated from the caisson with the volume of water displaced by the penetrating
caisson, the seepage into the caisson, and the volume changes within the pumping
system due to pressure changes.
5.4.1

Prediction with Houlsby and Byrne method

In Chapter 2 several prediction methods for suction caisson installation in sand were
discussed. The most sophisticated method was the Houlsby and Byrne method (2005).
The main limitation of this method is the need to estimate many input parameters
(principally φ', K0, γ' and δ) from laboratory tests, with these latter requiring
reconstitution of the seabed materials.
To make a prediction with the Houlsby and Byrne method for Tests 8-1 and 8-2, input
parameters have to be supplied which describe the caisson, the soil and the calculation
factors. The input parameters for the soil have to be estimated for K0 or determined from
laboratory tests such as triaxial tests for φ', min/max tests for γ' and interface shear tests
for δ. In Chapter 4 and in Tran (2005) it was shown that for this sand the friction angle
is 43° and the interface angle between the sand and the suction caisson 22°. The
effective unit weight was estimated to be 10 kN/m3. There is no scientific method
published to determine the calculation factors fi, fo and kfac. Therefore estimates of these
values have to made, based upon personal experience or back-calculations of the results.
For this specific prediction the back-calculation was therefore needed to determine
values for K0, fi, fo and kfac. A good fit was achieved with these values as respectively 0.8,
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1, 1 and 1. Note that the back-calculated K0 value of 0.8 is significantly higher than
0.32, which was expected for a normally consolidated sand with a φ' value of 43° (K0 =
1-sinφ'; Jaky, 1943). An overview of all input parameters can be found in Table 5-2.
Table 5-2. Input parameters for Houlsby and Byrne calculation method
Caisson

Soil

Calculation
factors

Diameter

6

[m]

Friction
angle,
(Chapter 4)

φ'

43

[°]

fi

1

Height

6

[m]

Effective unit weight, γ'

10

[kN/m3]

fo

1

0.03

[m]

Interface
angle,
(Chapter 4)

δ

22

[°]

kfac

1

[MN]

K0 (back-calculated)

0.8

[-]

Wall
thickness
Self weight

3.4

A Mathcad spreadsheet was developed to make the predictions with the Houlsby and
Byrne method. The results are shown in Figure 5-5a, where it can be seen that the
predictions match the measurements excellently. However, when the expected K0 value
of 0.32 is used the results do not match as well (see Figure 5-5b).
It can be concluded that with appropriate input parameters the Houlsby and Byrne
method can predict the presented centrifuge test results. In Houlsby and Byrne (2005) it
was already shown that this method can also predict 1 g tests, both full scale and model
scale. However, the difficulty of using this method lies in the determination of the soil
input parameters and the determination of the calculation factors. Using slightly
different values has a significant influence upon the results.
Given the difficulties in estimating fundamental soil properties such as φ' and K0, from
which to calculate frictional and end-bearing resistance, an alternative design method
was developed based on the in situ cone resistance. The approach is consistent with
recent developments in design of driven piles in sand, as noted previously (Fugro, 2004;
Jardine et al, 2005; Lehane et al., 2005; API, 2007). The aim was also to make the
method as simple as possible, with modifications to the frictional and end-bearing
resistance linked to changes in the effective stress level within the plug during suction
installation.
5.4.2

Concept and considerations of an alternative design method

The concept of the alternative prediction method is that there are three phases during the
installation of a suction caisson in sand:
− phase I: self-weight penetration of the caisson, where the installation resistance
is equal to the unreduced resistance;
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− phase II: transitional phase of installation, where the increased jacking force
(self-weight enhanced by the differential pressure on the caisson lid) balances
soil resistance that is decreased by the reduction in effective stress within the
soil plug and at the inner edge of the caisson tip;
− phase III: the critical suction level, where the critical upward hydraulic gradient
is reached within the soil plug and that condition is maintained for the rest of
the installation (Erbrich and Tjelta, 1999). As demonstrated by Tran (2005), the
suction pressure required during this final phase of installation may be
estimated simply by means of the requirement to maintain the critical hydraulic
gradient.

The most challenging tasks are to estimate the soil resistance during initial self-weight
penetration and the transitional phase as the suction builds up towards the critical value.
Model testing of caissons and installations for actual foundations have shown that there
is a reduction in resistance when upward flow occurs through the sand plug inside the
caisson (Hogervorst, 1980; Tjelta et al., 1986; Erbrich and Tjelta, 1999). It is therefore
recommended to link the reduction in resistance to effective stress changes due to
seepage. By combining seepage with the volume pumped out of the caisson the
prediction method also allows calculation of the installation versus time as a function of
the pumping rate.
To facilitate the calculations, the new method should be as simple as possible and
should have a limited number of input parameters, following a similar approach to the
related problem of estimating the capacity of driven piles in sand. The most significant
component of resistance during caisson installation emanates from the bearing
resistance at the skirt tip, and it is logical to estimate that resistance from the cone
resistance, qc. While it might also seem logical to use the cone sleeve friction, fs, to
estimate the internal and external side friction, experience in developing pile design
methods has shown that direct use of the sleeve friction did not provide reliable results
(Fugro, 2004; Lehane et al., 2005; API, 2007). This may be partly due to the variability
of sleeve friction measurements (Lunne et al., 1997). Instead, the preferred approach
has been to correlate side friction with the cone tip resistance.
5.4.3

Jacked installation - CPT-based approach

To predict the resistance of a suction caisson jacked into the soil, it is proposed to use
the DNV approach, with different values for the dimensionless parameters kf_c and kp.
The DNV (1992) approach (see Chapter 2) expresses the caisson installation resistance,
Rc, as the sum of inner friction, Fi, outer friction, Fo, and tip resistance, Qtip, with these
in turn related to the cone resistance, qc, as:
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Rc = Fi + Fo + Qtip
where
L

Fi = πDi k f _ c ∫ q c ( z )dz

(5.2)

0

L

Fo = πDo k f _ c ∫ q c ( z )dz
0

Qtip = Atip k p q c ( L)

The suggested ranges for the two coefficients were 0.001 (most probable) to 0.003
(highest expected) for kf_c and 0.3 (most probable) and 0.6 (highest expected) for kp.
Given the similarity between the cone diameter and the width of typical (steel) skirts for
caissons, the kp value primarily reflects differences in the geometry (circular for the
cone, but strip-like for the caisson skirt). A theoretical basis for this shape factor may be
obtained numerically from characteristic solutions of the bearing capacity factor Nq for
strip and circular functions. Randolph et al. (2004) tabulated Nq values derived using
the ABC software (Martin, 2003) as a function of the angle of internal friction, φ'.
Figure 5-6 shows that the shape factor sq, giving the ratio of Nq for strip and circular
geometry, reduces from 0.92 to 0.26 as φ' increases from 5 to 45°, supporting the DNV
(1992) recommended range for kp, but suggesting that values as low as 0.15 may be
appropriate for very dense sands at shallow depths.
In the UWA-05 method for driven piles, a kp value of 0.6 was suggested for the annulus
of open-ended piles (Xu et al., 2005). This value coincides with a shape factor for sands
with a friction angle of 24° according to Figure 5-6. This may be appropriate at depth
(and thus high stress levels) for driven piles, but in this thesis, where the focus is on
suction caissons penetrating to much shallower depths, and in dense sand, a default
value for kp of 0.2 is adopted. In principle, this value should be adjusted according to
the sand density, as indicated by the normalised cone resistance, with higher values
appropriate in looser sand, and even lower values possible for extremely dense sand.
Lehane et al. (2005) recommended values for kf_c for the lower 2 diameters of an openended pile, derived from installation data. They linked the value of kf_c to the ratio of
internal to external diameter (Di/Do) according to:
k f _c

⎛ ⎛D
= C ⎜1 − ⎜⎜ i
⎜ ⎝ Do
⎝

⎞
⎟⎟
⎠

2

⎞
⎟
⎟
⎠

0.3

tan δ

(5.3)

where the coefficient, C, was suggested as 0.021. For a typical suction caisson with a
Di/Do ratio of 0.98 and an interface friction angle of 22 to 30 degrees, the kf_c value
would lie in the range 0.0033 to 0.0046, which lies above the range proposed by DNV
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(1992). For the present work, the coefficient, C, has been reduced to 0.012 based on
back-calculations. This value for C gives a kf_c range of 0.0018 to 0.0026, which is
more consistent with the DNV range.
5.4.4

Suction installation - Effect of seepage and pressure gradients

It is nowadays well established that the reduction in installation resistance of suction
caissons is due to the seepage field established and reduced effective stresses in the
internal soil plug. However a precise quantitative treatment is difficult because of the
complexity of the stress state. This stress state becomes simple once liquefaction occurs
due to the critical hydraulic gradient being reached within the soil plug. The resulting
(near) zero effective stress state gives the maximum reduction of resistance in the
internal soil plug. This ‘critical pressure’ should therefore be determined first.
Critical pressure

The seepage pattern and internal hydraulic gradients have been investigated using finite
element programs such as Plaxis and SEEP by several researchers (Clausen and Tjelta,
1996; Guttormsen et al., 1997; Erbrich and Tjelta, 1999; Houlsby and Byrne, 2005;
Tran, 2005). Figure 5-7 shows example flow nets with 10 equipotential lines for a
caisson at penetrations of L = 0.017D and 0.33D. The critical hydraulic gradient occurs
at the tip of the caisson, but there the sand is constrained by surrounding material.
Observations from model tests show the hydraulic gradient that controls when piping
will occur is the exit gradient adjacent to the caisson wall, and that gradient is used here
to estimate the reduction in installation resistance.
It is helpful to express the exit hydraulic gradient, i, in terms of the applied suction, p,
the unit weight of water, γw, and a seepage length, s, as:
i=

p

(5.4)

γ ws

The critical hydraulic gradient for liquefaction, icrit, is given by the ratio of effective unit
soil weight, γ', and the unit weight of water, γw:
icrit =

γ′
γw

(5.5)

The maximum suction, pcrit, that can be sustained is therefore:
p crit = sγ w icrit = sγ ′

(5.6)

The normalised seepage length, s/L, is a unique function of the relative penetration of
the caisson, L/D, and is discussed here in some detail to give the reader a better
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understanding of the definition of ‘seepage length’ used in this thesis. For the examples
shown in Figure 5-7, the change in head (Δp/p) is 0.0494 over 0.0021D for L = 0.017D,
and 0.0037 over 0.0021D for L = 0.33 D. Hence s may be calculated from Equation 5.4
as 0.0425D (so 2.55L) and 0.568D (1.72L) for the two cases. Figure 5-8 shows the
interpreted results of several analyses for the ‘exit’ seepage length for different L/D
ratios. For an infinitely long suction caisson the normalised seepage length tends to
become equal to the caisson length as essentially all the hydraulic head loss occurs
inside the caisson with evenly spaced horizontal equipotential lines. For very small L/D
ratio the theoretical solution for a sheet-pile wall is approached for which the
normalised seepage length is π (Bruggeman, 1999). The following empirical relation
was fitted to the results as indicated in Figure 5-8:

(

)

s
2⎞
0.85 ⎛
= π − arctan 5(L / D ) ⎜ 2 − ⎟
L
π⎠
⎝

(5.7)

Combining Equations 5.6 and 5.7 allows the maximum suction to be expressed as:

(

)

p crit ⎛
2 ⎞⎞ L
0.85 ⎛
= ⎜⎜ π − arctan 5(L / D ) ⎜ 2 − ⎟ ⎟⎟
γ ′D ⎝
π ⎠⎠ D
⎝

(5.8)

Similar calculations with the finite element program SEEP were performed by Feld
(2001) and the critical suction was proposed to be estimated as:
p crit
⎛L⎞
= 1.32⎜ ⎟
γ ′D
⎝D⎠

0.75

(5.9)

Junaideen (cited in Houlsby and Byrne, 2005) performed similar finite element
calculations, but included the influence of a varying ratio of permeability inside and
outside the suction caisson, kfac. Houlsby and Byrne (2005) used these calculations to
predict the pressure drop over the penetration depth. Re-writing their proposed formulae
in terms of the critical suction (in this case corresponding to when the average hydraulic
gradient adjacent to the caisson wall reaches γ'/γw) gives:
pcrit ⎛ L ⎞⎛ α1k fac ⎞
⎟
= ⎜ ⎟⎜1 +
γ ′D ⎝ D ⎠⎜⎝ 1 − α1 ⎟⎠
where

(5.10)

α1 = 0.45 − 0.36(1 − e −2.08 L / D )

Figure 5-9 shows that these three different formulae predict similar critical suction for
caisson penetrations of practical interest, even when the permeability ratio kfac is set at
3. To avoid confusion on the graph, the predicted critical pressure according the NGImethod (Anderson et al., 2008) is not plotted in Figure 5-9. However, when the critical
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pressure for a permeability ratio of 1 is calculated according to this method, it fits in
perfectly. When the permeability ratio is increased to 3, the predicted critical pressure
increases for the low penetrations significantly, and stays only slightly higher at deeper
penetrations.
Expressing Equations 5.8, 5.9 and 5.10 in terms of the normalised seepage length, and
plotting them in Figure 5-8 reveals somewhat greater differences at very small or very
large L/D, but reasonable agreement within the zone of most interest.
Assumptions
In order to estimate the suction required during the transitional phase of installation, the
following assumptions are made:
− the internal friction, Fi, and tip resistance, Qtip, reduce linearly from the values
calculated from Equation 5.2 at zero suction, to zero when the suction reaches
pcrit.
− the external friction, Fo, remains unaffected by the applied suction until the
suction reaches pcrit.
These assumptions are explained in more detail below. They are deliberate
simplifications and will be validated in this chapter by comparisons with installation
data.
Models proposed so far have been based on estimation of the changes in vertical
effective stress adjacent to the caisson wall (external and internal) due to differential
pressure, and hence changes in friction and end-bearing. This means that the endbearing component reduces linearly with the change in differential pressure. However,
according to those models, the internal friction would decrease less then linearly with
the differential pressure. This was also confirmed by Erbrich and Tjelta (1999), from FE
analyses. However, no test data have been published that clearly indicate a reduction of
the internal friction less than linear with the differential increase. Furthermore, the
precise variation of the internal friction is somewhat immaterial as the end bearing
resistance is typically much larger than the internal friction component. A linear
reduction for both end-bearing and internal friction might not have a theoretical basis,
but simplifies the calculations significantly, which was one of the objectives for the
design method.
During suction installation the external friction will theoretically rise slightly due to the
increased external effective stresses arising from seepage forces (Erbrich and Tjelta,
1999; Houlsby and Byrne, 2005). Ignoring this extra friction is potentially nonconservative, but even according to the Houlsby and Byrne method any increase in
external friction is small anyway. Furthermore, theoretically tests with high installation
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pressures should reveal a parabolic increase in resistance during the phase where
external friction is the only cause of resistance. This behaviour is not evident from
published data. Tests performed by Tran (2005) even found the opposite behaviour,
which would indicate that also external friction decreases during suction installation.
This can be argued by the fact that when suction approaches pcrit, some inward motion
of the sand grains at the caisson tip is likely to occur resulting in a reduction in the
external friction. This has been confirmed by the measurements of Tran (2005) and can
be captured in the new method by not allowing the suction, p, to exceed the critical
pressure, pcrit.
In the centrifuge tests it was found that a possible change in permeability within the
sand plug did not lead to a measurable difference in pressure distribution (see Section
5.3.4). It is therefore assumed that the permeability remains unchanged from its in situ
value, so that the critical suction remains as shown in Equation 5.8 (Figure 5-9).
However, the permeability of the sand plug may increase slightly (Erbrich and Tjelta,
1999; Houlsby and Byrne, 2005). Seepage measurements reported by Tran et al. (2005)
showed permeability increases by up to a factor of 2, with an average increase by 50 %.
The increased plug permeability will lead to a slight increase in pcrit, implying higher
suction during the final phase of installation. From Equation 5.10, at typical values of
L/D of interest, pcrit increases by 30 to 50 % as kfac increases from 1 to 3, but only 15 to
25 % for kfac = 2.
Formulae
The simplifying assumptions lead to the following vertical equilibrium:
⎛
p ⎞
2
⎟ with
W + 0.25πDi p = Fo + (Fi + Qtip )⎜⎜1 −
p crit ⎟⎠
⎝

p ≤ p crit

(5.11)

where all the terms on the right hand side vary with penetration, L. The required suction,
p, during the transitional phase (Phase II) of installation can therefore be determined by:
⎡ Fo + Fi + Qtip − W
⎤
p = Min ⎢
,
1
⎥ p crit
2
⎢⎣ Fi + Qtip + 0.25πDi p crit ⎥⎦

(5.12)

Example
A visualisation of these formulae in terms of actual resistance and required suction for a
hypothetical caisson installation is given in Figure 5-10. To visualise the total resistance
the vertical axis displays the normalised term P/γ'D. The grey solid line displays the
resistance calculated according to Equation 5.2 (DNV, 1992) while the dotted line gives
an indication for the outer friction (part of Equation 5.2). The thick black line represents
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the installation line (derived from Equation 5.11), which starts with Phase I at 0.7 for
P/γ'D during self-weight penetration (representing W which was equal to 0.7γ'πD3/4),
increases during the transitional phase (Phase II), and then stays at 0.25πD2pcrit + 0.7 for
L/D > 0.9 (Phase III).
By comparing the grey solid line with the thick black line, it shows that the new design
method predicts a significant resistance reduction when suction is applied. This is also
seen in the literature, the performed tests, and other design methods. Furthermore it can
be seen that in Phase III the predicted total resistance becomes lower than the outer
friction calculated with Equation 5.2, because the suction is limited to the critical
pressure. This is different than other prediction methods like the Houlsby and Byrne
method, but compares with findings from Tran (2005).
5.4.5

Volume continuity

The volume pumped from the caisson during suction installation, ΔVpump, in a time step,
Δt, comprises three elements:
− the volume displaced by the caisson, ΔVdisp;
− the seepage volume from the sand plug, ΔVseep;
− a ‘system’ volume due to slight compressibility of the water and the change in
volume of the hoses between pump and caisson, ΔVsys.
Continuity of volume is expressed as:
ΔV pump = ΔVdisp + ΔVseep + ΔVsys

(5.13)

The volume of water displaced by the moving suction caisson can be related to the
installation speed, v, by:
ΔVdisp = Acan vΔt

(5.14)

The seepage volume is given by:
ΔVseep = k soil iave Acan Δt = k soil

p
Acan Δt
γ w save

(5.15)

where ksoil is the permeability of the soil, iave the average exit hydraulic gradient across
the upper surface of the plug, and save an equivalent average seepage length. Note that
the average hydraulic gradient will be slightly higher, and the average seepage length
correspondingly lower, than the values considered previously, adjacent to the caisson
wall.
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Figure 5-11 shows Plaxis results for the seepage lengths s (labelled as swall for
clarification) and save. It is evident that the two seepage lengths diverge for L/D ratios
smaller than 0.1, with the average normalised seepage length, save/L, rising rapidly. For
the range of L/D of practical interest, Equation 5.7 is of sufficient accuracy, although a
better fit at small penetrations is:
save
= 1 + 0.2(L / D )− 0.9
L

(5.16)

The change in system volume is likely to be dominated by expansion of the water as the
pressure is reduced, and may be written:
ΔVsys ≈

Δp
V
Kw

(5.17)

where Δp is the increase in suction during the time step (noting that the suction is taken
as a positive quantity), Ksys the system stiffness of the soil plug and trapped water and V
the volume inside the caisson between the soil and the top cap.
In practice the last volume term will be almost negligible, and the pumped volume will
be dominated by displacement of the caisson and seepage flow. The relative magnitude
of these terms depends on the sand permeability and the rate of installation (or
alternatively the overall pumping rate). Installation will start with a low pumping rate,
which means that shortly after initial penetration a high percentage of the pumped
volume consists of seepage flow. The pumping rate is then increased until the suction
caisson reaches the required penetration rate. Thereafter, the seepage component will
gradually increase as the suction increases, and so to keep a constant penetration rate the
pumping rate needs to be continuously increased throughout the installation.

5.5

COMPARISON WITH UWA CENTRIFUGE TESTS

Results of Tests 8-1 (jacked installation), 8-2 (suction installation) and 8-3 (suction
installation with varying self weight) are used in this section to validate the proposed
alternative design method. Nine suction caisson installation tests which were performed
in the same centrifuge by Tran (2005) are also used for validation.
Predictions of the installation performance were made in a spreadsheet set up in
Mathcad using the equations presented previously. Two input parameters stayed the
same for every test: the interface angle, δ, of 22° for the machined caisson (Tran, 2005)
and the effective weight, γ' of 10 kN/m3. The cone resistance and permeability varied
per soil sample and the caisson self weight and syringe pump speed varied per test. With
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the correct input parameters for each test, the spreadsheet calculates for each time step
values of penetration depth, resistance, required suction and the different volumes.
5.5.1

CPT in sample Box 8

The thin dotted line on the left graph of Figure 5-12 shows the average cone resistance
profile for sample Box 8. This averaging was based on 6 cone penetration tests as
displayed in Figure 4.15b and had a CoV of 0.1. The profile was determined with a
7 mm diameter cone (equivalent to 0.7 m at prototype scale) and in this centrifuge test
does not reach a steady state until a penetration of around 8 to 15 diameters, i.e. around
a prototype depth of 9 m. This is consistent with findings of Bolton et al. (1999). By
contrast, the caisson wall (0.03 m equivalent prototype) will reach a steady state within
about 0.4 m penetration. The cone profile has therefore been adjusted as shown in
Figure 5-12 and follows the theory as described in Appendix A.
5.5.2

Test 8-1

Test 8-1 was performed with caisson A in Box 8 and included stepped jacking at a
penetration rate of 0.1 mm/s until full penetration was achieved. The term ‘stepped
jacking’ refers to the fact that the caisson was jacked to a certain depth and thereafter
pulled upwards until maximum tensile force was measured after which the caisson was
jacked further.
With the dimensions of caisson A, the value for kf_c is 0.0015 according Equation 5.3
with recommended coefficient C of 0.012. The unit weight and measured cone
resistance both indicate that the soil is very dense and a kp-value of 0.2 (Figure 5-5) is
used for the prediction calculations. These kf and kp values are very similar to the
proposed values given in DNV (1992).
The measurements and predictions of Test 8-1 are shown in Figure 5-13. It is apparent
that the predictions and measurements compare very well with each other.
5.5.3

Test 8-2

The second test presented was also performed with caisson A in sample 8 and was
deliberately performed with a very high self weight of 0.34 kN (equivalent to 3400 kN
at prototype scale or P of 1.96γ'D). The input parameters stayed the same as for Test 81. Further input parameters included an initial static penetration rate of 0.08 mm/s and a
syringe pump speed of 0.13 mm/s between 520 and 1060 s and 0.26 mm/s between
1075 and 1125 s. The ‘system permeability’, ksoil = 2.3x10-4 m/s (for silicon oil as the
pore fluid at 100 g) was measured before the installation tests and includes some
leakage of valves and hoses. The system compressibility coefficient, Ksys, was taken for
this centrifuge test performed at 100 g as 1x104 kPa and influences in this calculation
only the calculation stability.
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Figure 5-14 presents the differential pressure and penetration versus time (at model
scale) for this installation. The prediction of the suction development in time coincides
with the measured one. Also the prediction of the penetration in time matches the
measured penetration well.
Figure 5-15 shows the results of the same installation in terms of the volume rates,
expressed as a speed by dividing the volumes by the internal area of the caisson lid, Acan
and the time step. Figure 5-15a shows the predicted speeds and Figure 5-15b the
measured speeds. The results are very similar. In these figures it can clearly be seen that
the component of seepage volume varies over time between around 0% of the total
pumped volume (at L = 0.5D) to nearly 100 % (at L = 0.88D). The relative proportion of
seepage flow should be estimated throughout any installation so that the pumping rate
can be adjusted accordingly.
Figure 5-16 presents two graphs showing the measured and predicted caisson resistance
and required suction on a dimensionless scale of p/γ'D versus L/D. Figure 5-16a shows
the predicted and measured suction, together with the maximum suction corresponding
to a critical hydraulic gradient. Figure 5-16b includes the self-weight of the caisson
(converted to an equivalent p/γ'D) and thus represents the total resistance, indicated with
a capital P. It is apparent that the predicted results match the measured data, and also
that, as anticipated, the measured installation resistance is significantly lower than the
jacked resistance.
5.5.4

Test 8-3

The third test, Test 8-3, was performed with caisson B, which changed the value for kf_c
to 0.00185 according to Equation 5.3 with coefficient C = 0.012. Both the syringe pump
speed and the self weight of the caisson were varied during the installation. Initially the
self weight was 0.12 kN (equivalent P of 1.26γ'D). During the initial part of suction
installation this dropped to 0.095 kN (P of 1.00γ'D) due to a control error. At a
penetration of about 0.63D the self weight was increased to 0.16 kN (P of 1.68γ'D) and
at a penetration of 0.79D to 0.22 kN (P of 2.31γ'D).
The measured and predicted resistance versus penetration responses are displayed in
Figure 5-17. The calculated installation performance was based on the changes in self
weight occurring at penetrations of 0.6D and 0.8D, and so changes in the required
suction do not coincide precisely with the measurements. However, as for the previous
test, the predicted and measured results match extremely well in terms of the magnitude
of resistance. It is also interesting to note that although the self weight was varied twice,
the drop in suction required is much less than the change in self-weight. Similar results
have been shown by Tran and Randolph (2007), and can be explained by differentiating
Equation 5.12 by the self-weight, W, to give:
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d ( pAcan ) ⎛ Fi + Qtip
= ⎜⎜1 +
dW
p crit Acan
⎝

⎞
⎟⎟
⎠

−1

(5.18)

Since the sum of Fi and Qtip (jacked resistance) is much greater than pcritAcan, the change
in suction for a given change in W/Acan is much less than unity. As an example, when
the self-weight is changed at a penetration of 0.63D from 0.095 kN to 0.16 kN,
corresponding to W/Acanγ'D changing by 0.68 from 1.00 to 1.68, (Fi+Qtip)/Acanγ'D is
about 3.87 (= 4.33-0.46) and pcrit/γ'D about 0.88 (see Figure 5-17). Substituting these
numbers in Equation 5.18 results in the conclusion that for a given increase in self
weight only 18 % is transferred into lowering the required suction. Thus P is expected
to drop by only 0.12γ'D (= 0.18ΔW/Acan), as indeed can be seen in Figure 5-17.
5.5.5

Centrifuge Tests of Tran (2005)

A significant number of model suction caisson installations in dense sand were
performed by Tran at 1 g and at 100 g (Tran 2005) at UWA. Table 5-3 gives a summary
of the centrifuge tests performed by Tran used in this research.
Table 5-3. Prototype values for Tran’s suction installation tests
No

Height
[m]

Diameter
[m]

Wall thickness
[mm]

Self weight
[kN]

kp

kf_c

Figure

T1
T2
T3
T4
T5

6.0
6.0
6.0
6.0
6.0

6.0
6.0
6.0
6.0
6.0

30
60
30
30
30

N/A
N/A
500
1000
1500

0.2
0.2
0.2
0.2
0.2

0.0015
0.0018
0.0015
0.0015
0.0015

5.19a
5.19a
5.19b
5.19b
5.19b

T6
T7
T8
T9

6.0
6.0
10.0
10.0

6.0
6.0
10.0
10.0

60
60
50
50

500
1500
1500
2500

0.2
0.2
0.2
0.2

0.0018
0.0018
0.0015
0.0015

5.19c
5.19c
5.19d
5.19d

The measured qc-profile is displayed in Figure 5-18 (Tran 2005). This profile was again
determined with a 7 mm diameter cone and will therefore reach the steady state much
deeper than an object with the width of the caisson wall thickness. The cone profile has
been adjusted as shown in Figure 5-18 according to the method presented in Appendix
A.
To make predictions of the installation performance, the interface angle, δ, was taken as
22° for the machined caisson (Tran, 2005) and the effective weight, γ', was assumed to
be 10 kN/m3. For the caisson dimensions (Table 5-3), the value for kf_c was calculated
as 0.0015 and 0.0018 with Equation 5.3 and a coefficient C of 0.012. The unit weight
and measured cone resistance both indicate that the soil is very dense and a kp-value of
0.2 (Figure 5-5) was used again for the prediction calculations. For tests T3 through T9
it was assumed that the soil permeability was 1x10-2 m/s at 100 g (note that water was
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used as the pore fluid for these tests), and that the syringe speed was in the order of
17 mm/s for the 60 x 60 mm caisson and of 13 mm/s for the 100 x 100 mm caisson.
Figure 5-19a presents the measured and predicted push-in resistance for T1 and T2. The
predicted resistance for the 0.3 mm wall thickness (T1) compares very well with the
measured data, but for the 0.6 mm wall thickness (T2) the predicted and measured
resistances diverge for L > 0.35D. This may be attributed to the slight damage which
occurred when they were pushed in at 100 g.
Results for T3 through T9 are compared with the measurements in Figure 5-19b through
Figure 5-19d. All predictions seem to calculate the self weight penetration accurately.
Also the increase of pressure seems to be predicted reasonably, although at the start of
suction penetration the measured pressures are slightly higher than those forecast. This
can be explained by the time it takes to develop a fully drained seepage path (see
Section 5.3.4) and subsequently a maximum resistance reduction. It is demonstrated that
the pressure at the end of penetration for T6 and T7 exceeds the maximum pressure,
which is consistent with slight loosening of the soil within the caisson, increasing the
permeability and thus increasing the theoretical pcrit. Overall these predictions give
confidence in the proposed calculation method.
5.5.6

Conclusions

A total of 42 successful installation tests have been performed during this research in
the centrifuge. All these tests represent either Phase I or a combination of Phase I and II
of the installation process. The good comparison between measurement and prediction
of all these 42 tests gives confidence that this alternative method with simple
calculations and a direct measurable input parameter (qc) captures the behaviour during
suction caisson installation well.
To have an independent check of the centrifuge tests performed during this research, the
centrifuge test results of Tran (2005) are included in this thesis. Also these test results
represent either Phase I or a combination of Phase I and II. However, several of these
tests ended up in Phase III. The predictions with the new method again match the
measurements. This adds to the confidence in the proposed calculation method.
The centrifuge tests were all performed in a dense to very dense sand. The suction
caisson penetrations were limited to a relative penetration, L/D, smaller than 1. It is
therefore advised to perform more centrifuge tests to verify whether this installation
method is valid for a larger range of soil densities and deeper relative penetration.
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COMPARISON WITH FIELD TESTS

The proposed method has also been tested against published data from installations of
small and full-scale caissons. Table 5-4 presents the input parameters for these tests.
Results of the comparisons are presented in Figure 5-20 through to Figure 5-30.
Table 5-4. Input for external suction installation tests
Preload CPT δ
D
L
wt
[mm]
[kN]
[m]
[m]
[°]
Draupner D1
12.0
6.0
40
6620
Y
251)
D2
1.7
1.5
12
220 – 30 Y
251)
Sleipner
S1
14.0
5.0
35
12000
Y
251)
2)
NGI
PEN9 0.55
0.32
8
1–4
N
251)
2)
Oxford
O45
0.152
0.2
1.65
0.045
N
221)
2)
O85
0.152
0.2
1.65
0.085
N
221)
2)
O165 0.152
0.2
1.65
0.165
N
221)
Luce Bay LB1
1.5
1.0
8
7
Y
251)
LB2
3.0
1.5
8
60
Y
251)
1)
Values interpreted from Ktan(δ) values used by Houlsby and Byrne (2005)
2)
Cone resistance profile estimated (see Appendix A and following sections)

Location

No

kp
[-]
0.15
0.15
0.15
0.3
0.3
0.3
0.3
0.2
0.2

kf_c
[-]
0.0015
0.00145
0.0014
0.0024
0.0019
0.0019
0.0019
0.0018
0.0014

Figure

5.21
5.22
5.24
5.26
5.27
5.27
5.27
5.29
5.30

A number of installation tests have been performed over the years, in addition to those
presented in Table 5-4. Good overviews of these installation tests can be found in Byrne
(2000) and Tran (2005). The installation data are however not available in the public
domain. The NGI tests fall under this category although it is believed that sufficient
information is available to use the data in this research. The installation tests performed
at Sandy Haven and Tenby mentioned in Houlsby and Byrne (2005) have no published
details of caisson geometries and soil properties and the published installation data can
therefore not be checked.
5.6.1

Draupner E (formerly Europipe)

The first suction caissons successfully installed in very dense sand and used for a major
construction were part of Statoil’s Draupner E riser platform at 70 m water depth.
Significant research was undertaken for this project, much of which has been made
public (Tjelta, 1994; Tjelta, 1995; Bye et al., 1995; Erbrich and Tjelta, 1999).
The soil consisted of very dense sand, with a cone resistance profile as shown in Figure
5-20 (Bye et al., 1995), and thus normalised cone resistances, qc/σ'v, in excess of 2000
over the top 2 m. In view of the very high friction angle implied (more than 58°), the
kp-value has been reduced from 0.2 to 0.15. The effective unit weight of the soil, γ', was
assumed to be 11 kN/m3. The caisson dimensions are 12 m in diameter and 6 m height,
with a wall thickness of 40 mm (Anderson et al., 2008). A kf-value of 0.0015 was
adopted, based upon a soil pile friction angle, δ, of 25°. The submerged weight of the
platform was increased from 13.2 MN to 26.5 MN by flooding the jacket legs.
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Assuming the net platform weight acts through the centre of the four foundation
caissons, and that no horizontal forces are acting on the platform, a self weight of
26.5/4 = 6.6 MN would act on each of the caissons. It was, however, observed that
during suction penetration the structural load transmitted to each caisson varied between
0 and 13.2 MN (Tjelta, 1995). The self weight penetration was reported to be between
1.0 and 1.5 m, although the measurements showed that all suction installation started at
1.5 m. Suction installation to full penetration was achieved in 11 hours with a critical
pressure of around 100 kPa at 6 m penetration. The measured suction pressures for all 4
caissons versus penetration are presented as grey lines in Figure 5-21.
The results of the back-calculations are shown as black lines in Figure 5-21. The
measured self weight penetration (1.5 m) is much larger than predicted penetration
(0.9 m), and is difficult to reconcile with the published cone resistance of ~30 MPa at
that depth. However, when suction is applied the comparison is more reasonable.
There are a number of possible reasons why the measured self-weight penetration is
much greater than predicted (some of which arose from conversations with T.I. Tjelta in
March 2007):
− the suction caissons were painted, which might decrease the side friction to
very low values, although this was not supported by results from ring shear
tests (Anderson et al., 2008);
− there is some spatial variation in the cone resistance profile at the location
where the jacket was installed, and possible accumulation of additional
sediment during the interval between when the cone tests were undertaken and
installation of the jacket;
− any slight over-pressuring of the water trapped within the skirts as the jacket
was lowered would also reduce the tip resistance, even though this was not
reflected in the internal pressure data;
− scour can occur very rapidly as the caisson approaches the seabed and decrease
the resistance of the soil;
− this sand was extremely dense, and the kp value of 0.15 may be too high. In
back analyses of the installation data kp values varying from 0.01 to 0.08 were
suggested (Anderson et al, 2008). Back analysis of the reduced size caisson
used at this site (see below), revealed a kp value of 0.105 (Bye et al., 1995).
Before the installation of these large caissons in 1994, a field test with a relative small
caisson of 1.5 m diameter, 1.7 m height and a wall thickness of 12 mm had been
performed in 1992 at the same site (Tjelta, 1994; Bye et al., 1995). This caisson was
initially pushed in by its self weight and a hydraulic pushing device to refusal (at 220
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kN). Thereafter suction was applied in the closed cylinder and penetration commenced.
In this latter part the pushing device would not have helped and the ‘self weight’ would
be reduced from 220 kN to around 30 kN.
Figure 5-22a shows the measured and predicted pressure and Figure 5-22b the measured
and predicted total resistance. The figures show that the measured penetration during
Phase I is this time smaller than predicted. It is furthermore remarkable that during
Phase II, a suction pressure of around 25 kPa (p = 1.75γ'D) is required before the
caisson starts to penetrate further. This is more than twice the calculated maximum
pressure (dotted line on Figure 5-22a), and the measured suction remains well above the
maximum pressure for the remainder of the installation. From an operational point of
view this did not appear to cause any problems, and the caisson was eventually installed
to its full depth without apparent excessive sand heave. Note that the recording and
presentation of the data was not carried out as accurately as for the main caissons in Bye
et al. (1995). This might contribute to the high pressure reported.
Note that a comparison of the larger caisson installation at Draupner was also made by
Houlsby and Byrne (2005) with their calculation method. Their prediction, with an
estimated friction angle for the sand of 44º, gives a better correlation for the initial
penetration and also the suction pressures required for installation. However, it is
difficult to reconcile the adopted friction angle with the very high (normalised) cone
resistance reported at Draupner.
5.6.2

Sleipner

The Sleipner platform was installed two years after the installation of the Draupner
platform. This platform is relatively close to the Draupner platform (40 km) with similar
soil conditions. A cone resistance profile of the area is presented in Lunne et al. (1997)
and schematised in Figure 5-23. Not many data in the public domain are available
regarding this installation. Some remarks were made in Bye et al. (1995) and Anderson
et al. (2008) and the suction installation data were published by Lacasse (1999). The
caissons were 14 m in diameter and penetrated around 5 m. Conversations with C.
Erbrich in November 2007 revealed that the skirt tip is 35 mm thick, although Anderson
et al. (2008) reports a wall thickness of 37.5 mm. Internal vertical stiffeners, also 35 mm
thick, started (but with a scalloped profile) at 1.5 m from the tip, reaching their full
breadth of 350 mm at 2.5 m from the tip. The vertical stiffeners project out from the
inside of the caisson skirt. There is also a vertical plate stiffener (35 mm thick by
300 mm wide) attached perpendicular to each stiffener on the edge nearest the caisson
axis, so parallel to the skirt; these plates start at 3 m from the tip. There are 32 sets of
vertical stiffener and inner plates and at 3 m from the tip the skirt wall thickness
changes to 40 mm. This increases the total end-bearing area by just over 60%. The
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preload is assumed as 12 MN as suggested by Houlsby and Byrne (2005). Values for kp
and kf of 0.15 and 0.0014 respectively were adopted, the latter value being calculated
with Equation 5.3, assuming a soil pile friction angle, δ, of 25° as for the Draupner
caissons.
The prediction and measurements of the installation of the Sleipner platform can be
found in Figure 5-24. This shows that the reported self weight penetration of about
1.9 m (= 0.14D) is in the same order of magnitude as the predicted value. However,
during suction installation the measured suctions rise above those predicted, but appear
limited by the theoretical pcrit.
5.6.3

NGI’s laboratory tests

The Norwegian Geotechnical Institute (NGI) performed some model suction caisson
tests in dense sand. Some of these data were reported in Erbrich and Tjelta (1999), but
most of the details are in an internal NGI report. The installation tests were conducted in
a pressurised chamber with various surcharge levels applied to the caisson. One of these
tests, where no surcharge was applied (Tjelta, 2007), included suction penetration of a
caisson where the load on the caisson was varied during the installation process. The
caisson dimensions were 0.55 m in diameter, 0.32 m high and a wall thickness of 8 mm.
The self weight varied from 1 kN to 4 kN and back to 1 kN. The self weight penetration
(with self weight of 1 kN) was reported to be around 0.05 m.
No cone penetration test was carried out in the sample in which Test PEN9 was
performed. A direct comparison with the new method is therefore not very meaningful,
as the cone resistance profile must be estimated. However, the NGI test includes
changes in self weight during the suction installation and a comparison with the new
method can reveal whether the influence of the change in self weight is captured well.
To estimate a cone resistance profile for this test, the correlation developed during this
research was used (see Appendix A). This correlation between the qc-value and the
relative density, Dr, the mean effective stress, σm', and object diameter, dcone, is
described by the following formula:
⎛σ '⎞
qc ( z ) = C1 ⎜⎜ m ⎟⎟
⎝ pa ⎠

−C2

C
⎛ z
C 3 ⎛ σ m ' ⎞ 5 ⎞⎟ ⎞
⎛
⎜
⎟
−⎜
C4 ⎜ p ⎟
⎜d
⎟
⎜
cone D r
⎝ a ⎠ ⎠⎟
e 2.93 Dr σ m ' ⎜1 − e ⎝
⎟
⎜
⎟
⎝
⎠

(5.19)

with typical values for C1 through C5 of respectively 2250, 0.5, 0.095, 2 and 0.5. This
correlation is based on previous work published regarding general cone resistances for
deep penetrations (Baldi et al., 1986; Jamiolkowski et al., 1988), general cone
resistances for shallow penetrations (Puech and Foray, 2002), published cone
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resistances for several centrifuge tests (Bolton et al., 1999) and centrifuge tests
performed at UWA during this research.
Based on a cone diameter of 8 mm (the wall thickness of the caisson tests) and a dense
saturated sand (Dr = 0.85), the cone resistance as displayed in Figure 5-25 is postulated.
For the caisson dimensions, the value for kf_c is 0.0024. The unit weight and measured
cone resistance both indicate that the soil is dense and a kp-value of 0.3 (Figure 5-5) is
used for the prediction calculations.
Two graphs are presented in Figure 5-26: the left hand graph shows the installation
pressure, p, versus L/D ratio and the right hand graph shows a representation of the total
resistance, P, versus L/D ratio. It is apparent that the prediction captures the main trends
of the measurements, and confirms that the jumps in the predicted differential pressure
are not equal to the changes in equivalent pressure representing 1 kN changes in selfweight (equivalent ΔP of 0.79γ'D), but are much smaller (with Δp varying from 0.15 to
0.08γ'D). This is confirmed by evaluating Equation 5.18 for this test for L ~ 0.18D,
which leads to a value of ~0.2 for the ratio between change in suction and change in
equivalent self-weight pressure.
5.6.4

Oxford

Several laboratory tests were performed at Oxford University (Sanham, 2003) on a
model suction caisson with the following dimensions: 152 mm in diameter, skirt length
of 200 mm and a wall thickness of 1.65 mm. An interesting set of tests consisted of 3
suction installations with different self weight (45 N, 85 N and 165 N). The recorded
penetration time was about 5 minutes for all of these tests.
For the samples used in the 1 g suction installation tests performed at Oxford University
no cone resistance profile was available (Sanham, 2003). Consequently, the direct use
of the new design method is not meaningful. However, with the postulated cone
resistance profile for a 1.65 mm penetrating object as presented in Figure 5-25 it is
possible to verify whether the predicted self weight penetration and maximum pressure
compare with the measurements, without invoking any difference in permeability
between the inside and the outside of the caisson (kfac ≠ 1) as was deemed necessary
according to Houlsby and Byrne (2005).
The kp and kf values used for the prediction were respectively 0.3 and 0.0019 (using an
interface angle, δ, of 25°). The soil permeability was taken as 1x10-4 m/s, and the
pumping rate was set at 10 mm3/s, to get a penetration time of about 5 minutes as
recorded.
The results in Figure 5-27a show that the calculated initial penetrations correspond with
the measured initial penetrations. However, note that this depends completely on the
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postulated qc-profile and the kp and kf_c values. Furthermore the predicted pressures are
quite similar to the measurements. It is interesting to see that both the predictions made
in this research and that by Houlsby and Byrne (2005) have pressures during the initial
penetration which are slightly lower then those measured, but at the end of the
penetration they seem to converge again.
It is interesting to note that the differential head was kept constant by means of a
ballcock (taken from a toilet cistern). The total volume of water extracted during these
tests would (without refilling) lead to a drop of a couple of centimetres. Typically a
ballcock is not very accurate in handling very small differences (during these tests, a
maximum of 35 mm) and is unlikely to react instantly. Although this may seem
unimportant, the influence of the water level staying the same or dropping has a
significant effect on the ‘recorded pressure’, as this will lie much closer to the
maximum allowable pressure at the end of the tests (Figure 5-27b).
It can be concluded that the prediction with the proposed method gives similar results as
the measurements and that no difference in permeability has to be taken into account
between the inside and the outside of the caisson to achieve a reasonably good match.
5.6.5

Luce Bay

Field trials of suction caissons in sand were carried out in a specially prepared sand bed
in an aggregate extraction quarry near Luce Bay, Dumfries and Galloway, Scotland
(Houlsby et al., 2006). The bed was prepared by placing selected fill in layers
approximately 250 mm thick and compacting them by multiple passes of a wheeled
loader. The fill was saturated several months before the tests took place. Water level
during the tests was about 150 mm above the sand surface. Several CPTs were
performed, of which some are presented in Figure 5-28.
During these trials two suction caissons were installed. The first caisson was 1.5 m in
diameter by 1.0 m high and had a wall thickness of 8 mm. The self weight was 7 kN
during the suction installation. The second caisson was 3.0 m in diameter by 1.5 m high
and also had a wall thickness of 8 mm. The self weight for this caisson was 60 kN. The
measurements of the normalised suction pressure versus the normalised penetration can
be found in Figure 5-29 (for the 1.5 m diameter caisson) and Figure 5-30 (for the 3 m
diameter caisson). These show that there were a number of stops during installation, but
that after each stop movement only occurring once the suction returned to a value
similar to that before stoppage. It is interesting to note that during the installation little
heave occurred within the caisson and that the volume of water seeping through the
sand was small.
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Predictions were made with a kp-value of 0.2 and kf-values of 0.0018 for the 1.5 x 1.0 m
caisson and 0.0014 for the 3.0 x 1.5 m caisson.
The measured and predicted installation data for the two suction caissons installed in
Luce Bay can be found in Figure 5-29 (for the 1.5 m diameter caisson) and Figure 5-30
(for the 3 m diameter caisson). It can be clearly seen that the predictions do not match
the measurements. The self weight penetration prediction is relatively close to the
measured values, but the measured suction pressure is much larger than the predicted
suction pressure, and indeed is much higher than the predicted critical pressure. It seems
that the suction pressure increases rapidly during the beginning of the suction
installation and thereafter reaches a slowly increasing plateau (bi-linear behaviour).
This phenomenon has also been observed in other tests. Tran (2005) described
centrifuge tests which included suction installation tests in samples where silica sand
was mixed with different percentages of silica flour (see Figure 5-31). This mixing led
to different permeabilities in the different samples. As all installation tests were
performed at a very high installation speed, these different permeabilities became very
important. The lower the permeability, the higher the suction pressure increased before
a plateau was reached where the suction pressure followed the same slope as predicted
by the equation for critical pressure (Equation 5.8). The suction installation test in clean
silica sand did not show any development of extra differential pressure, but the test in
the sample with 40% fines reached a normalized pressure, p/γ'D, of 2.8 before the
plateau was reached (see Figure 5-31).
A possible explanation for the bi-linear behaviour of the differential pressure in these
two cases is that seepage of a caisson penetrated to a depth, z, does not fully develop
before the caisson penetrates to the next depth, z+Δz. This would mean that the
reduction in resistance is lower than predicted with the new method. Initially, before the
seepage flow starts, the resistance will be equal to the push-in resistance. When the
seepage does develop, the suction is meanwhile at a certain value and the caisson at a
certain depth, so that equilibrium in resistance and driving force exist. A slight decrease
in resistance due to the seepage will make the caisson penetrate deeper and not
automatically drop the suction pressure. Equilibrium will be maintained between the
(reduced) resistance at one side and the self weight and force due to suction pressure on
the other side. Tran (2005) showed in his tests that the slope of the suction development
in the second part of the bi-linear response is equal to the slope of the critical pressure
development when fast pumping is continued and that the extra suction that is
developed does not drop. In other words, the suction caisson seems to be installed with
a higher self weight, which consists of the normal self weight plus the suction pressure
developed during the establishment of the seepage flow. This extra self weight depends
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on a time component, which is related to the coefficient of consolidation, cv, the
installation speed and the length of the seepage flow (see also Section 5.3.4). In clean
very permeable silica sand, the cv-value is large and with normal installation speeds of a
couple of mm/s and a seepage length of several metres, the time component before the
seepage flow develops will be small and the installation process will follow the
reduction in resistance as described before in this chapter. In clay with a high cv-value, a
normal installation speed and again a seepage length of several metres, the time delay
will be very long and the whole installation will occur without resistance reduction. In
soils that fall in between these two extremes the development of differential pressure
will be bi-linear. The first branch will reflect the development of the differential
pressure equal to the push-in resistance at a certain depth minus the self weight divided
by the area, (R-W)/Acan. The second branch will reflect the differential pressure
developed during the time to establish a seepage flow plus the critical pressure.
To verify this assumption, the total resistance of the Luce Bay installations should
follow the push-in resistance (thick black lines on Figure 5-29b and Figure 5-30b) until
the seepage flow starts to decrease the push-in resistance. This can indeed be seen in the
measurements. Despite the scatter in the data the slope of the differential pressure
development after the initial penetration is in the same order of magnitude as the
development predicted by the critical pressure. This is clearer in the tests performed by
Tran (2005), where the bi-linear behaviour is more obvious and the second part indeed
follows the slope of the predicted critical pressure.
It is interesting to note that the prediction made by Houlsby et al. (2006) with their
prediction method has a reasonable fit with the measurements. However, when the
individual resistance components (inner friction, outer friction and end bearing) are
investigated it seems that their predictions are made beyond the limits of the method.
The inner stress reaches predicted values lower than zero beyond 0.37 m penetration for
the 1.5m diameter caisson and beyond 0.67 m penetration for the 3.0m diameter
caisson. The predictions are therefore not believed to be valid.

5.7

COMPARISON WITH EXISTING PREDICTION

METHODS
To compare the new prediction method with some existing methods, analyses were
made for an arbitrary suction caisson installation in sand. These analyses also helped to
visualise the differences between the various methods.
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Input parameters

The suction caisson used in the calculations has an outer diameter of 6 m, a length of
6 m and a wall thickness of 0.04 m. The self weight was assumed to be 1 MN. The soil
conditions represent a dense silica sand with an effective unit weight, γ', of 10 kN/m3 an
internal friction angle, φ', of 35° and a relative density of 60%. The interface angle
between suction caisson and sand, δ, is assumed to be 25°. One of the input parameters
of the Houlsby and Byrne method is the ratio between inner and outer permeability, kfac.
Here it is assumed that the soil will not be disturbed during the installation and therefore
the ratio, kfac, is taken as 1. A cone resistance profile was estimated by making use of
the correlation presented in Equation 5.19. By using a relative density, Dr, of 0.60 and a
diameter equal to the caisson wall thickness of 0.04 m, the postulated cone resistance
increases parabolically from zero at 0 m to 11.3 MPa at 6 m. An overview of the input
data can be found in Table 5-5.
Table 5-5. Input data for comparison calculations
Caisson
Diameter
Height
Soil
Friction angle, φ'
CPT-profile, qc
Effective unit weight, γ'
Specific for certain methods
Ratio inner/outer permeability, kfac
K0 –Houlsby and Byrne
K0 – API

6
6
35
Figure 5-32
10
1
0.7
0.8

[m]
[m]

Wall thickness
Self weight

0.04
1

[m]
[MN]

[°]
[MPa]
[kN/m3]

Interface angle, δ
Interface angle API, δ
Relative density, Dr

25
30
0.60

[°]
[°]
[-]

[-]
[-]
[-]

kp DNV/Senders
kp Anderson
kf Anderson

0.2
0.2
0.001

[-]
[-]
[-]

The following prediction methods were compared with each other: API, DNV, NGI,
Houlsby & Byrne and the method presented in this chapter. Table 5-6 presents all these
methods with their references, whether they use classical or cone resistance related
input parameters and whether they can predict jacked and suction installation of suction
caissons.
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Table 5-6. General comparison of the different installation methods

Reference
Classical input
parameters (γ', φ')
CPT related input
parameters (qc)
Jacked installation
Suction installation with
resistance reduction

API

DNV

NGI

(API,
2000)
X

(DNV,
1992)

(Anderson et
al. 2008)
X1)

X

X1)

X

X
X

X

Houlsby &
Byrne
(Houlsby and
Byrne, 2005)
X

Alternative
Method
This thesis

X
X
X

X
X

1) This method lets the user choose between the input parameters. In this chapter the qc-approach is used.

5.7.2

Jacked installation

To facilitate the calculations necessary for all predictions a spreadsheet was set up in
Mathcad. This program includes numerical integration possibilities, which are necessary
for the Houlsby and Byrne method. The spreadsheet makes use of the approximation
formulae for the NGI method presented in Chapter 2 instead of applying the
recommended graphical method.
Figure 5-33 presents the results of all jacked installation predictions. It shows that the
predictions at 6 m depth range from 4.9 MN for the API method to 9.2 MN for the
Houlsby and Byrne method. The methods based on the cone resistance (NGI and
Senders), start with the highest resistance, but drop below the resistance predicted from
Houlsby and Byrne at a depth of about 3.2 m. To understand the increase in total
resistance according to the different methods with depth Figure 5-34 is included which
presents the prediction of all methods for the unit friction and unit end bearing during
the jacking installation. It can clearly be observed that the unit friction according to the
Houlsby and Byrne method is significantly higher than according to the other methods.
This has a significant influence on the total resistance with increasing penetration depth.
Furthermore it is apparent that although the unit end bearing is the same order of
magnitude for all methods, the qc-methods (NGI and Senders) start significantly higher.
Note that the relative values depend critically on the conversion of classical soil
parameters (φ', Κ0 and σv') into a cone resistance profile and vice versa.
5.7.3

Suction installation

The Mathcad spreadsheet was also used to calculate the predicted suction installation
behaviour. The self weight penetration phase is similar to the jacked installation
prediction until the self weight of 1 MN is reached. Thereafter the total resistance
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changes for each method as displayed in Figure 5-35a. Figure 5-35b displays the
predicted suction pressures needed to install the caisson to its final penetration depth.
The predicted inner and outer unit friction profiles depend on the penetration depth of
the caisson. Therefore it is chosen only to present these profiles for the final penetration
depth (see Figures 5.36a and 5.36b). The unit end-bearing also depends on the
penetration depth, but has a specific value at each penetration depth and not a whole
profile. The unit end-bearing values of the Houlsby and Byrne, NGI and Senders
methods can be presented as is shown in Figure 5-36c.
By comparing the total resistance plotted in Figure 5-33 and Figure 5-35a it can be seen
that all the prediction methods predict that the forces during jacked installation are
significantly higher than during suction installation. Another remarkable fact is that the
variation between the total predicted resistances is only 0.6 MN (Senders, 2.6 MN and
NGI, 3.2 MN). This variation is significantly smaller than the variation in predictions
for jacked installation.
Figure 5-36a shows that at final penetration the inner unit friction predicted by the
Houlsby and Byrne and the Senders methods is very close to zero. Note that the NGImethod does not make a distinction between the decrease in inner or outer friction and
the presented values are calculated by multiplying the push-in friction with the
reduction factor. The predicted outer friction at final penetration is still large for the
Houlsby and Byrne and the Senders methods (in between 21 and 49 kPa at 6 m
penetration) as can be seen in Figure 5-36b.
By comparing the unit end bearing of Figure 5-36 with the (undisturbed) unit end
bearing of Figure 5-34, it can be concluded that the unit bearing drops significantly. The
Houlsby and Byrne prediction even predicts that the unit end bearing drops completely
to zero at 6 m penetration. Again note that the NGI method does not calculate a specific
end bearing value during suction penetration, and the presented end bearing is
calculated by multiplying the push-in end bearing with the overall reduction factor.

5.8

CONCLUSIONS AND RECOMMENDATIONS

This chapter has presented the development of an alternative method to predict the
resistance during jacked and suction installation of a suction caisson. This method was
developed despite the fact that several prediction methods are published of which the
Houlsby and Byrne method (2005) is the most sophisticated. It was however found that
these methods were not based on input parameters taken directly from in situ
measurements, like the cone resistance, or did not include a simple adjustment in
resistance calculations based on the seepage effect.
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The proposed method for estimating installation pressures for suction caissons
recognises three phases of the installation: 1) self- weight penetration phase, 2)
transitional phase and 3) critical hydraulic gradient phase. The method estimates the
jacked caisson resistance directly from a cone resistance profile, and uses a linear
reduction, based on the differential pressure as a ratio of the maximum (critical) value,
in the tip and internal frictional resistance to predict the resistance during suction
installation. This method incorporates an assumption that the outer friction does not
increase during the installation and decreases when the critical pressure is reached. This
approach is combined with a flow model that balances the water evacuated from the
caisson with three components: water displaced by the caisson as it penetrates; seepage
flow into the caisson; and volume changes within the pumping system. This allows both
suction pressure and caisson penetration to be calculated as a function of time for a
given rate of pumping.
Comparisons with results of suction installation tests performed in the beam centrifuge
of UWA are excellent. Also comparisons with field data from the Draupner, Sleipner
and Luce Bay caissons installations are reasonable. Where the match is not satisfactory,
it is believed that the reasons for discrepancy can be explained. Comparisons with
laboratory tests performed at Oxford and NGI were harder to make due to a lack of cone
resistance profiles, but key features of the tests were reproduced well.
Predictions with different installation methods were made for a hypothetical suction
caisson installation in dense sand. Although the variation in results for the jacked
installation is quite large, the results for the suction installation are very similar.
However, the theory behind these methods is quite different and therefore the individual
components such as unit friction and unit end bearing for all these methods vary
significantly. It is advised to explore the individual components of unit end bearing and
unit inner and outer friction, to see how the predicted total resistance is assessed and to
detect possible errors such as negative values for friction and end bearing as may
happen if the methods are used incorrectly or beyond their limits.
To date, most prototype designs and research have focused on typical maximum
penetration ratios (L/D) of less than 1 for caissons in sand. The study reported here has
shown that caissons with larger L/D ratios can be installed, even in dense sands. Further
investigation on larger caissons needs to be carried out to confirm this.
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CHAPTER 6. INSTALLATION IN SAND OVERLAID BY
LESS PERMEABLE SOIL
6.1

INTRODUCTION

The aim of the work reported in this chapter is to develop a theory that helps to provide
a better understanding of the behaviour of suction caissons during installation in layered
soils, not only in terms of soil resistance and required suction as a function of
installation depth, but also as a function of time for a given pumping rate. This
improved understanding can provide a basis for identifying possible installation
problems such as plug heave at an early stage.
After the problem definition, the findings from the centrifuge test results are discussed.
Thereafter the development of the new prediction method for suction caisson
installation in layered soil is set out. To be able to predict the differential pressure,
penetration and plug lift versus time a flow model is used that balances the water
evacuated from the caisson with seepage and displacement. To compare this new
prediction method with test results, forecasts were made for centrifuge tests where
suction caissons were installed in soils with clay or silt overlaying sand. To verify
whether the proposed method can also be used to predict resistance for suction
installation in soil comprising sand overlaid by silty sand, a prediction was made for the
full scale installation of the suction caissons for the Calder platform. At the end of the
chapter some conclusions and recommendations are made.

6.2

PROBLEM DEFINITION

As stated in Chapter 5 installation of a suction caisson consists of a self weight
penetration phase and a suction assisted penetration phase. In relatively permeable soils
a seepage flow through the soil is induced during this latter phase, which leads to
reduction in the soil resistance (Hogervorst, 1980; Tjelta et al., 1986; Erbrich and Tjelta,
1999). In a soil profile comprising less permeable soil overlying sand, the question
arises as to the extent that the less permeable layer will impact the seepage, and thus
limit the decrease in tip resistance during penetration of the underlying sand.
There are no well documented data available in the literature of full scale suction
caisson installations in sand overlaid by clays. The published data from the suction
installation of the Calder platform (Heuvel and Riemers, 2005) reveals that the suction
caissons were installed in a soil that comprises sand overlaid by slightly less permeable
silty sand. This installation showed no obvious sign of soil liquefaction or plug heave
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and although a decrease in penetration resistance due to suction installation instead of
jacked installation was expected, no data are available to verify this. It can be concluded
that the published data regarding real scale installations do not provide guidance on the
decrease in installation resistance due to the applied suction and plug heave or
liquefaction of suction caisson installation in sand overlaid by less permeable soil.
Centrifuge tests at UWA were performed to investigate the installation of suction
caissons in sand with silt layers (Tran, 2005). It was found that if silt overlies the sand, a
larger suction force is required for installation than when installation occurs in
homogeneous sand, but that this force is still much smaller than the soil resistance for
jacked installation. Significant upward movement of the soil plug inside the caisson was
observed in all soil profiles when silt layers were present.
Other recent published data addressing this problem are based on centrifuge tests
performed at UWA (Watson et al., 2006). In these tests, the installation resistance was
also found to decrease significantly compared with push-in resistance, and a risk for
plug heave was demonstrated. This latter can cause an enormous problem, since it
would halt the skirt penetration when the plug contacts the top cap and full penetration
would not be achieved.

6.3

FINDINGS FROM CENTRIFUGE TEST RESULTS

This section discusses the centrifuge test results of suction caisson installation in layered
soils. These tests were performed as part of an industry funded project (Arup Energy)
and comprised a total of 33 tests performed in 7 strongboxes. The author participated in
conducting most of these centrifuge tests and Dr Phil Watson, Advanced Geomechanics
(formerly Arup Energy) approved use of these data in this thesis.
The soil conditions in these tests can be divided into two categories: a sand/clay/sand
profile (discussed in Watson et al., 2006) and a silt/sand profile (discussed in Gaudin et
al., 2006).
After a discussion of the soil classification, some of the centrifuge test results are
discussed. Firstly the penetration resistance during jacked and suction installation is
reviewed, after which the focus is turned to seepage and plug heave.
6.3.1

Soil classification

Sand/clay/sand profile (Figure 6-1, Watson et al, 2006)
In total 22 tests, distributed over 4 strongboxes, were performed at 150 g in a soil profile
comprising sand overlaid by kaolin clay and sand. Results of the cone and T-bar test
performed in sample P5 are shown as cone resistance and interpreted shear strength in
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the clay (using a NT-bar of 10.5) versus prototype and actual depth in Figure 6-1. The
measurements in sample P5 are a good representation of all samples.
All CPTs were performed at a fixed penetration rate of 1 mm/s. The penetration rate of
the T-bar was also 1 mm/s, both in downwards and upwards direction. Note that the
saturation fluid used in these samples was water and this penetration rate is sufficiently
slow to avoid generation of excess pore pressure in the sand layer.
In the graphs of Figure 6-1 it is apparent that the cone resistance in the first 8 m
(prototype) is very low and does not exceed 0.75 MPa. The first sand layer is 1.3 m
thick, although this value varies slightly over the sample. The clay layer is on average
6.8 m thick. The T-bar resistance can be converted into a shear strength by dividing the
measurements by an NT-bar value of 10.5 (Stewart and Randolph, 1991). This conversion
leads to a shear strength profile of 5 kPa at 1.3 m increasing linearly to 30 kPa at 4 m.
Beyond this depth, the shear strength stays constant until the second sand layer. The
clay sensitivity can be approximated by dividing the undisturbed resistance, qT-bar, by
the remoulded resistance, qT-bar, remoulded, measured after a few T-bar cycles. For this clay
it means that the measured sensitivity has a minimum value of 2. Since qT-bar/qT-bar,
remoulded gives a value less than the actual soil sensitivity (Randolph, 2008) the real
sensitivity will be higher. Chen (2005) found for suction caisson installation in Kaolin
clays that the ratio of unit side friction, τ, and shear strength, su, is approximately 0.4,
which indicates a sensitivity of 2.5 if the frictional resistance during installation equals
the remoulded soil strength. Back-calculations that are performed later in this chapter
use this τ/su ratio of 0.4 instead of the measured value of 0.5 (= 1/ soil sensitivity).
Due to the variable thickness of the first sand layer and the clay layer, the second dense
sand layer did not start exactly at the same depth everywhere in the sample. The cone
resistance in this layer increases rapidly from 0.5 MPa at 8 m to 45 MPa at 15 m thus
indicating the high density of this layer.
No specific tests were performed to determine the unit weight, γ', or the permeability, k,
of either the sand or clay layers. Back-calculations (see Section 6.5.1) revealed that
typical values for these kinds of soils like 10 to 10.9 kN/m3 (γ') and 0.5x10-4 m/s (k at
100 g) for the sand layers and 8.0 kN/m3 (γ') and 1x10-6 m/s (k at 100 g) for the clay
layer could be used to create a more than reasonable fit with the measurements.
Silt/sand profiles (Figure 6-2, Gaudin et al, 2006)
In total 11 tests, distributed over 3 strongboxes, were performed at 100 g in a soil profile
consisting of sand overlaid by silt. Although CPTs were performed in all silt/sand
samples, only the results of the CPTs performed in sample C-SuTS3 (calcareous silt
overlying sand) are shown as cone resistance versus depth in Figure 6-2. Most of the
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CPTs were performed at a constant penetration rate of 0.06 mm/s. This penetration rate
was slow enough to ensure drained conditions. This was verified with additional tests
which were performed in samples C-SuTS1 and C-SuTS3 at rates ranging from 0.06 to
3 mm/s (Gaudin et al., 2006).
Figure 6-2 shows that the measured cone resistances in sample C-SuTS3 have a relative
wide spread. The resistance values in the sand layer are slightly lower than measured in
the other profiles with calcareous silt (Gaudin et al, 2006). Furthermore it can be seen
that the top layer does not have a consistent thickness throughout the sample. The cone
resistance in this first layer seems to increase at an increasing rate from zero at mudline
to about 3 MPa at the bottom of the layer (varying between 1.2 and 2 m). The cone
resistance then stays constant till approximately 3.5 m after which it increases gradually
to 15 MPa at 10 m.
No specific tests were performed to determine the unit weight, γ', or the permeability, k,
of either the sand or silt layer, but back-calculations revealed that typical values of
10 kN/m3 (γ') and 1.0x10-6 m/s (k at 100 g) for the sand layers with silicon oil and
8 kN/m3 (γ') and 1x10-7 m/s (k at 100 g) for the silt layer with silicon oil led to credible
results.
Note that it was observed that mixing the silicon oil with calcareous silt led to a material
that behaved differently from either sand with water or clay with water. However, since
the main task of this layer was to create a less permeable layer, which was achieved, no
further quantification of the precise permeability was undertaken (Gaudin, 2007).
6.3.2

Installation data

Sand/clay/sand profile (Figure 6-3, Watson et al, 2006)
Figure 6-3 shows the installation data of Test P5-2 (jacked installation, T1) and Test P54 (suction installation, T2) with caisson D, which has a height of 63.3 mm, a diameter of
80 mm and a wall thickness of 0.4 mm.
Figure 6-3a shows the normalised total force of the jacked and suction installation. The
self weight during suction installation in sand was set at 260 N (P = 0.43γ'D).
Furthermore, it has been demonstrated that the measured resistance in the jacked
installation test is higher than in the suction installation tests, just as for the installation
tests in uniform sand.
Figure 6-3b shows the normalised differential pressure for Test P5-4. The measurements
show a steep initial increase of the differential pressure from 0.62D, followed by a
gradual increase until a penetration of 0.74D. Thereafter the differential pressure
increases significantly, but no further penetration is achieved. During the suction
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installation, the differential pressure, p, increases gradually at a rate of 2.1γ'D per D
penetration.
Silt/sand profiles (Figure 6-4, Gaudin et al, 2006)
Figure 6-4 shows the installation data of Test C-SuTS3-1 (jacked installation) and Test
C-SuTS3-2 (suction installation) with caisson E, which has a height of 60 mm a
diameter of 120 mm and a wall thickness of 0.6 mm.
Figure 6-4a shows that the measured penetration resistance for the jacked installation is
not equal to the penetration resistance for the suction installation. This is believed to be
partly caused by the decrease in penetration resistance from the sand, whilst suction is
applied. However, a second reason for this difference is the fact that the tests were
performed at different locations within the sample. This unfortunately had an effect
upon the soil profile encountered; the jacked installation was performed at a location
where the silt layer was slightly thicker than of the location where the suction
installation was performed.
Figure 6-4b shows the normalised differential pressure for Test C-SuTS3-2. The test
data shows a steep initial increase to a differential pressure of P = 0.3γ'D at 0.14D. This
stays constant until 0.19D, whereafter the differential pressure drops back to 0. From
0.19D penetration onwards the differential pressure, p, gradual increases at a rate of
1.8γ'D per D penetration, until a penetration of 0.46D is reached, after which the
suction process was stopped.
6.3.3

Seepage and plug heave

Sand/clay/sand profile (Figure 6-3, Watson et al, 2006)
Figure 6-3c shows the speeds of the syringe pump, vsyringe , the suction caisson, vdisp and
the interpreted seepage speed, vseep, for the suction installation Test P5-4. It can be seen
that the suction installation took place between 256 and 269 s and lasted only 13 s. The
syringe speed was kept constant for the installation in the layered soil at 1.2 mm/s. The
seepage during the suction installation is initially very low, but after 264 s there is a
sudden increase until the seepage velocity is similar to the syringe velocity at 267 s. The
seepage between 256 and 264 s increases linearly with the increasing suction pressure.
The sudden increase of vseep does not correspond to a jump in suction pressure and can,
theoretically, only be explained by a sudden change in soil permeability or plug heave.
Plug heave can physically only occur when the equivalent syringe speed exceeds the
caisson speed. With the measurements taken it is impossible to separate the plug heave
speed from the seepage speed. However, it can be concluded that a jump in seepage
speed without a jump in suction pressure indicates that plug heave occurred. For Test
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P5-4 this would mean that plug heave might have occurred after 264 s. This plug heave
can be calculated by integrating the ‘plug heave velocity’.
Another indication of plug heave is the difference in final penetration between the
jacked and suction installation. Figure 6-3d is an enlargement of Figure 6-3b. It shows
that the final penetration for the jacked penetration (0.84D) is deeper than the final
penetration for suction penetration (0.74D). The theoretical full penetration for this
caisson D should be 0.79D (=63.3 mm). It can be concluded that the jacked installation
was taken beyond full penetration. A significant increase in the jacked penetration
resistance from 0.79D can be seen in Figure 6-3a. It seems logical that the caisson lid
touched the soil at that penetration. Combining these findings indicates that the plug
lifted 0.05D during the last phase of the suction installation.
Silt/sand profiles (Figure 6-4, Gaudin et al, 2006)
Figure 6-4c shows the speeds of the syringe pump, vsyringe , the suction caisson, vdisp and
the interpret seepage speed, vseep, for the suction installation Test C-SuTS3-2. The
suction installation took place between 76 and 180 s and therefore lasted 104 s. The
syringe speed was kept constant for the installation in the layered soil at 0.4 mm/s. The
seepage velocity during the initial suction installation is 20% of the syringe velocity.
This high seepage component corresponds to the high suction pressures necessary to
penetrate through the last part of the silt layer. The seepage component and suction
pressure drop to zero when the tip of the caisson penetrates the sand layer at 0.18D after
91 s. The seepage thereafter increases gradually, just like the gradual increase of the
suction pressure. There is no indication of a sudden jump in the seepage component and
plug heave is therefore not expected. This agrees with the findings in Gaudin et al.
(2006), which state that no relative displacements between the internal and external
plungers were observed, suggesting no plug heave during the suction installation.
Figure 6-4d shows that final penetration for the jacked penetration (0.48D) is slightly
deeper than the final penetration for suction penetration (0.46D). A significant increase
in the jacked penetration resistance from 0.46D can be seen in Figure 6-4, indicating
that the caisson lid started to touch the soil from that penetration onwards. Since this
jacked final penetration coincides with the final suction penetration it can be concluded
that no significant plug heave occurred due to suction installation. It is not clear why the
theoretical full penetration (0.50D) is not equal to the measured final penetration depth
(0.46D). If all soil displaced by the suction caisson wall was uniformly distributed in the
inside of the caisson it would raise the soil by 1.2 mm (0.01D). This is not enough to
explain the discrepancy of 0.04D height and the soil must either not distribute itself
uniformly or another phenomenon must occur.
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Conclusions

The centrifuge tests of jacked and suction installation of suction caissons in layered soil
revealed the following:
− penetration resistance in sand overlaid by less permeable soil is lower during
suction installation than during jacked installation;
− seepage increases with increasing suction pressure;
− plug heave can occur in layered soil, but may not always.

6.4

DEVELOPMENT OF AN INSTALLATION METHOD FOR

SAND OVERLAID BY LESS PERMEABLE SOIL
This section gives a step by step description of the development of a method to predict
installation for sand overlaid by less permeable soil and uses the lessons learned from
the centrifuge tests. The established prediction methods to calculate resistance during
installation in homogeneous soils are recapped in Section 6.4.1. These established
methods must be combined with the influence of the seepage flow (Section 6.4.2) and
consequently pressure distribution (Section 6.4.3) to be able to calculate the penetration
resistance during suction installation. Section 6.4.4 describes four possible scenarios of
plug response during suction installation. Only one of these scenarios is used to develop
a prediction method (Section 6.4.5). Section 6.4.6 presents the principle of volume
continuity which is used to predict seepage and possible plug heave.
6.4.1

Installation methods for homogeneous clay and sand

The installation resistance of a suction caisson comprises internal and external friction
along the caisson wall and bearing resistance at the tip. The unit resistance, either
friction or bearing, must be estimated from some measure of the strength of the soil.
It is proposed to use established methods for the prediction of penetration resistance of
suction caissons in clay or sand for the prediction method in layered soils. A summary
of these methods is given below.
Installation resistance in homogeneous clay
The unit shaft and end-bearing resistances for a suction caisson in clay may be predicted
from the undrained shear strength, su (Andersen et al., 2005). This calculation method
for caissons in clay expresses the installation resistance, Rc, as the sum of internal
friction (including vertical plate stiffeners), Fi, outer friction, Fo, tip resistance, Qtip, and
any additional bearing resistance on other stiffeners or padeyes. The various terms are
derived from unit friction and bearing resistance expressed respectively as a ratio, α, or
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multiple, Nc of the shear strength, su (Senders and Kay, 2002; Erbrich and Hefer, 2002;
Andersen et al., 2005).
The driving force consists of the self weight of the suction caisson, W, and the force
generated by the differential pressure, p. The driving force during the installation phase
must be in equilibrium with the resistance force, ignoring inertial effects (which will be
negligible). This leads to the following required differential pressure:
p=

Rc − W
0.25πDi

(6.1)

2

This differential pressure must not exceed a design limit associated with upward failure
of the clay plug into the caisson (failure due to reverse end bearing), as discussed in
Andersen et al. (2005). Structurally, the caisson needs to be designed to withstand the
anticipated differential pressure with an appropriate margin of safety.
Installation resistance in homogeneous sand
As discussed in Chapter 5 the shaft friction and bearing resistance values for suction
caissons in sands have traditionally been evaluated from fundamental properties such as
the friction angle, φ', but evaluations with the cone resistance, qc, have become
increasingly popular over the last decade. It is proposed to use this latter approach in
this thesis to predict the installation resistance in sand, following the basic methodology
described in Chapter 5.
6.4.2

Seepage length in sand overlaid by a less permeable layer

Finite element calculations have been made using Plaxis to investigate the equivalent
seepage length for seepage flow during suction caisson installation in sand overlaid by a
less permeable layer. These calculations are similar to those described in Chapter 5 and
include an axi-symmetric mesh of a soil body containing a suction caisson, which has a
different pressure inside the caisson than outside. By assuming a steady state ground
water flow, Plaxis is able to calculate pressures at any point within the soil body.
The initial calculations were made for seepage flow in sand with an impermeable (clay)
layer on the surface outside the caisson as displayed in Figure 6-5a and Figure 6-5b.
These graphs show the normalised changes in head (Δp/p) for relative penetrations in
the sand layer, L'/D, of 0.017 and 0.33. The Plaxis output file was used to calculate the
change in head (Δp/p) closest to the surface directly next to the inside of the caisson.
This change in head was 0.016 over 0.0021D for L' = 0.017D, and 0.0033 over 0.0021D
for L' = 0.33D. Hence, the seepage length s may be calculated from Equation 5.3 as
0.131D (so 7.85L') and 0.642D (1.93L') for the two cases. Compared with Figure 6-5c
and Figure 6-5d, which presents the seepage flow in a homogeneous sand profile
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without impermeable layer, it can be seen that changes in head decay more gradually
within the sand due to the prevention of surface flow outside the caisson.
Figure 6-6 shows the interpreted results of several FE analyses for the ‘exit’ seepage
length (labelled sclay) for different L'/D ratios. For long suction caissons the clay layer
has relatively little effect on s, but in the important range of L'/D < 0.5, the seepage
length is increased relative to the case of homogeneous sand. The following empirical
relation was fitted to the results:
s clay
L′

= 1 + 0.3(L ′ / D )

− 0.85

(6.2)

Figure 6-6 shows this empirical relation together with calculated values and the
empirical relation for a uniform sand profile (see Chapter 5). It is apparent that the
relationships are very similar for skirt penetrations larger than 0.2D.
Finite element calculations were also made which included layers of less permeable soil
on top of the sand layer, instead of an impermeable boundary condition. Although the
total change in head will be completely different, the relative change of head in the sand
layer is the same as described by Equation 6.2. There is only a small, negligible,
difference in results with very small penetrations in the soil. Also analyses with
different permeabilities of the less permeable layer inside and outside the caisson (see
schematisation in Figure 6-7), still led to similar seepage lengths in the sand layer as
described by Equation 6.2.
6.4.3

Pressure distribution in seepage flow in layered soil

During suction installation, a suction pressure is applied just underneath the lid of a
suction caisson. A gradient will develop between the suction pressure underneath the
caisson lid and the hydrostatic pressure at the seabed outside the caisson. This gradient
is responsible for a pressure distribution in the soil surrounding the suction caisson. If
the soil is uniform the steady state pressure distribution is the same as presented in
Chapter 5. However, where sand is overlaid by a less permeable layer this pressure
distribution will be different. The less permeable layer will attract a relatively high
pressure drop, which depends on the relative thickness of this layer and the relative
permeability. This section investigates the pressure drop over the lower permeable ‘clay
plug’ for a range of relative layer thickness (Lplug/D) and relative permeability
(kplug/ksand).
Figure 6-7a shows a schematisation of a suction caisson installation in layered soil. This
is a snapshot of a caisson with diameter, D, which is penetrated into the soil to a certain
depth equal to the overlaying layer thickness, Lplug, plus the penetration in the sand, L',
which in this case is 0.33D. The permeability of the plug, kplug, is equal to the
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undisturbed overlaying layer, kclay, or may be larger when the plug is disturbed. The
permeability of the sand layer, ksand, is typically higher than the plug permeability, kplug.
Figure 6-7b shows how the pressure difference, p1, applied inside the caisson gradually
drops to a pressure difference of zero in the far field, p4. The pressure distribution
displayed in the right side of Figure 6-7a is valid for the case where the relative
thickness is 0.5D and the permeability of the plug is half that of the sand layer. The
pressure dropped from 100% at p1 to just under 40% directly under the plug, p2. The
remainder of the pressure drop occurs within a small relative distance and avoids the
less permeable layer outside the caisson. Whether the value of the undisturbed soil
outside the caisson, kclay, is high or low, therefore does not make any significant
difference in the predicted pressure gradient in the sand layer. The main permeabilities
to take into account are therefore kplug and ksand.
Several finite element calculations were performed with Plaxis for different relative
plug height ratios and different permeability ratios. Results of these calculations can be
found as discrete symbols in Figure 6-8, which shows ratios of the pressure inside the
caisson, p1, and the pressure underneath the less permeable layer, p2. As expected, the
results were the same for cases where the values of ratio of the plug permeability over
the sand permeability times the caisson diameter over the plug height were the same. In
other words the results are similar for a 0.5D plug height and a permeability ratio 0.5 as
for a 0.1D plug height and a permeability ratio 0.1. It is logical to introduce a
permeability factor, fperm, defined as:
⎛ D
f perm = ⎜
⎜L
⎝ plug

⎞⎛ k plug
⎟⎜
⎟⎜ k
⎠⎝ sand

⎞
⎟⎟
⎠

(6.3)

An empirical relationship was fitted through the Plaxis results to predict the ratio of
pressure directly underneath the plug over the applied pressure depending on the
relative penetration and the permeability factor. The equation for this relationship is:
p2
0.7
0.8 ⎛ L ' ⎞
1.25 ⎛ L ' ⎞
= 0.18 f perm + 0.75 f perm ⎜ ⎟ − 0.4 f perm ⎜ ⎟
p1
⎝D⎠
⎝D⎠
for 0 ≤

L'
≤ 1 and 1 ≥ f perm ≥ 0.01
D

2

(6.4)

The predictions with this formula are displayed as lines in Figure 6-8. Note that this
empirical relation is determined by ignoring force equilibrium (and potential for plug
lift off), although that will limit the pressure drop p1-p2.
In Figure 6-8 it can be seen that for the case where the permeability factor is 0.01, the
pressure underneath the plug is at most 2.5% of the applied pressure. The seepage in the
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sand due to 2.5% of the applied pressure is very small and will most likely not lead to
degradation of the installation resistance. However, if the plug is free to move upwards,
the pressure underneath the plug can increase and degradation of installation resistance
may occur. This will be discussed in the next section.
6.4.4

Mechanism of plug response

It is essential to understand what form of mechanism occurs during installation of the
caisson in layered soil. Different mechanisms may occur, depending on the soil
conditions. The most obvious ones are described in Table 6-1, together with the effect
the mechanisms have upon the possible resistance reduction in the sand layer.
Table 6-1. Possible mechanisms of suction installation in layered soils
No
1

Soil conditions
DISTURBABLE

For example: Very
thin, or brittle top
layer

2

GAPPING

3

For example: Stiff
clay top layer and a
suction caisson with
an internal cutting
shoe
LIQUIFIABLE
For example: Silt
on top of sand

4

INTERMEDIATE
PERMEABILITY
For example: Clay
on top of sand

Mechanism
During the beginning of the suction
installation the top layer will be
disturbed or cracks open. The
seepage in the sand layer can
thereafter occur similarly as for the
uniform sand mechanism.

A gap will be created between plug
and caisson wall. Seepage will go
through this gap and the flow will
be different than investigated so far.

Suction installation can create a
pressure drop over the top layer. If
this pressure drop creates a critical
hydraulic gradient, the layer will
liquefy and the mechanism
described in point 1 of this Table
will occur.
Suction installation will create a
pressure drop over the top layer
depending on the permeability
factor of the plug. Seepage in the
sand layer will occur and fluid
displacement will initially be in
equilibrium
with
the
fluid
displacement through the plug. If
the pressure drop can lift the plug
up, more seepage will go through
the sand layer than through the
plug.

Effect upon resistance
There will be a pressure drop over the
top layer, even after it is disturbed. This
pressure drop will decrease the effect of
the reduction in the sand layer slightly.
However, depending on the suction
pressure, a significant resistance
reduction in the sand layer can still
occur.
The pressure drop over the top layer
will decrease the effect of the reduction
in the sand layer slightly, but a
significant resistance reduction in the
sand layer can occur depending of the
magnitude of the suction pressure.

After liquefaction, there will still be a
pressure drop over the top layer. This
pressure drop will decrease the effect of
the reduction in the sand layer slightly.
However, depending on the suction
pressure, a significant resistance
reduction in the sand layer can still
occur.
The pressure drop over the top layer
will decrease the effect of the reduction
in the sand layer slightly, but a
significant resistance reduction in the
sand layer can occur depending of the
magnitude of the suction pressure.
When the plug starts to move upwards,
the pressure drop over the top layer will
stay constant, but will increase over the
sand layer, leading to more resistance
reduction.

The most interesting mechanism is believed to be No. 4, where the permeable soil plug
stays intact during suction installation and the installation pressures can generate forces
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higher than the friction and weight of the plug. It is believed that this mechanism
occurred in the centrifuge tests performed in Boxes P2 through P5 and can also be used
to back-calculate the tests performed in Boxes C-SuTS1 through C-SuTS3. The
prediction method presented in this thesis is based upon this 4th mechanism.
One important value in these predictions is the pressure necessary to lift the plug. This
plug uplift can only occur when the pressure difference over the plug (p1-p2) exceeds the
differential pressure required to lift the clay plug, allowing for its self-weight and the
internal friction between caisson and soil plug. This limiting differential pressure, pplug,
can be expressed as:
⎛
⎞
4
′ +
p plug = ⎜⎜ γ clay
αsu ⎟⎟ L plug
Di
⎝
⎠

(6.5)

It is important to understand that the sand below the clay cannot undergo hydraulic
heave until the suction is at least sufficient to lift the clay plug (p1-p2 = pplug) and the
pressure reduction at the clay-sand interface has reached the level, p2 = pcrit, required to
cause a critical hydraulic gradient within the sand.
6.4.5
(mech. 4)

Required suction for installation in layered non liquefiable soils

Penetration of the sand layer will occur when self-weight enhanced by the differential
pressure on the caisson lid equals the total installation resistance. The inner and outer
friction in the clay layer (Fic and Foc) plus the outer friction in the sand layer (Fos) are
assumed unaffected by the seepage during the transitional phase. Two methods were
used to predict the reduction of the inner friction (Fis) and end bearing (Qtip) in the sand
layer. The first method uses an assumption that tries to follow each stage of the
installation whereas the second method is a simplification of the first one. The methods
are described below and will be justified by comparisons with installation data from
model tests performed at UWA in Section 6.5.
First method
The calculation of penetration resistance according to the first reduction method is
complex. It involves two different stages during the installation and the complexity lies
in the fact that in the first stage the calculation is different for the inner friction than for
the end bearing.
During the first stage the plug is assumed not to move and the pressure inside the
caisson increases until p1-p2 = pplug. In this phase it is assumed that the reduction of the
internal friction in sand, Fis, and tip resistance in sand, Qtip, is linearly related to the
change in vertical effective stress, but modified by a factor f*. Note that the horizontal
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stress will reduce by much less than the vertical stress since the earth pressure ratio, K0,
will increase as the vertical stress reduces. Values for f* have been taken in this thesis as
0.25 for the shaft friction and 1 for the tip resistance. The value of 0.25 is based on the
relation for horizontal stress, σh', and vertical stress, σv', for a purely elastic material
(Δσh' = Δσv' ν/[1-ν]), with a Poisson Ratio, ν, of 0.2. It is expected that this estimation
is reasonable since the stress changes and soil displacements are small during the initial
phase of the suction installation. In equation form this leads to the following overall
reduction factor for pressures, p, that are smaller than pplug-p2:
1−

p
p plug

f where f =

′ L plug
γ clay
f*
′ L plug + γ sand
′ L′
γ clay

(6.6)

Thereafter the plug will start lifting up and the pressure difference over the sand layer
will increase. This will lead, in addition to any slight seepage through the clay, to
seepage that will create a water gap between the clay and sand (created by the plug
heave). Similarly, as in the homogeneous sand case, it is assumed that the values of Fis,
and Qtip, reduce linearly from this point (where p = pplug) to zero when suction reaches
pcrit + pplug.
Assuming that the self weight penetration exceeds the penetration of the clay layer leads
to the following vertical equilibrium for this Method 1:
W + 0.25πDi p = Foc + F ic + Fos +
2

(F

is

⎡
⎛
p
+ Qtip )⎢1 − f Min⎜1,
⎜
⎝ p plug
⎣⎢

⎞⎤
⎡
p − p plug
⎛
⎟⎥ Max ⎢0, Min⎜1, 1 −
⎜
⎟⎥
p crit
⎢⎣
⎝
⎠⎦

⎞⎤
⎟⎟⎥
⎠⎥⎦

(6.7)

where all the terms on the right hand side vary with penetration, L. The two square
bracketed terms deal respectively with the stages prior to, and following, heave of the
clay plug.
Second method
The second method is a simplification of the first method and assumes that the internal
friction in sand, Fis, and tip resistance in sand, Qtip, simply reduce linearly from the
values calculated for a push-in installation at zero suction, to zero when the suction at
point p1 (see Figure 6-7) reaches pcrit + pplug. Assuming that the self weight penetration
exceeds the penetration of the clay layer, leads to the following vertical equilibrium for
this Method 2:
⎞
⎛
p
2
W + 0.25πDi p = Foc + F ic + Fos + (Fis + Qtip )Max⎜1 −
, 0⎟
⎟
⎜
pcrit + p plug
⎠
⎝
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where all the terms on the right hand side vary with penetration, L. The required suction
during the transitional and critical hydraulic gradient phase (Phase II and III) of
installation can therefore be determined by:
⎡ (Foc + Fic + Fos + Fis + Qtip − W )
,
p = Min ⎢
2
⎢⎣ Fis + Qtip + 0.25πDi ( p crit + p plug )
6.4.6

⎤
1⎥ ( p crit + p plug )
⎥⎦

(6.9)

Seepage and plug heave

For the plug heave theory, the principle of volume continuity presented in Chapter 5 is
used. It is assumed that the heave of the plug can only exist when this heave is filled in
by fluid coming from the seepage through sand.
As discussed in Chapter 5 the continuity of volume can be expressed in the following
formula:
ΔV pump = ΔVdisp + ΔVseep + ΔVsys

(6.10)

The volume of water displaced by the moving suction caisson and the volume used to
generate pressure are the same as presented in Chapter 5. The seepage volume can
however be calculated in two different ways, depending on whether the pressure drop
over the plug (p1- p2) or the pressure drop over the sand layer (p2) is used:
ΔVseep _ plug = k soil iave Acan Δt = k plug

p1 − p 2
A Δt
γ w L plug can

ΔVseep _ sand = k soil iave Acan Δt = k sand

p2
Acan Δt
γ w s ave

(6.11)

The seepage length through the plug is taken here as the height of the plug and implies
that the penetration of the caisson is deeper than this height.
In Chapter 5 it was shown that the seepage lengths s and save in sand diverge for L/D
ratios smaller than 0.1, with the average normalised seepage length, save/L, rising
rapidly. This is caused by the difference in the pressure distribution directly next to the
caisson wall compared with the average pressure distribution over the whole inner
caisson. The Plaxis calculations show that in layered soils the pressure gradient directly
next to the wall is more uniform over the whole inner caisson (see Figure 6-5). It is
therefore sufficiently accurate to say save is the same as sclay:
s ave
− 0.85
= 1 + 0.3(L' / D )
L'

(6.12)

The values of ΔVseep_plug and ΔVseep_sand will be exactly the same as long as the pressure
drop over the plug (p1- p2) is lower than the pressure necessary to lift up the plug. If the
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pressure drop, p1- p2, becomes equal to pplug, the plug will want to move upwards. The
upward movement of the plug is limited by the need for water to flow into any gap
between the plug and the sand. The total seepage flow into the top of the caisson is that
through the sand, while the plug movement is the difference between the flow through
the sand and the clay plug. Thus:
ΔVseep = ΔVseep _ sand

(6.13)

ΔV plug _ lift = ΔVseep _ sand − ΔVseep _ plug

The plug heave can be calculated by the following formula:
⎛
p plug
p2
− k plug
L plug _ lift ≈ ⎜ k sand
⎜
γ w s ave
γ w H plug
⎝

⎞
⎟Δt
⎟
⎠

for

p 2 ≥ p1 − p plug

(6.14)

Equation 6.14 shows that a high permeability ratio (ksand/kplug large) or a slow
installation process (Δt large) can increase the plug uplift, as observed during the
centrifuge experiments (Watson et al, 2006).

6.5

COMPARISON WITH CENTRIFUGE TESTS

The results of four installation tests, performed in the centrifuge and discussed in the
first section, were used to check whether the proposed penetration resistance
calculations can predict the installation resistance versus penetration depth. By using the
volume continuity, this theory is checked as to whether it can predict the installation
process versus time for all tests and the amount of plug heave.
For a given caisson self weight and geometry placed in known soil conditions, the
values of penetration depth, z, resistance, R, required suction, p, and different volumes,
Vpump, Vseep, Vdisp, Vsys, are calculated for each time step for the specified rate of
pumping. For the predictions where plug heave was expected, the calculations were
stopped when the caisson penetration depth plus the theoretical plug heave equalled the
total caisson length, i.e. when the plug theoretically touched the caisson lid.
6.5.1

Sand overlaid by clay (P5, Watson et al., 2006)

Input parameters

The soil in Box P5 consisted of a thin sand layer of approximately 8 mm, on top of a
clay layer of approximately 42 mm. Underneath this clay layer was a very dense sand
layer (see Figure 6-1).
The soil classification tests in this box were carried out in-flight with a cone
penetrometer and a T-bar. The results of these tests are repeated in grey in Figure 6-9.
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The cone penetrometer tests were performed with a 7 mm cone and to relate these
measurements to the 0.4 mm caisson wall thickness, the cone resistance profile needed
to be adjusted for both sand layers, as described in Chapter 5 and Appendix A. The
adjustment of the cone resistance profile in the second sand layer is slightly different
since this layer obviously does not start at the surface and the cone resistance will
already have developed a certain value in the layer above and will start detecting the
second layer before it actually reaches this layer. To account for this the following steps
were taken:
− the steady state of the second sand layer was determined as discussed in
Chapter 5 and Appendix A;
− a value, close to the starting depth of the second layer, is subtracted from the
depth term in the suggested formula that takes into account the transition of
shallow failure to steady state deep failure. This value is decreased slightly
until a good fit between measured and interpreted cone resistance is found for
the full profile, which takes the transition between the layers into account.

Figure 6-9a shows the adjusted cone resistance profiles, which take the surface effects
of the different sized objects into account. Since the cone resistance in the clay layer is
low, the ‘detection’ of the sand layer has no real influence on the adjustment of the cone
resistance. It is clear however that the interpreted cone resistance for the 0.4 mm cone
reaches the steady state at a significantly smaller penetration depth than the interpreted
cone resistance for the 7 mm cone. For the back-calculations of the suction caisson
penetration resistance in this layer a kf_c-value of 0.0017 was used, based upon Equation
5.2 and an interface angle of 22°. Since the density state of the sand is dense, a kp-value
of 0.3 was used.
The T-bar results presented in Figure 6-9b were converted to shear strengths by using an
NT-bar value of 10.5. The solid grey line represents the interpreted shear strength profile
and the dotted grey line the back-calculated remoulded shear strength profile. The
equations for these profiles are displayed on the same graph. Note that the backcalculated remoulded shear strength is slightly lower than the measurements of qT-bar
and qT-bar, remoulded indicate. These measurements were believed to be upper bound values
(Randolph, 2008).
The unit weight was estimated to be 10 kN/m3 for the first sand layer, 8.0 kN/m3 for the
clay layer and 10.9 kN/m3 for the second sand layer. The permeability for 1 g conditions
of the sand layer, ksoil, was assumed to be 0.5x10-4 m/s (normal water as pore fluid) and
the combined overlaying sand and clay layer permeability, kplug, was assumed to be
1.0x10-6 m/s.

6-16

Suction caissons in sand as tripod
foundations for offshore wind turbines

The University of Western Australia
School of Civil and Resource Engineering

Back-calculations

Back-calculations for the installation resistance were made for Tests P5-2 (jacked) and
P5-4 (suction). These are presented together with the measurements in Figure 6-10. For
the suction installation both reduction methods were used to make a prediction.
The first graph in Figure 6-10 displays the normalised total resistance as P/γ'D. The
second graph focuses upon the actual suction penetration between a z/D-ratio of 0.6 and
0.85 and presents the normalised pressures p/γ'D. The symbols on the predictions
indicate maximum penetration for a given calculation method and are explained later in
this section.
The predicted total resistance for both the jacked installation and the suction installation
compare well with the measured total resistance (Figure 6-10a). As for the installation
in uniform sand; reduction of total resistance occurs when suction installation is used
instead of jacked installation. The prediction for the suction installation according to
Methods 1 and 2 are quite similar. It can be seen from the more detailed results in
Figure 6-10b, that the suction pressure during the suction penetration initially increases
slightly faster than predicted by Method 2, but thereafter converges to a value in
between the predicted values from Methods 1 and 2.
To predict the potential plug lift, calculations were made based upon the volume
continuity. Using this theory and the measured syringe speed, predictions could be made
for the installation and seepage speed. The recorded velocity measurements versus time
for test P5-4 are displayed in Figure 6-11a. Figure 6-11b presents the recorded and
predicted penetration versus time for this same test and results of the velocity
predictions according to Method 1 and 2 are shown respectively in Figure 6-11c and
Figure 6-11d. The measured response is reasonably close to those predicted using either
Methods 1 or 2. Methods 1 and 2 predict a significant increase in seepage velocity due
to plug heave starting at respectively 266 s and 263 s, whereas the measurements show
an increase of the seepage velocity at 263.5 s. The maximum penetration depth can be
calculated by integrating the penetration speed, allowing for any plug lift. This depth is
predicted to be 0.76D for Method 1 and 0.72D for Method 2 (Figure 6-11b). The
measured penetration was 0.74D. Note that full penetration without any plug heave
would be 0.79D.
6.5.2

Sand overlaid by calcareous silt (C-SuTS3, Gaudin et al., 2006)

Input parameters

The soil in Box C-SuTS3 consisted of a calcareous silt layer of approximately 23 mm,
followed by a medium dense sand layer. Unfortunately the calcareous silt layer was not
of uniform height throughout the box. The height of this layer was 23 mm at the
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location where test C-SuTS3-1 was performed and 20.5 mm at the location where test
C-SuTS3-2 was performed.
The soil classification tests in this box were performed in-flight with a 7 mm cone
penetrometer. The prediction of the suction caisson resistance in the sand layer, as
described in Chapter 5, requires a cone resistance measured with an object with a
similar width as the suction caisson wall thickness (here 0.6 mm). To reconstruct this
cone resistance, the same approach was used as described to adjust the measured cone
resistance in the second sand layer of Box P5. Due to the fact that the cone resistance in
the silt layer is already high, the ‘detection’ of the sand layer will have an influence on
the results and can lead to an averaging effect (large diameter cone) or a punch through
scenario (small diameter cone). This is schematised in this research by linearly
connecting the two back-calculated cone resistances at 1D before the sand layer and
1.5D after the sand layer. These values are based on back-calculations of the cone
profile for a 7 mm cone. The predicted cone resistance profiles for a 7 mm and 0.6 mm
cone are displayed in Figure 6-12a. For the back-calculations of the suction caisson
penetration resistance in this layer a kf_c-value of 0.0017 (Equation 5.2 and an interface
angle of 22°) and a kp-value of 0.5 (medium dense) were used.
Gaudin (2007) noticed that the calcareous silt mixed with silicon oil did not behave as
normal text book materials like clay and sand. One of the observations was that the
material was very sticky and may well have responded in an undrained manner during
the cone test. The non dimensionless indicator whether a test is performed drained or
undrained is the vd/cv-coefficient, in which v is the velocity of penetration, d the
penetrating object width and cv the coefficient of consolidation. Since most cone
penetration test with the 7 mm cone diameter were performed at a rate of 0.06 mm/s, the
vd/cv-coefficient should be very similar to the vd/cv-coefficient of the suction caisson
wall (0.6 mm) penetrating at 0.5 mm/s. The cv-value for this silt layer saturated with
silicon oil tested at 100 g is estimated to be in the order of 2 m2/yr, based on a soil
stiffness, Eoed, of 0.5 MPa, a permeability with silicon oil, k, of 0.1x10-6 m/s at 100 g
and an effective unit weight, γ', of 8 kN/m3. This implies the vd/cv-coefficient is in the
order of 5, which indeed indicates that it is close to undrained behaviour. To use a shear
strength profile to calculate the resistance therefore seems to be justified. However, no
shear strength measurements were performed on this material and the only soil
measurement available was the cone resistance. To determine the shear strength profile
of the calcareous silt layer, su, the measured cone resistance, qc, was divided by a Nkvalue. The theoretical Nk value for a circular object penetrating clay of uniform shear
strength depends on the relative penetration depth, z/D, and starts at 6.2 at the seabed
and increases to 8.5 at 23 mm for a 7 mm cone. The shear strength profile backcalculated with these Nk-values starts with 11 kPa at seabed and increases to 360 kPa at
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23 mm (2.3 m prototype). This profile is shown in Figure 6-12b. Note that the shear
strength calculated with these theoretical Nk-values is significantly higher than if it were
to be calculated with a fixed Nk-value between 10 and 20, as is typical for carbonate
clays. However, since the tip resistance of a suction caisson is, in the back-calculations,
determined by multiplying the shear strength with an Nk-value for a strip object, the end
result for end bearing should be the same whichever shear strength profile is used. The
friction is calculated by multiplying the shear strength with an interface value, α, which
is in this thesis taken as equal to 1 divided by the soil sensitivity, St. The sensitivity of
the silt layer, St, was based upon back-analysis and determined to be 5. Although this
sensitivity value seems high, it means that it is equivalent to a kf_c-value of 0.03 (≈ [St
Nk]-1), which is a typical value for silts. Note that another approach could have led to the
same results if the Nk-value would have been taken higher and the sensitivity, St, lower
than described above.
Examination of Figure 6-12b shows that this calculated shear strength initially increases
proportionally with the cube of the depth, but this stops around 15 mm (1.5 m
prototype), i.e. one cone diameter before the sand layer. The 7 mm cone detects from
this point onwards the softer sand layer and will measure a lower resistance. The
measured cone resistance from 15 mm to 23 mm is therefore believed not to be reliable
as a measurement for the shear strength of the silt layer. To neglect this measured
punch-through scenario and avoid using the measured cone resistance at the lower part
of the silt later, the shear strength profile of the calcareous silt was continued all the way
to the sand layer. This meant that the shear strength would go from 11 kPa at seabed to
713 kPa at 23 mm (Figure 6-12b).
If this interpretation of the punch-through scenario is correct, it should also be picked up
during the jacked installation tests. The thin wall thickness should detect the
underlaying sand layer at a deeper depth and resistance between 15 and 23 mm should
still be increasing before it drops, when the caisson wall detects the weaker sand layer.
This scenario can indeed be seen in Test C-SuTS3-1 (Figure 6-4) and gives confidence
that the high shear strength value at 23 mm is appropriate.
The effective unit weight was estimated to be 8 kN/m3 for the calcareous silt layer and
10 kN/m3 for the sand layer. The permeability for 1 g conditions of the sand layer, ksoil,
was taken as 1.0x10-6 m/s (100 cSt silicon oil as pore fluid) and for the overlaying silt
layer, kplug, was assumed to be 10 times lower than the sand layer (0.1x10-6 m/s).
Back-calculations

The results of the installation resistance back-calculations for Tests C-SuTS3-1 (jacked)
and C-SuTS3-2 (suction) are presented together with the measurements in Figure 6-13.
Figure 6-13a displays the normalised total resistance, P/γ'D, for the measured and
6-19

Suction caissons in sand as tripod
foundations for offshore wind turbines

The University of Western Australia
School of Civil and Resource Engineering

predicted values of tests C-SuTS3-1 and C-SuTS3-2. Figure 6-13b presents the
measured and predicted normalised pressure, p/γ'D, versus normalised depth for test CSuTS3-2.
Figure 6-13a shows that the predicted total resistance for the jacked installation
compares relatively poorly with the measured total resistance, but the suction
installation prediction compares well with the measured resistance. Note that the
calcareous silt layer was not the same height all over the box, which has been taken into
account in the calculations. The silt layer for the jacked test, C-SuTS3-1, was taken in
the calculations as slightly higher than for test C-SuTS3-2 (23 mm versus 22 mm).
Therefore the total resistance of the jacked test will be higher than for the suction test.
However, it can also be seen that the gradient of total resistance increase in the sand
layer for the jacked test is higher than for the suction installation test. With the given
profiles of cone resistance, qc, and shear strength, su, the prediction of the jacked
installation does not match with the measurements. With small adjustments to these
profiles the prediction can be improved. However, this was not done, since it will also
influence the predictions of the suction installation. In reality the small changes could
physically exist in the box. This indicates that sensitivity calculations are worthwhile
doing for installations in these kinds of soil conditions.
In Figure 6-13b it can be seen that the predictions for the suction installation (Test CSuTS3-2) according to Methods 1 and 2 are very similar. The calculation of the pressure
generation (and pressure release) in the clay layer is slightly sensitive to the time step
used in the calculation. When the caisson reaches the sand layer the initial predicted
values are higher than the measured values. This is caused by the fact that the
installation was stopped during the test and all pressures went back to zero. This was not
included in the back-calculations. The suction pressure during the remainder of the
suction penetration is very similar to the predictions with Method 1 and slightly higher
than the predictions with Method 2.
Although it was anticipated that the installation mechanism for these soil conditions did
not include plug heave, predictions of velocities versus time were made for test CSuTS3-2. These predictions and measurements versus time are shown in Figure 6-14,
which shows that the measurements and predictions are very similar.
In reality no direct plug heave measurement was performed, but by using the presented
formulae, the calcareous silt plug is predicted to start moving upwards when the suction
pressure exceeds, pplug. For the given soil conditions this corresponds to a pressure of
44 kPa (p = 0.36γ'D). This is reached after a penetration of around 47 mm (=0.39D).
From Figure 6-14b it can be interpreted that with both Methods 1 and 2 the plug heave
should be equal to the full penetration (= 0.50D) minus the back-calculated penetration
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(= 0.48D), e.g. 0.02D. This predicted plug heave is small, due to the fact that the
permeability ratio between the silt and sand is assumed to be as low as 10 and the
seepage through the sand layer will be therefore similar in magnitude to the seepage
through the silt layer. In reality a small change in permeability ratio during the
installation process would be sufficient to give similar amounts of seepage through both
layers and hence no plug heave.
6.5.3

Conclusions

The determination of the soil parameters for the centrifuge tests performed in layered
soils is not straightforward. The measured cone resistance in the sand layers had to be
converted to represent measurements for a 0.4 or 0.6 mm cone instead of the 7 mm cone
used. The determination of the shear strength profile and sensitivity in the clay layer
was based on the T-bar test. A shear strength profile was estimated for the calcareous
silt layer based on the measured cone resistance. A value for the sensitivity was backcalculated.
With the appropriate input soil parameters it was possible to back-calculate penetration
resistances which compare reasonably with the measurements for both the jacked and
the suction installation. The predictions made for the installation and seepage speeds
also compare well with the measurements. The predictions made with Method 2 give
similar results to the predictions made with Method 1, which implies that the
simplifications are justified. Both methods can be used to quantify the amount of
possible plug heave for the soil consisting of sand overlain by clay. Where the soil is
overlain by a layer that does not behave as a solid plug, the predicted plug heave does
not have any physical meaning. In those soil conditions it is anticipated that instead of
plug heave, a redistribution of grains occurs in the top layer, which results in an increase
of permeability of the top layer (liquefaction). Ideally the seepage prediction method
should be modified to describe this liquefaction mechanism more accurately, although
the current proposed prediction method gives a reasonable prediction as it stands.
Predictions were also made for the other 29 centrifuge tests performed in strongboxes
with layered soils. They showed a similar degree of agreement between measurements
and predictions as was shown for the presented tests.
It can be concluded that, with appropriate input parameters, the comparison between the
prediction method and the centrifuge tests data is reasonably good. This gives
confidence that the prediction method can be used to predict the suction caisson
installation process in layered soils.
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COMPARISON WITH EXTERNAL TESTS
Published data

Published data regarding installation of suction caisson in sand overlain by clay are rare.
Tjelta et al. (1990) reported results of a large scale field trial in a soil profile comprising
interbedded clay, clayey sand and sand. This field trial was performed to investigate the
penetration resistance of 22 m high concrete skirts with suction for Gullfaks C. The
trial showed that suction reduced the inside wall friction in the sand significantly, but
the published data are not sufficient to make a back-calculation with the proposed
method.
The only detailed data available in the public domain describing a full scale suction
caisson installation in layered soil are believed to be the data regarding the Calder Field
installation (Heuvel and Riemers, 2005). This test will be discussed in the next section.
6.6.2

Calder

Suction Pile Technology (SPT) installed for Burlington Resources Ltd a suction pile
based SIP II platform in the Calder Field, East Irish Sea (Heuvel and Riemers, 2005).
The Calder suction foundation consists of four 9.25 m in diameter caissons, penetrating
up to 5.5 m into the seabed. The wall thickness was not reported, but was estimated by
back-calculations to be 25 mm.
The upper soils consisted of an approximately 1.5 m thick loose silty sand layer
underlain by a very dense fine to medium sand layer followed by a gravelly layer. The
permeability of these three layers were assumed to be respectively 2x10-5 m/s,
4x10-5 m/s and 1x10-2 m/s (Heuvel and Riemers 2005). A cone resistance profile of this
soil profile is presented in Figure 6-15. The effective unit weight was assumed to be
9 kN/m3 for the silty sand layer and 12 kN/m3 for the sand layer. Penetration of the
gravelly layer starting at 5.7 m below seabed was avoided in order to prevent expected
suction installation refusal. Local water depth was 29 m plus 8 m tide. Installation took
place in 5.5 hours, which means that the pump must have pumped approximately
0.015 m3/s for each caisson. The normalised suction pressure versus the normalised
penetration can be seen in Figure 6-16. Based on carefully monitoring the suction
installation process, e.g. pump flow rates and pump electrical current gauges, it was
concluded that no soil plug liquefaction or excessive soil heave occurred during
installation (Heuvel and Riemers, 2005).
Three scenarios were described by Heuvel and Riemers (2005), all of which included
liquefaction of the silty sand layer on top. This compares with Mechanism 3 of Table
6-1 and not with Mechanism 4 on which the prediction method is based. A backcalculation is nevertheless made with the prediction method to quantify how much the
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plug uplift would have been if the top layer had not liquefied but acted as a solid clay
plug. Since the resistance of this top layer is very low and the pressure to liquefy the top
layer (≈ γ'Lplug) in this example is expected to be similar to the pressure to lift up the
plug (≈ [γ'+4αsu/D]Lplug), the back-calculation is also used to verify whether results
compare with measurements.
To determine whether the penetration of the 25 mm thick suction caisson at a speed of
0.3 mm/s occurred under drained or undrained conditions the cv-value is this silt layer
saturated had to be estimated. Based on a soil stiffness, Eoed, of 0.5 MPa, a permeability,
k, of 2x10-5 m/s and an effective unit weight, γ', of 9 kN/m3, it is estimated to be in the
order of 35000 m2/yr. This implies a vd/cv-coefficient is in the order of 6x10-4, which
indicates drained behaviour. To calculate the drained unit friction and drained unit end
bearing of the silt layer the cone resistance method was used. The cone resistance
factors, kp and kf_c were taken respectively as 0.6 (loose) and 0.02 (Equation 5.2 and δ of
22°) for this silt layer. The contribution of resistance from this layer is however so small
that a variation to these numbers (or even using shear strengths) would not make a
noticeable difference in the calculated results. The plug heave pressure was also
calculated by making use of the cone resistance method and the unit weight of this top
layer. Since the resistance is so small, the plug heave pressure is completely governed
by the unit weight, taken as 9 kN/m3. To present a ‘measured normalised total
resistance’ the self weight of 6.6 MN (equivalent to P = 0.88γ'D) was added to the
differential pressures of all four cans.
Figure 6-17a displays the normalised total resistance as P/γ'D for the measured and
predicted values for the suction caisson installation. As can be seen, the predicted total
resistance is similar in magnitude to the measured total resistance, although not exactly
the same. The prediction for the self weight penetration under predicts the real
penetration just as for the Draupner example considered in Chapter 5.
Figure 6-17b presents the measured and predicted normalised pressures p/γ'D versus
normalised depth. Predictions with Method 1 are displayed by the smooth black line,
whereas the predictions with Method 2 are displayed by the dotted black line.
Measurements are displayed by the rough grey line. The predictions for the suction
installation according to Methods 1 and 2 are very similar and vary only in the initial
suction penetration. Predictions according to Method 1 are slightly better than the
predictions with Method 2.
If the silt layer acted as a solid clay plug it would start to heave when the pressure
difference over this layer reached the heave pressure, pplug, of 9 kPa (= 0.1γ'D), i.e. very
early in the installation process. The predicted plug heave would then be in the order of
0.75 m. It is clear that this did not happen during the real installation and that it is more
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likely the top layer liquefied instead of a uniform upwards movement. Liquefaction
would not lead to a measurable plug heave, but would increase the permeability of the
silt layer.
This back-calculation quantifies how much plug uplift would have occurred if the top
layer had behaved as a solid clay plug. This information can be used in risk analyses
before the actual installation. Although the back-calculation method does not describe
the mechanism that occurred (plug uplift instead of liquefaction) it reproduces the
measured resistance during suction installation. This is caused by the fact that for this
example the pressure needed to liquefy the top layer is very similar to the pressure
which would have been necessary to lift the ‘clay plug’. It is however recommended to
develop a prediction method focused specifically on liquefiable materials.

6.7

CONCLUSIONS AND RECOMMENDATIONS

This chapter has considered suction caisson installation in layered soil profiles, where a
less permeable layer overlies a sand layer. A prediction method is presented which can
be used to calculate the penetration resistance during installation for such a soil profile.
Furthermore the prediction includes a method to quantify the possible amount of plug
heave in soil profiles where plug heave is expected. According to the theory used in this
method, the risk of plug heave can be lowered by fast suction installation instead of
slow.
The prediction method makes use of existing prediction methods for caisson installation
in clay and sand. To calculate the installation resistance and any required pumping
pressure within the clay layer, it is recommended to follow the approach presented in
Andersen et al. (2005). This method is based on frictional and bearing resistance
estimated from the shear strength and sensitivity of the clay. The calculation method
proposed in Chapter 5 is recommended to be used to predict the resistance and pumping
requirements in the sand layer.
To predict the jacked resistance in layered soil these methods can simply be combined.
However, to predict resistance during suction installation assumptions have to be made
regarding the pressure distribution over these two layers. This will lead to different
ways of calculating the resistance reduction in the sand layer. In this thesis two methods
are proposed. Method 1 predicts a reduction of the penetration resistance in a bi-linear
method. Firstly the reduction is based on the differential pressure over the plug and the
influence this has on the vertical stress inside the caisson. After the differential pressure
over the plug reaches a limit named pplug, the reduction is similar to that for a purely
sand profile. The reduction in resistance according to Method 2 is a simplification of
Method 1 and involves a linear reduction based on the ratio of applied pressure, p1, to
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the maximum allowable pressure, pcrit + pplug. To be able to make predictions versus
time and quantify the amount of plug heave, a volume continuity is used similar to that
presented in Chapter 5.
Predictions were made for several centrifuge tests and one full scale suction caisson
installation. It was found that the predictions according to Method 1 and Method 2 were
very similar and describe the measured data well. For the suction installation in layered
soils with clay on top, the proposed method explains the measured increase in seepage
during plug heave and predicts it accurately. Plug heave estimates can be extrapolated
from these predictions. As the calculations with Method 2 are significantly simpler and
the results very similar it is recommended to use that approach.
This research did not focus on the liquefaction mechanism, although this mechanism
occurs in reality and is treated with caution by suction caisson designers like SPT.
Further research is needed in this area to modify the prediction method for this kind of
soil profile.
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CHAPTER 7. UPLIFT OUT OF UNIFORM SAND
7.1

INTRODUCTION

This chapter describes the development of a new prediction method to calculate the
forces generated during uplift of a suction caisson from uniform sand. The prediction
method provides a good understanding of the behaviour during uplift of a suction
caisson in dense sand in terms of total uplift force as a function of depth and
displacement. The method can also be used to investigate how the different components
of this uplift force, i.e. friction, reverse end bearing and differential pressure develop
over time.
After describing the need for a new prediction method regarding the uplift force of a
suction caisson, three points are discussed which are present in existing design methods
for uplift capacity, namely: ratio of tensile and compressive unit friction, influence of
uplift speed on uplift force and importance of the reverse end bearing capacity.
Furthermore the findings from the centrifuge tests results are discussed. Thereafter the
development of the new prediction method for suction caisson uplift in very dense sand
is described. The new prediction method is compared with the results of UWA
centrifuge tests for suction caissons in very dense sand displaced upwards at different
rates. Furthermore back-calculations are made for the uplift of a suction caisson with a
1.5 m diameter at the Luce Bay site and the uplift of scaled suction caissons at the
University of Aalborg and at Oxford University. At the end of the chapter some
conclusions and recommendations are made.

7.2

NEED FOR NEW PREDICTION METHOD FOR UPLIFT

It was identified in Chapter 3 that the uplift capacity of a suction caisson typically
governs the design of suction caissons beneath a tripod foundation for an offshore wind
turbine. As is shown schematically in Figure 7-1 the two extreme theoretical uplift
capacities consist of either pure frictional resistance (Figure 7-1a; drained) or resistance
based purely on reverse end bearing (Figure 7-1b; undrained). The latter resistance is
much larger than the former, but also needs more displacement to develop. The real
uplift capacity will typically lie in between these two theoretical situations and is
normally referred to as the partially drained capacity.
A way of calculating the maximum tensile capacity of suction caissons in clay, which
depends on uplift speed, caisson dimension and the coefficient of consolidation is
described in Deng and Carter (2000). It is now generally accepted that sustained loading
of suction caissons in clay loaded constantly in tension have a pure frictional resistance
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(drained), whereas suction caissons in clay loaded only for a wave period in tension
have a resistance that exceeds the reverse end bearing (undrained) capacity. For suction
caisson uplift in sands it is more important to quantify exactly the period of the tensile
loading, as drained, partially drained and undrained capacities can all occur in loading
periods up to 20 s. Several authors (Rapoport and Young, 1985; Bye et al., 1995; Feld,
2001; Houlsby et al., 2005b; Houlsby et al., 2006) have discussed the tensile capacity of
suction caissons in sand, but most of them do not present a complete theory regarding
the calculation of this uplift force and how uplift speed and soil consolidation properties
influence the uplift capacity.
An exception is the work of Houlsby et al. (2005b) who present a complete theory based
on scaled uplift tests performed at Oxford University. However, the same authors
ultimately recommend to ignore any design tension capacity of the caisson and check
for an adequate overall factor of safety (DTI, 2005). This recommendation will lead to a
too conservative and therefore more expensive design of the foundation, since assuming
no tensile resistance means the whole sub-structure needs to be enlarged or extra ballast
needs to be included compared with the real situation which includes some tensile
resistance due to friction and differential pressure.
In order to achieve a more economical foundation design for an OWT, a reliable
prediction method should be developed which does not neglect the uplift force
completely. This prediction method should provide a better understanding of the
behaviour during uplift of a suction caisson in dense sand, not only in terms of total
uplift force as a function of depth and displacement, but also how the different
components of this uplift force, such as friction, reverse end bearing and differential
pressure develop over time.

7.3

LESSONS FROM EXISTING UPLIFT METHODS

The danger in designing any foundation which is loaded in tension is that once the
ultimate design load is exceeded, there is nothing to stop the foundation from coming
completely out of the soil. With a foundation loaded in compression extra settlement
might occur, but typically equilibrium of forces will be reached again. It is therefore
logical to use a higher factor of safety for foundations loaded in tension than for
foundations loaded in compression.
Statistical analyses of predicted and measured pile capacities (CUR, 2001b; Jardine et
al., 2005; Lehane et al., 2005) indicate that it is more difficult to develop a design
method to predict the tensile capacity of piles than the compression capacity of piles.
Therefore it is believed to be very challenging to develop an accurate method that
predicts the tensile capacity of a suction caisson.
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Although recent prediction methods for tensile capacity of piles are based on the cone
resistance profile (CUR, 2001a; CUR, 2001b; Jardine et al., 2005; Lehane et al., 2005)
most of the commonly used methods to predict the tensile capacity of suction caissons
are still based upon a traditional approach, expressing the frictional resistance in terms
of the effective overburden stress and estimated earth pressure coefficient and interface
friction angle. The cone resistance may be linked directly to the frictional resistance for
caisson uplift.
Three other factors that are used in existing uplift methods are discussed in the
following sections, namely:
− the relationship between tensile and compressive unit friction;
− the influence of the uplift speed;
− the importance of reverse end bearing capacity for suction caisson uplift in
sand.

The lessons learned from these topics will be used eventually to develop a new design
method for uplift.
7.3.1

Relationship between tensile and compressive unit friction

The difference between unit friction in compression and tension loading has been
investigated more extensively for foundation piles than for suction caissons. It is
generally accepted that the limiting shaft friction in tensile and compressive loading of a
foundation depends on the direction of loading. One factor is that the compressive
loading tends to increase and tensile loading tends to decrease the mean stress level in
the soil. Since unit friction in sand depends on the effective stress level, it is therefore
logical that the unit friction for compressive loading should be higher than for tensile
loading.
Many design codes (API, 1979; DNV, 1992; CUR, 2001b; API, 2000; ISO, 2004;
Jardine et al., 2005) and several papers (De Nicola and Randolph, 1993; Bye et al.,
1995; Lehane et al., 2005; Houlsby et al., 2005b) propose ratios between compressive
and tensile unit friction. Only two publications focus specifically on suction caissons
(Bye et al., 1995, Houlsby et al., 2005b). An overview of the different ratios is given in
Table 7-1.
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Table 7-1. Ratios of tensile and compressive unit friction according different references
Method
API prior
2000
API 2000

(API, 2000)

DNV

(DNV, 1992)

ISO

(ISO, 2004)

NEN

(NEN, 1991)

CUR

(CUR, 2001b)

IC method

(Jardine et al.,
2005)
(Lehane et al.,
2005)
(De Nicola
and
Randolph,
1993)
(Bye et al.,
1995)
(Houlsby et
al., 2005b)

UWA
De Nicola
&
Randolph
Bye et al.
Houlsby et
al.

Reference
(API, 1979)

Used for
Long pipe
piles
Long pipe
piles
Long pipe
piles
Long pipe
piles
Long pipe
piles
Long pipe
piles
Long pipe
piles
Long pipe
piles
Long pipe
piles

Ratio
-0.71

Remarks
Variation in K coefficient

-1.00

Use of same K coefficient

-0.63

Variation in K coefficient

-0.71 / -0.88

Variation in K coefficient

-0.53

Variation in kf factors

Approx. -0.56

Variation in formulae

Approx. -0.80

Variation in formulae

-0.75

Fixed ratio

Approx. -0.60

Ratio depending on L/D ratio and
pile stiffness

Suction
caissons
Suction
caissons

-0.33

Based on suction caisson uplift
tests (Bye et al., 1995)
Variation depending on direction
of loading and distribution friction.
Developed for the use of suction
caissons

Varying.
Typical range
from [-0.20 to
-0.80]

This table shows for instance that the API code prior to 2000 had a fixed ratio between
compressive and tensile loading for pipe piles of -0.71, but that the current code has a
fixed ratio of -1.0. In these design codes this is expressed in different values for the in
situ earth pressure ratio, K (Kc=0.7 and Kt=0.5 for the older API codes and Kc=0.8 and
Kt=0.8 for the current API code). The De Nicola & Randolph method was developed for
pipe piles with an L/D ratio between 5 and 100 and includes the effect of expansion and
contraction of the pile and the effect of the direction of the loading. For suction caissons
with a very low L/D ratio any expansion or contraction is negligible, but the changes in
mean stress is significant. The ratio presented in Table 7-1 is based on an L/D ratio of 1.
The friction ratio calculated by the Houlsby et al. method depends not only on the value
of L/D, but also on other input parameters such as the interface angle, δ, the in situ earth
pressure ratio, K0, and the influence zone of the friction defined by the coefficients, fi, fo
and m.
Figure 7-2 shows four of the proposed ratios of tensile and compressive friction as a
function of the L/D ratio. As shown in Table 7-1 there is a wide variation in the
proposed ratios. The UWA method (Lehane et al., 2005) and the Bye method (Bye et
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al., 1995) proposed values of -0.75 and -0.33 respectively, independent of L/D,
reflecting uncertainty of more than 100%. The friction ratios presented in Figure 7-2 as
a function of L/D ratios calculated with the De Nicola and Randolph method are based
on an interface friction angle of 25°, an elasticity of the steel pile of 20x103 MPa, a steel
Poisson’s ratio of 0.3 and shear modulus of soil varying proportional with depth,
1z MPa. The ratios calculated with the Houlsby et al. method (Houlsby et al., 2005b) are
based on an interface friction angle of 25°, influence zone coefficients of fi=fo=1 and
m=2, an elasticity of the steel pile of 20x103 MPa, an effective unit weight, γ', of
10 kN/m3 and an in-situ earth pressure ratio, K0, of 0.8. The ratio presented as
‘proposed’ will be discussed later on in this chapter. It can be concluded that there is no
consensus about the magnitude of the friction ratio, except that the papers proposing the
ratios for suction caissons are suggesting lower values (in the order of -0.35) than the
papers and design codes for long pipe piles (in between -0.5 and -1).
7.3.2

Influence of uplift speed

Figure 7-3 shows test results for suction caisson uplift out of sand at different uplift
speeds (Feld, 2001). It can be seen that the total resistance increases with increasing
uplift speed, which was also reported by Bye et al. (1995) and Houlsby et al. (2005b).
This relationship can simply be explained by Darcy’s law, which states that the velocity
of water seeping through the sand is linearly related to the differential pressure. A
higher uplift speed will therefore lead to a higher differential pressure and a higher
uplift force, up to the limit of full reverse end bearing failure or cavitation.
Feld (2001) described the phenomena of different uplift forces for different uplift
speeds, by dividing the speeds in 3 categories: slow, medium and fast. A different shear
strength profile was attributed to each of these categories. A simple calculation thus led
to different predictions of uplift capacities depending on the uplift speed.
Houlsby et al. (2005b) linked sustainable differential pressure to the permeability of the
soil, by means of a factor F, which coupled the suction to the displacement rate by
making use of Darcy’s law and results from finite element analyses. This factor varied
with penetration ratio, L/D, and depended on whether normal flow conditions (FN) or
liquefaction conditions (FL) exist, as described in Chapter 2.
Both methods give an indication of the total uplift force, and predict that faster uplift
leads to higher uplift forces. The Houlsby et al. prediction method is theoretically based
whereas Feld’s method is empirically based. However, neither method indicates what
displacement is necessary for the maximum uplift force. This is important in design
where it is necessary to ensure that the uplift capacity can be developed within the
operational displacement limit.
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Importance of reverse end bearing capacity in sand

For operational purposes, allowable displacements are typically less than 20 to 30 mm.
Where the reverse end bearing capacity cannot be developed within such a
displacements, the value of reverse end bearing becomes less important (Houlsby et al.,
2005b).
The development of (compressive) end bearing also requires significant displacement of
the foundation, typically around 10% of the caisson diameter (DNV, 1992; API, 2000).
For suction caissons with a 6 m diameter this would mean a 600 mm displacement,
which is significantly larger than the previous mentioned 20 to 30 mm. Since the
effective stresses during an uplift test will be lower than for a compression test, it is
believed that the development of reverse end bearing capacity of a suction caisson in
sand requires at least as much displacement as that for the development of (normal) end
bearing capacity. Tests performed at a relatively high uplift rate (Houlsby et al., 2005b)
showed indeed that the development of a high differential pressure required
displacements ranging from 10 to 23% of the caisson diameter.
It can be concluded that the displacement necessary to mobilise the total reverse end
bearing capacity, fall typically outside the allowable displacements during operations.
Only by developing a calculation method that includes a load-displacement curve, can it
be verified how much of the reverse end bearing can be taken into account.

7.4

FINDINGS OF THE CENTRIFUGE UPLIFT TESTS

During all 44 centrifuge tests at 100 g in silica sand the suction caissons were subjected
to uplift. These uplift tests were typically performed by pulling the suction caisson out
of the soil at a pre-determined uplift rate. A total of 8 tests were fully extracted during
cyclic loading and these measurements were not used to determine the uplift resistance.
To achieve drained uplift, the caisson was either vented or the uplift was performed at a
very slow pull-out rate. The caisson was sealed and a fast uplift rate was used to achieve
a partly drained uplift. Measurements during uplift included time, load, vertical
displacement and internal and external pore pressures.
Figure 7-4 shows the results of four of these uplift tests. Figure 7-4a shows the complete
push-in and pull-out of Test 8-1. The other 3 graphs of Figure 7-4 show a magnification
of the initial uplift phase for Tests 6-1, 6-2 and 6-3 for the total load (Figure 7-4b), the
frictional load (Figure 7-4c) and the differential pressure load (Figure 7-4d). To
facilitate comparisons between these latter three tests, the starting points were all set at
zero displacement when the measured load was zero.
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Compression versus tension

Test 8-1 comprised of pushing in an open suction caisson (60 x 60 x 0.3 mm) in silica
sand at a speed of 0.1 mm/s and then pulling it out at the same speed. During the pushin installation the caisson was also subjected to a pull-out of 5 mm after every 10 mm
penetration.
Figure 7-4a presents the measurements of this test and it can be seen that:
− the measured pull-out resistance during the installation phase is similar as
during the pull-out phase;
− the maximum push-in resistance (compression) is significantly larger then the
maximum pull-out resistance (tension);
− by focussing on the displacement between maximum compressive loading and
maximum tensile loading it can be seen that the load displacement curve is
linear.

The main difference between the push-in and pull-out resistances is the value of the
end-bearing component of the suction caisson rim. With the equipment used it is
unfortunately impossible to separate the frictional component from the end-bearing
component. However, generally the end bearing component during the push-in phase is
believed to be the major contribution of the resistance (see Chapter 5), but during the
pull-out phase the contribution is believed to be near zero.
These measurements do not directly show whether friction during compressive loading
is higher than during tensile loading. To make that assessment, an assumption has to be
made regarding the end bearing component. This can for instance be done by using the
formula presented in Chapter 5, to calculate the frictional components.
7.4.2

Speed of uplift

One of the reasons to perform the centrifuge tests was to verify the effect of the uplift
speed upon the uplift resistance. Figure 7-4b shows the total resistances of Tests 6-1, 62 and 6-3. The uplift speed of Tests 6-1 and 6-2 was 0.1 mm/s and 0.5 mm/s for Test 63. Since Test 6-1 was performed with an open caisson lid it was representing a fully
drained uplift or in other words an infinitely slow pull-out test. Taking this into account
and investigating Figure 7-4b, it can be concluded that the total resistance increases with
increasing pull-out speed (1.13γ'D, 1.63γ'D, 2.45γ'D for respectively infinitely slow,
0.1 mm/s and 0.5 mm/s). This increase in resistance with increasing pull-out speed is
consistent with the findings of Feld (2001), Bye et al. (1995) and Houlsby et al.
(2005b).
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To investigate the increase of the resistance with increasing uplift speed further, the
measured total resistance was divided into two components: frictional resistance and
differential pressure resistance. The end bearing resistance during uplift was assumed to
be zero. To calculate the resistance due to differential pressure, the measured
differential pressure was multiplied by the caisson area. The friction resistance was then
calculated by subtracting this differential pressure resistance from the total resistance.
This led to Figure 7-4c (frictional resistance) and Figure 7-4d (differential pressure
resistance).
It is apparent in Figure 7-4c that the frictional resistance is the largest for the drained
uplift (slowest pull-out speed). The frictional resistance for the uplifts at 0.1 and
0.5 mm/s both give a slight peak before reaching a more or less constant value of about
half the drained frictional resistance.
Figure 7-4d shows that the differential pressure becomes larger with increasing pull-out
speed. No differential pressure develops during the drained uplift (Test 6-1), as
expected. The undrained uplifts generated differential pressures of approximately 1γ'D
and 1.75γ'D for 0.1 mm/s and 0.5 mm/s uplift velocity respectively. If the developed
differential pressure was purely related to the uplift velocity the measured values should
be a factor of 5 apart. This is not the case and is caused by cavitation, which started to
occur at a differential pressure of 1.75γ'D (= 107 kPa). This value of cavitation pressure
is lower than expected, since the ambient fluid pressure at the caisson lid is
approximately 60 kPa (which would indicate a cavitation pressure of 160 kPa), but was
very consistent over all tests that reached cavitation (see also Section 7.6.1).
7.4.3

Friction development

The development of the frictional resistance is very similar in all 3 tests and nearly
linear until it reaches its peak value (Figure 7-4c). The linear increase is approximately
750γ'D per D. This linear behaviour is the same in compression as in tension and seems
not to be influenced by the uplift speed.
For Test 6-1 the friction stays more or less constant during further pull-out, but for both
Test 6-2 and 6-3 the friction resistance drops to about 50 to 60% of the frictional
resistance measured in Test 6-1.
7.4.4

Differential pressure development

The measured development of the differential pressure is different for all tests (Figure
7-4d). No development is measured during Test 6-1 and in Test 6-2 the differential
pressure initially develops to 0.25γ'D whereafter the value stays constant for a while. It
then increases at a rate of 400γ'D per D. Test 6-3 develops more steadily with a very
similar gradient of 333γ'D per D. There is not much difference between these values and
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it seems that the development of the differential pressure is not directly related to the
uplift speed. By comparing these gradients to the gradients found in Section 7.4.3 it can
be concluded that the development of the differential pressure occurs at a slightly
slower rate than the development of the friction.

7.5

DEVELOPMENT OF UPLIFT METHOD IN SAND

From the previous sections it can be concluded that if an open suction caisson in dense
sand is extracted slowly, a drained situation occurs where the friction acting upon the
inside and outside of the caisson is the only resistance contributing to the total uplift
resistance. However, when a closed suction caisson is extracted, a partly drained
situation occurs where a differential pressure will develop, which will add to the total
uplift force. The magnitude of this differential pressure depends on the displacement,
the permeability of the soil and the uplift speed, and to a lesser extent on the embedment
ratio, L/D. A method should be established that includes the permeability of the soil, the
speed of uplift and the stiffness of the soil plug to calculate the generation of the
differential pressure.
To develop this new method it is important to be able to:
− predict the initial load-displacement behaviour (Section 7.5.1);
− predict the maximum resistance during extremely fast uplift of a closed caisson
(undrained capacity) (Sections 7.5.1 and 7.5.2);
− predict the friction during slow uplift of an open caisson (drained capacity)
(Section 7.5.3);
− predict the friction during uplift of a closed caisson (partly drained capacity)
(Section 7.5.4);
− develop a way to include the effect of seepage into the gap between soil plug
and suction caisson lid (Section 7.5.5);
− develop a way to calculate the development of the differential pressure
(Section 7.5.6);
− develop a model that links together the uplift resistance, caisson displacement,
seepage, plug uplift and pressure build up (Section 7.5.7).

Section 7.5.8 describes how the developed model can be used to make predictions and
back-calculations.
7.5.1

Initial load-displacement behaviour

Figure 7-5 shows three load-displacement curves for pull-out of suction caissons at
different speeds and with different failure mechanisms. It is apparent that the initial
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load-displacement during all three load-displacement curves is assumed to be elastic,
with the same stiffness as during the compressive loading. This assumption compares
with the theoretical model for load-displacement as presented by Doherty and Deeks
(2003) and Doherty et al. (2005) and is confirmed by measurements as shown in Figure
7-3 and Figure 7-4.
This research did not include a specific investigation into the correctness of the Doherty
and Deeks method, but since this theoretical model is believed to be the best available
(see Chapter 2), it is recommended to use it in the new design method. This implies that
the initial load-displacement according to the new method will depend on the caisson
diameter, the caisson stiffness and the soil shear modulus at a depth of half a diameter,
Gr.
For completeness the main equations for this method are repeated below. The tensile
resistance, Rt, depends on the displacement, z, and can be calculated according to:
Rt = K V Gr 0.5Dz

(7.1)

in which the soil shear modulus of the soil at a depth of 0.5D, Gr, is used to describe the
shear modulus of the whole soil profile according to:
α

⎛ z ⎞
G ( z ) = Gr ⎜
⎟
⎝ 0.5 D ⎠

(7.2)

and the dimensionless stiffness coefficient, Kv, depends on the suction caisson
dimensions according to:
K 0 + (J / J m ) K ∞
p
1 + (J / J m )
p

KV ( J ) =
with
J=

Es wt
Gr 0.5 D

Jm = J

at

(7.3)
K=

K0 + K∞
2

More information regarding the Doherty and Deeks method can be found in Chapter 2
(Doherty and Deeks, 2003; Doherty et al., 2005).
In Chapter 2 it was also described that the real load-displacement behaviour will not be
purely elastic and will include plastic displacements. Design codes such as API and
DNV suggest that the total load-displacement behaviour depends on the combination of
t-z and Q-z curves. Since for typical suction caissons of 6x6 m the end bearing will be in
the order of 95% of the total resistance, the total load-displacement curve will follow
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more or less the Q-z curve. The Q-z curve suggests a maximum for the end-bearing
component at a displacement of 10% of the caisson diameter. The normalized total loaddisplacement according to these design methods for a typical suction caisson of 6x6 m
can be found as the thin black line in Figure 7-6. This figure also displays a typical total
load displacement curve as suggested by the hardening law described by Cassidy
(1999), with a normalised stiffness of 0.5, a peak load at a displacement of 0.1L/D and a
strain softening component of 50% (dotted line). The formula for this load displacement
curve is complicated (see Chapter 2), but has the advantage that it can be adjusted to
represent real measurements. To simplify calculations, a load-displacement curve
should be used, which has a decaying stiffness and predicts that 99.3% of the ultimate
load is reached at a displacement of 10% of the suction diameter:
z
⎛ −50 z ⎞
Rt = ∫ K V Gr 0.5D⎜⎜ e D ⎟⎟dz
0
⎝
⎠

(7.4)

This load-displacement curve is also displayed in Figure 7-6 (thick black line) and it can
be seen that the initial normalized stiffness according to this equation is 0.5, similar to
the chosen input value for the Cassidy hardening law. If more information is available
regarding the real load displacement behaviour this model can easily be adjusted by
varying the constant ‘50’ in the decaying term. This will vary both the maximum value
of the vertical resistance as the shape of the load-displacement curve. Only this latter
change will be important for the uplift predictions, since in typical scenarios cavitation
will always occur before the reverse end bearing is fully mobilised. This will be
discussed in the next section.
7.5.2

Reverse end bearing component

‘Undrained failure’ will typically lead to very large negative pore pressures so that
invariably (except in very deep water) cavitation will intervene first (Houlsby et al.,
2005b). To verify this statement the following simplification was made. In a sand
profile with a qc_ave value in the order of 5 MPa and a kp-value of 0.6, a differential
pressure needs to be in the order of 3000 kPa. This can only occur in water depths
exceeding 290 m (cavitation criteria), which is much deeper than the water depths
where suction caissons are used for offshore wind turbines. The assumption that
cavitation is the upper limit of the undrained uplift resistance seems therefore
confirmed. The prediction of the load-displacement curve for reverse end bearing
should therefore not so much focus upon the maximum load, but more upon the initial
behaviour of the load-displacement curve in which the cavitation pressure can be
reached.
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Frictional component during drained conditions

Just as for the unit friction calculations in Chapter 5 the caisson uplift resistance, Rt, is
expressed as the sum of inner friction, Fi_t and outer friction, Fo_t, with these in turn
related to the cone resistance, qc, as:
Rt = Fi _ t + Fo _ t
where
L

Fi _ t = πDi k f _ t ∫ q c ( z )dz

(7.5)

0

L

Fo _ t = πDo k f _ t ∫ qc ( z )dz
0

As has been noted, there is a significant scatter in the ratio between tensile and
compressive friction. The friction ratios evaluated by the methods developed for piles
but applicable for the low L/D ratios relevant for suction caissons, are typically quite
low and lie in between -0.2 and -0.5.
To facilitate calculations, only one value for all L/D ratios of suction caissons for the
new prediction method should be used. The value of this ratio is based on the
experience from other prediction methods and upon back-calculations of all centrifuge
tests performed for this research. A constant ratio of tensile and compressive friction of
-0.375 for suction caissons is proposed, which gives a corresponding kf_t value of:
k f _ t = −0.375k f _ c

⎛ ⎛D
= −0.375C ⎜1 − ⎜⎜ i
⎜ ⎝ Do
⎝

⎞
⎟⎟
⎠

2

⎞
⎟
⎟
⎠

0.3

tan δ

(7.6)

With the proposed value for C of 0.012 (see Chapter 5), the kf_t value will lie in the
range -0.0006 to -0.0008 for a typical suction caisson with a Di/Do ratio of 0.98 and an
interface friction angle of 22 to 30 degrees. This is significantly lower than the kf_t value
of -0.004 as proposed by CUR (2001b) for (long) tension piles.
In Figure 7-4c it can be seen that for the centrifuge tests, the full friction needs a
displacement of about 0.002D to develop. Important to note is that the stiffness of this
system is the same in tension as compression (Figure 7-4c and Figure 7-5) as was
already discussed in Section 7.5.1.
The reported stiffness values of four different foundation cases (see Figure 7-7 based
upon Doherty and Deeks, 2003) are used to estimate the initial stiffness for the pure
frictional behaviour. For this estimation it is assumed that the influence of the side
friction upon the initial stiffness can be determined by subtracting the values found for
foundation case 1 (a circular footing at the bottom of an open trench) from the values
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found for foundation case 3 (an embedded footing with full sidewall–soil contact). In
reality the stiffness of the external side friction is more complicated to calculate, since
the loading of a circular footing at the bottom of an open trench will still influence the
stresses next to the trench. It is, however, believed to be a good first estimate. Figure 7-8
presents the calculated values for 4 different L/D ratios as percentage of the values for
foundation case 3. For a typical suction caisson with a L/D ratio of 1, placed in a typical
sand with an α-value of 0.5, the calculated stiffness coefficient is expected to be in the
order of 30% of the overall stiffness coefficient (e.g. percout=0.3). This means that a first
estimation of the stiffness for the external friction can be taken as 30% of the overall
stiffness coefficient calculated for an embedded footing with full sidewall–soil contact
(case 3) or of the overall stiffness coefficient calculated for caisson with full sidewall–
soil contact (case 4). This will be expressed in spring stiffness values as ratios of the
overall stiffness, KD&D, (=GrKv0.5D)
The internal friction will be developed in a similar way as the external friction, if the
development of side friction only mobilises a thin layer of soil next to the caisson. In
that case it is recommended to use the same stiffness as for the external friction, e.g. in
the order of 0.3KD&D, or percin=0.3.
7.5.4

Frictional component during partly drained conditions

Chapter 5 described why a decrease of the inner unit friction and unit end bearing with
increasing differential pressure was incorporated in the new design method. In Figure
7-4c, where the frictional resistance of three tests are displayed, it shows that the
frictional resistance of tests that experience differential pressure (Tests 6-2 and 6-3) is
indeed lower than the frictional resistance of a test that does not experience any
differential pressure (Test 6-1). It is believed that during the initial phase of uplift a
similar mechanism applies as during suction installation, when the differential pressure
is still lower than the critical pressure, pcrit. In other words: the differential pressure
developing in the suction caisson lid causes seepage, which lowers the effective stresses
and therefore the inner friction.
As in Chapter 5, the reduction of the inner friction is linked linearly to the ratio of the
differential pressure and the critical pressure:
⎞
⎛
p
Fi _ t = πDi k f _ t ∫ qc ( z )dz max⎜⎜1 −
,0 ⎟⎟
p crit ⎠
⎝
0
L

(7.7)

As can be seen in Figure 7-4c, this has a direct influence on the linear elastic behaviour.
Where the drained test (6-1) showed more or less a perfect bi-linear behaviour, the
partly drained tests (6-2 and 6-3), show a behaviour where a peak value is reached,
before decreasing linearly to a residual value. This bi-linear behaviour is automatically
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incorporated in the new method by combining the elastic behaviour as described in
Section 7.5.3 with the predicted friction value as presented in Equation 7.7. An example
will be shown in Section 7.6.3. Note that the internal friction will only be developing
when the caisson slides along the soil and not when the internal soil plug is lifted
upwards with the caisson. It is therefore essential to separate the sliding displacement
from the plug uplift displacement, so that this behaviour will automatically be
incorporated in the load-displacement curve.
In Chapter 5 a possible increase of outer friction was neglected as the horizontal stress
increase working on the outside of the caisson was assumed to be very small. However
during the uplift process the differential pressures can be extremely high, which can
cause a non negligible increase of outer friction as described by Houlsby et al. (2005b).
Very high frictional resistances were for instance measured during laboratory tests at
Oxford (see Figure 7-9 and Section 7.7.3). It can be seen in Figure 7-9d that in Test 23
(which included a back pressure of 200 kPa) the maximum total resistance, P, is 186γ'D
and the differential pressure, p, at this displacement is 100γ'D. The frictional resistance
is therefore 86γ'D and by dividing this value by the caisson side wall area a very large
average unit frictional resistance is calculated of around 780 kPa. This is extremely high
compared with frictional resistances measured during drained uplift, which are in the
order of 3 to 6 kPa (= 1 to 2γ'D). However, to reach the extremely high unit frictional
resistance values, substantial displacement is necessary. Since the design of tensile
loaded suction caissons is controlled by the serviceability (i.e. small displacements) and
this increase in friction due to high differential pressures needs substantial displacement,
it is proposed to calculate the outer friction, Fo_t, in a simple conservative way without
an increase due to seepage, according to:
L

Fo _ t = πDo k f _ t ∫ q c ( z )dz

(7.8)

0

Since the partly drained external friction will develop in a similar way as during drained
conditions it is suggested to use the same stiffness as reported in Section 7.5.3 to predict
the load-displacement curve.
7.5.5

Seepage

Seepage during a certain time step, Δt, will fill the void underneath the suction caisson
lid with a certain amount of fluid, ΔVseep (=ΔLseepAcan). This allows displacement of the
caisson, ΔL, which is larger than the soil plug movement, ΔLplug (=ΔL-ΔLseep). As in
Chapter 5 this seepage length, ΔLseep, can be described as:
ΔLseep = k soil iave Δt = k soil

p
Δt
γ w s ave

7-14

(7.9)

Suction caissons in sand as tripod
foundations for offshore wind turbines

The University of Western Australia
School of Civil and Resource Engineering

where, for normal flow conditions:

(

s ave = 1 + 0.2(L / D )

−0.9

)L

(7.10)

Note that these normal flow conditions occur only when the seepage flow is as
theoretically predicted and creates regular pressure gradients as was shown in Chapter
5. This is the case when the seepage field is fully developed and the displacements are
small. With larger displacements, which typically fall outside the serviceability state,
dilation will occur within and below the soil plug and the simple flow models will not
be valid anymore. This is illustrated in Figure 7-10 where a simple flow model in
uniform sand for initial uplift (Figure 7-10a) is compared with a hypothetical more
complicated flow model for uplift situations where dilation-induced negative pore
pressures arise at the base and side of the suction caisson (Figure 7-10b). No further
research was performed into this possible dilation and different seepage flow, since this
is expected to occur at displacements larger than the serviceability criterion. However, it
seems reasonable to assume that these negative pore pressures will lead to high internal
and external friction values as discussed in Section 7.5.4, since the sand is more or less
sucked onto the suction caisson.
7.5.6

Development of differential pressure

The development of differential pressure will lead to a small change in system volume
ΔVsys (=ΔLsysAcan) as described in Chapter 5. This is likely to be dominated by expansion
of the water as the pressure is reduced, and may be written:
ΔLsys ≈

Δp
(Lvoid )
K sys

(7.11)

where Δp is the increase in suction during the time step (noting that the suction is taken
as a positive quantity), Ksys the system stiffness of the trapped water and Lvoid, the
height, which represents the volume filled with water. This volume consists of the ‘gap’
between soil and caisson lid and all other voids, such as the inside areas of the butterfly
valves, etc.
According to this equation, a suction caisson installed with a small void length will
develop the differential pressure faster than a suction caisson with a large void length.
In the centrifuge model tests, it was found that the caissons that were uplifted whilst
they had an open connection to the syringe pump (and did not have their hose squeezed)
showed indeed a slower differential development that caissons that were uplifted whilst
a valve separated the caisson from the syringe pump. This can be seen in Figure 7-11
which shows the differential pressure development of Test 5-2 (no syringe valve) and
Test 6-6 (with syringe valve). The pull-out speeds are not exactly the same, but are in
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the same order of magnitude. The development of the differential pressure is however
more than 10 times as fast during the test with the syringe pump valve as without the
valve (1:27 versus 1:286).
The determination of the compressibility of the system, Ksys, is not straightforward. If
the area directly underneath the caisson were to be completely filled with pure water,
the compressibility of the system, Ksys, should represent the compressibility of water. If
air is trapped underneath the caisson lid, either in pockets or mixed into the pure water,
the compressibility of the system would decrease dramatically.
By back-calculations (see next sections) it was found that typical values for the initial
void length of an installed suction caisson, Lvoid, and normalised system compressibility,
Ksys, typically only influence the calculation stability and not the overall caisson
response. Suggested values of 0.5% of the installed caisson length for the initial void
length, Lvoid, and 1x104 for the normalised system compressibility, Ksys, led to stable
calculations.
7.5.7

Model

The remarks and findings from the previous sections are used to develop a mechanical
model consisting of a system with springs, sliders and a damper to calculate the
behaviour of a suction caisson during uplift. This model is shown in Figure 7-12 and an
explanation of each component is provided in Table 7-2 and in the text below.
Table 7-2. Individual displacements in the pull out model
Variables

Describes behaviour of:

Drained

Undrained

;
0
;

Partly
drained
;
;
;

L1, K1, s1
L2, K2
L3, K3, s3

External friction
Reverse end bearing without external friction
Internal friction

L4, K4, s4

Internal gapping – pressure development

0

;

L4=L3<<L2

L5

Internal gapping – fluid seepage

L5=L3

;

0

;
;
L4=L3<<L2

Spring 1 and slider 1 represents the external friction. The stiffness of this spring, K1, is
expected to be around 30% (percout=0.3) of the overall stiffness (KD&D), and the slider,
s1, will give way when the maximum outer friction is reached. The length of spring 1,
L1, can be calculated by making use of the following expression:
L1 =

⎧ 0
Fout
+⎨
percout K D & D ⎩ Lslider1

Fout < F fric _ out _ max
Fout = F fric _ out _ max

(7.12a)

Spring 2 represents the undrained behaviour of a suction caisson minus the external
frictional component and depends on the pressure, p. The initial stiffness of this spring,
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K2, is expected to be around 70% of the overall stiffness ([1-percout]KD&D). Due to the
incorporated non-linear behaviour of this spring (see Section 7.5.1 and Equation 7.4), no
slider is necessary to predict reverse end bearing failure. The length of this spring 2 can
be expressed as:
L2 =

Acan p
(1 − percout )K D& D

(7.12b)

The internal friction is represented by spring 3 and slider 3. The stiffness of this spring,
K3, is also expected to be around 30% of the overall stiffness (percin=0.3), and the slider
will give way when the maximum inner friction is reached. The length of spring 3, L3,
can be calculated by making use of the following expression:
L3 =

⎧ 0
Fin
+⎨
percin K D& D ⎩ Lslider 3

Fin < F fric _ in _ max
Fin = F fric _ in _ max

(7.12c)

Spring 2 and spring 3 are put in series to capture the difference in plug uplift
(displacement L2) and the sliding of the caisson along the sand (displacement L3).
The development of differential pressure can be calculated with spring 4. The spring
stiffness, K4, represents the system stiffness, Ksys (see Equation 7.11). The upper limit,
s4, is based upon cavitation. The displacement of this spring, L4, can be calculated by
adding the displacement from the previous time step, L4.old, to the displacement based on
the pressure increase from the new time step and the void area beneath the caisson lid
(L3.old+Lvoid):
L4 = L4.old +

Δp(L3.old + Lvoid ) ⎧ 0
+⎨
K sys
⎩ Lslider 4

p < p cav
p = p cav

(7.12d)

The damper represents the seepage that occurs during timestep Δt and depends upon the
pressure, p, and the coefficient, Cdamper, which depends upon the permeability of the soil
and the average seepage length. The damper length, L5, can be calculated by adding the
damper length from the previous time step, L5.old, to the extra seepage caused during the
new time step:
L5 = L5.old + pCdamper Δt

(7.12e)

This model captures drained behaviour (no differential pressure build up in spring 4,
and therefore pure frictional resistance described by springs 1 and 3), undrained
behaviour (springs 1 and 2 describing reverse end bearing) and partly drained behaviour
(combination of all springs, sliders and damper).
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The displacement of spring 1 should equal the displacement of springs 2 and 3 as
displayed in Figure 7-12:
L1 = L2 + L3

(7.12f)

It can further be seen that the displacement of spring 3 should be equal to the
displacement of spring 4 and the displacement of the damper:
L3 = L4 + L5

(7.12g)

By using Equations 7.12a through g, assuming the behaviour is still elastic (all slider
displacements are zero) and pnew = pold + Δp it can be derived that:

p new = p old + −

(A

can

pold + (− L1 + L4.old + L5.old + p old C damper Δt )K D& D (1 − percout ))
⎛ L + L3.old
⎞
+ C damper Δt ⎟ + Acan
K D & D (1 − percout )⎜ void
⎜
⎟
K sys
⎝
⎠

and
Ftot = Fout + Fin + p new Acan = L1 K D & D percout + L2 K D & D percin + p new Acan

(7.13)
As stated above this model can be used to describe the failure mechanisms during fully
drained, partly drained and fully undrained uplift (Figure 7-5):
Fully drained conditions

During fully drained uplift, the damper displacement will be equal to the displacement
of spring 3. This means no displacement of spring 4 and therefore no development of
differential pressure. Since spring 2 depends on the development of the differential
pressure the load in the spring becomes zero. The resistance is therefore equal to the
total of the outer frictional resistance and inner frictional resistance. The stiffness of the
system is approximately 60% of the stiffness for the undrained situation
([percout+percin]KD&Dn=0.6KD&D for fully drained conditions compared to 1.0KD&D for
fully undrained conditions).
Partly drained conditions

During partly drained uplift, all four springs, sliders and the damper are activated. Small
movements will lead to some resistance due to outer friction (spring 1), but also to some
resistance due to plug uplift (spring 2), inner friction (spring 3), development of
differential pressure (spring 4) and seepage (damper). The displacements of each
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component depend on the relative stiffness of all components. The overall stiffness will
be in between 60 and 100% of the undrained stiffness.
Fully undrained conditions

During fully undrained uplift, the damper does not contribute to the displacement
(L5=0). The displacement necessary to develop the differential pressure, L4, is therefore
equal to the displacement of the inner friction L3. Since the stiffness of spring 4 is much
higher than the stiffness of spring 2, the displacements L3 and L4 will be very low and
displacement of spring 2 will be nearly equal to the displacement of spring 1. As
described in Section 7.5.1 the combination of spring 1 and spring 2 describe purely
undrained behaviour.
7.5.8

Calculation of the total resistance

The total resistance during uplift comprises, in addition to the self weight of the caisson,
two elements:
− friction along the sides of the caisson;
− differential pressure generated inside the caisson.

By making use of the formulas presented in the previous sections the following
expression for the total uplift force is developed:
⎛
⎞
p
2
Ft = 0.25πDi min ( p, p cav ) + Fo _ t + Fi _ t max⎜⎜1 −
,0 ⎟⎟ < Rt _ REB
p crit ⎠
⎝

(7.14)

To predict the uplift force for any time and displacement, Equation 7.14, which predicts
the total resistance, was incorporated in a simple computer program, which describes
the spring, damper and slider model presented in Figure 7-12. This simple computer
program calculates the differential pressure, friction and displacement for each point in
time, based on the results of the previous point in time. For a certain time step, Δt, it
calculates the increase of differential pressure (see Equation 7.13). With this
information the displacements L1 through L5 can be determined and with these the
developed resistances.
By stepping forward in time, the suction caisson will displace more and differential
pressure and friction can be calculated. The stability of the calculation process is
sensitive to the time step, so it is essential to choose a small time step.
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BACK-CALCULATIONS OF CENTRIFUGE TESTS

In this section the proposed prediction method is used for back-calculating the
measurements of the suction caisson uplift tests performed in UWA’s beam centrifuge
especially for this research.
After a discussion regarding back-calculated input parameters and cavitation, the
measurements taken during Tests 8-1 and 6-1, which were executed in drained
conditions, are compared with back-calculations with the prediction method. Thereafter
test results of Tests 6-2 and 6-3, which were performed in partly drained conditions, are
compared with back-calculations. Finally some conclusions are drawn.
7.6.1

General back-calculated input parameters and cavitation

No direct measurements were made for the initial void height, Lvoid, the normalized
system stiffness, Ksys, the soil shear modulus, G, and the stiffness of springs, K1, K2, and
K3. Back-calculations of all centrifuge tests were therefore used to determine these
values and are described below. Furthermore it was noticed that cavitation did not
exactly occur as theoretically predicted and this is discussed below incorporated in the
back-calculations.
Initial void height, Lvoid, and normalized system stiffness, Ksys

By back-calculations of the centrifuge tests it was found that typical values for the
initial void length, Lvoid, and the normalized system compressibility, Ksys, are in the
order of 0.5% of the caisson height and 1x104 kPa respectively. However, it should be
noted that the influence of these two parameters upon the calculation results is very
small when the suction caisson is closed. A small change will not affect the results of
the back-calculations. An influence can only be seen in the back-calculations when the
Lvoid-value increases significantly due to an open top of the suction caisson or an open
connection to the syringe pump. Another reason for an influence upon the backcalculations can be a significantly lower value of Ksys, due to trapped air trapped
underneath the caisson.
Soil shear modulus

To determine the value for the soil shear modulus, G, for the centrifuge test backcalculations, it was assumed that the sand has a Poisson’s ratio, ν, of 0.2, and that the
soil modulus increases parabolically with depth, e.g. α = 0.75 (see Chapter 2 and
Equation 7.2). For a suction caisson with a 60 mm diameter and a 0.3 mm wall
thickness, this resulted in a Kv value of 20 as can be seen in Figure 7-7d. To match the
displacement at maximum friction during most centrifuge tests, the value of the shear
modulus at a depth equal to the radius of the footing, Gr, was back-calculated to be in
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the order of 4 MPa. Note that this is significantly lower than an anticipated Gmax value
of 30 MPa at this depth (approximately 1000 times 30 kPa). This difference might be
explained by the displacement of about 0.25%D, which was measured to reach
maximum friction and which will lower the shear modulus from its initial Gmax value.
Spring stiffness K1, K2, and K3

The back-calculations showed that the theoretical spring stiffness for the external
friction, K1, of 0.3 times the stiffness of the overall system, KD&D, in combination with
an equal spring stiffness for the internal friction, K3, and a spring stiffness for the ‘plug
resistance’, K2, of 0.7KD&D gave very good results. Only occasionally these values had
to be adjusted to achieve a better comparison with the measurements (see Section 7.6.3).
Cavitation

Cavitation occurs theoretically at a differential pressure of 100 kPa plus the fluid
pressure on top of the suction caisson. For the 100 g centrifuge tests, which typically
had around 70 mm silicon oil on top of the sample, this would mean that the cavitation
would occur at around 170 kPa. However, a value of around 100 kPa was measured
during all tests where cavitation occurred. This is substantially lower and may be caused
by some air bubbles in the soil or silicon oil, the low temperatures during testing, or a
combination of the two. In all back-calculations a maximum differential pressure of
100 kPa is therefore used. For caisson A with a diameter of 60 mm and full penetration
this would mean a normalised pressure (p/γ'D) of 1.67.
7.6.2

Uplift resistance in drained situation

During the jacked installation of Test 8-1, suction caisson A (60x60x0.3 mm) was
extracted 5 mm every 10 mm. This gave not only an indication of the compressive
resistance, but also of the tensile resistance. Once the caisson was fully installed by
jacking, the open caisson was pulled out slowly at 0.2 mm/s. Measurements of this test
can be seen as grey lines in Figure 7-13. In Figure 7-13b it can be seen that a differential
pressure of 0.3γ'D was measured, despite the caisson lid being left open. This pull-out
test is therefore not performed completely drained, but is nevertheless used for backcalculations to show the difference between tensile and compressive loading.
A back-calculation with the prediction method was made for the compressive and
tensile loading during this test. The corrected qc-profile for Box 8, presented in Chapter
5, was used for these back-calculations. The interface angle, δ, was taken as 22° (Tran,
2005), which gave values for the kf_c factor and the kf_t factor of 0.00149 and 0.00056
respectively. The measured speed increased from 0 mm/s at the start to 0.2 mm/s after
1 s, whereafter the speed stayed constant at 0.2 mm/s. The measured in-situ
permeability tests showed that the system permeability was 2.3x10-6 m/s at 100 g.
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No direct measurements were made for the initial void height, Lvoid, the normalized
system stiffness, Ksys, and the soil shear modulus, G. Since the pull-out was performed
with an open suction caisson the initial void height, Lvoid, was set as high as 1x105 times
the caisson length (i.e. no differential pressure will develop during the back-calculation)
and the value for Ksys was set at 1x104 kPa (see previous section). The back-calculated
shear modulus at a depth equal to the radius of the footing, Gr, of 2.5 MPa was used.
This value is lower than for most of the other tests in this box. An explanation for this
lower value is that the 4 small extractions of 5 mm performed during installation
loosened the soil slightly. The overall stiffness value, KD&D, was calculated to be
20Gr0.5D. The values of K1, K2, and K3, were taken as 0.3KD&D, 0.7KD&D and 0.3KD&D
respectively.
The results of the predictions can be seen in the black lines of Figure 7-13. The backcalculations of the compressive and tensile resistances match the measurements more
than reasonably. The main focus should be on Figure 7-13b, since serviceability limits
govern the design of tensile loaded suction caissons. The back-calculated increase of the
uplift force is very similar to the measured one. However after the peak, the measured
value drops slightly whereas the back-calculated value stays more or less constant. This
difference is believed to be caused by the differential pressure which developed in
reality and decreased the inner friction, even after the differential pressure dissipated.
Next to this jacked and extracted test a comparison is made with Test 6-1, where the
same suction caisson A was first installed by jacking and suction and thereafter
extracted at a speed of 0.1 mm/s. The measured CPT in Box 6 was performed with a
7 mm diameter cone (thin line in Figure 7-14), and as explained in Chapter 5 and
Appendix A, these measurements had to be adjusted to represent a qc-profile measured
with a 0.3 mm diameter cone (thick line in Figure 7-14).
The back-calculation was made with an initial void height, Lvoid, of 1x105 times the
caisson length (self-weight valve on top of the caisson was open), a Ksys value of
1x104 kPa, a Gr value of 4 MPa and K1, K2, and K3 values of 0.3KD&D, 0.7KD&D and
0.3KD&D respectively.
The results of this back-calculation are displayed together with the measurements as
normalised resistances in Figure 7-15. The comparison between measured and predicted
frictional resistance is excellent, over the full uplift length as well as in the beginning.
The good fit between the predicted and measured forces for Tests 8-1 and 6-1, gives
confidence that the new prediction method can be used to calculate the magnitude and
necessary displacements for the drained uplift resistance.
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Uplift resistance in partly drained situation

During Test 6-2 suction caisson A (60x60x0.3 mm) was initially extracted with closed
valves and at an uplift speed of 0.1 mm/s, after which the speed was increased on 3
separate occasions during further extraction. Figure 7-16 shows the measured
differential pressure (converted into an equivalent normalised force) and the interpreted
frictional normalised force. This frictional force was calculated by subtracting the force
generated by the measured differential pressure from the total measured force.
The input for the back-calculation of this test consisted of the adjusted qc-profile (Figure
7-14), an interface angle, δ, of 22° (Tran, 2006) and a speed which increased within 2 s
from 0 mm/s to 0.1 mm/s. The measured in-situ permeability tests showed that the
system permeability was 1.1x10-6 m/s at 100 g. The values used in the back-calculations
were an initial void height, Lvoid, of 0.5% of the caisson length, a Ksys value of
1x104 kPa, a Gr value of 4 MPa and K1, K2, and K3 values of 0.3KD&D, 0.7KD&D and
0.3KD&D respectively.
Examination of Figure 7-16a shows that the measurements and back-calculations are
similar, but do not agree completely over the total extraction length. One observation is
that the back-calculated and measured differential pressure reaches the back-calculated
cavitation pressure at a penetration of 0.89D and deviates only slightly during further
uplift as was predicted in the beginning of this section. However at a penetration of
0.36D the measured differential pressure drops significantly which is not seen in the
back-calculation. The most likely explanation for this measured drop is that the soil plug
failed and dropped out of the suction caisson. This is not incorporated in the prediction
method and will therefore not show up. A second observation is that the measured
frictional resistance between 0.76 and 0.36D is much higher than the predicted values.
This is believed to be caused by dilation occurring in this test during large pull-out
displacements and cavitation. Describing this phenomenon falls outside the limitations
of the prediction method and will therefore not show up in the predictions.
Figure 7-16b shows that the measurements and predictions in the initial phase of uplift
agree very well with each other. The back-calculated frictional resistance shows the
load-displacement behaviour as previously measured and discussed. The combination of
a bi-linear frictional response with a dependency on the developed pressure seems to
describe this well.
Another set of back-calculations were made for Test 6-3, where suction caisson A was
extracted with closed valves and an uplift speed of 0.5 mm/s. The input parameters for
the first set of calculations were the same as for Test 6-2, with the exception of the pullout speed which was measured to increase within 1 s from 0 mm/s to 0.5 mm/s.
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Figure 7-17a shows that the measurements and back-calculations are very similar, with
the exception of the differential pressure above 0.3D penetration. At this point the
measured differential pressure drops significantly and this is not incorporated in the
back-calculations. The most likely reason for this drop is that at this point the soil plug
falls out of the caisson. The increase in frictional resistance, as was seen in Test 6-2, is
not apparent in this test. It can furthermore be seen that the measured differential
pressure reaches the back-calculated cavitation pressure at a penetration of 0.94D and
deviates only slightly during further uplift. Figure 7-17b shows that also the
measurements and predictions in the initial phase of uplift agree reasonably well with
each other. The load-displacement behaviour of the frictional component is again visible
in the back-calculation and the predicted differential pressure development compares
reasonably with the measurements. However the match is not excellent and therefore it
was decided to run another back-calculation.
It can be seen from the measurements (grey lines in Figure 7-17a) that the development
of the frictional component and the differential pressure are nearly equal. Therefore all
three values for the spring stiffness of K1, K2, and K3 were changed to 0.5KD&D. Figure
7-17c shows that overall the second back-calculations are the same as the first backcalculation and agree well with the measurements. Figure 7-17d shows that with the
small changes in spring stiffnesses all predictions match the measurements more
accurately in the initial phase of uplift. These slightly different spring stiffnesses
indicate that the reverse end bearing component due the plug uplift is smaller than
theoretically expected. This can for instance be caused by the fact that the soil
underneath the suction caisson was already pre-sheared during the same test, making it
weaker.
For the design phase, the initial part of the uplift (Figure 7-16b and Figure 7-17b and d)
is the most important phase since design is governed by serviceability limits, e.g. small
displacements. It gives confidence that this prediction method is capable of backcalculating the measurements accurately.
7.6.4

Conclusions

The back-calculations were not only made for Tests 6-1, 6-2, 6-3 and 8-1, but for all 36
uplift tests performed during this research. By using the measured data (uplift speed,
cone resistance, caisson dimensions and soil permeability) and the estimated data (initial
void height, normalised system stiffness, soil shear modulus, spring stiffnesses) a very
good comparison between measurements and back-calculations for all tests could be
made. The results of this exercise gives confidence that the proposed prediction method
is robust and can be used to back-calculate the uplift tests performed at 100 g in the
UWA beam centrifuge in silica sand.
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BACK-CALCULATIONS OF EXTERNAL TESTS

Published data regarding uplift of suction caissons in sand are rare. No data at all were
found of a full scale suction caisson uplift and only a few publications were found
which mention scaled uplift tests. Three of these publications (Feld, 2001; Houlsby et
al., 2005b; Houlsby et al., 2006) are used to compare the proposed prediction method
with data measured by other researchers.
7.7.1

Luce Bay

An extraction test was performed with a suction caisson of 1.5 m in diameter by 1.0 m
height and a wall thickness of 8 mm during the field trials near Luce Bay described in
Chapter 5 (Houlsby et al., 2006). This size is about 1/5th of a prototype suction caisson.
The measured CPT data are presented in Figure 7-18 and it can be seen that the top
3.5 m consists of very dense sand which was backfilled on top of a very soft soil. The
caisson was pulled out at a rate of 13.7 mm/min by means of a vertical jack. The
measurements of the normalised suction pressure and normalised total load versus the
normalised penetration can be found as the grey lines in Figure 7-19. The tensile load
decreased rapidly to about -128 kN (P = -4.7 γ'D) after 94 mm (= 0.06D), at which point
a vent plug in the lid of the caisson was opened to prevent damage to the load cell. The
tensile load had not reached a maximum at this stage. The normalised friction was
calculated by subtracting the normalised suction pressure from the normalised total
load. It can be seen that the development of the frictional component occurred at a much
faster rate as the differential pressure developed.
To make a back-calculation for this test, an average of the cone resistance profiles, qc,
of Figure 7-18 was used. The initial soil shear modulus, Gr, at 0.75m depth (=0.5D) was
set at 50 MPa as reported in Houlsby et al. (2006). To describe the soil shear modulus,
G, at every depth an α-value of 0.75 was used (see Equation 7.2). This leads according
to Doherty and Deeks (2005) for this flexible suction caisson to a Kv-value of 13. If the
uplift was fully undrained and the resistance purely elastic (Rt = KvGr0.5Dz) this would
lead to an uplift resistance of -44 MN (P = -1654 γ'D) and even if the proposed decay
would occur (see Equation 7.4), the capacity would still be in the order of -13 MN
(P = -524 γ'D). This was not believed to be realistic and the soil shear modulus, Gr, used
in the back-calculations was set at 1 MPa, which changed the Kv-value of this flexible
suction caisson slightly to 14.3.
The uplift speed and suction caisson dimensions were as previously reported. An
assumption had to be made for the interface angle, δ. As in Chapter 5, where
calculations were made for the installation of this caisson, the interface angle, δ was
taken as 30°. This results in a kf_t value of 0.00082. The values used in the back-
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calculation for the soil permeability, ksoil, the normalised system, Ksys, and the initial
void height, Lvoid, were 0.6x104 m/s, 1x104 kPa and 2% of the caisson height
respectively. The initial values for K1, K2, and K3 were 0.3KD&D, 0.7KD&D and 0.3KD&D
respectively.
Results of this first back-calculation are shown as the black lines in Figure 7-19a. It can
be seen that back-calculated total resistance in the initial part of the uplift compares well
with the measurements. However, during the remainder of the uplift the backcalculation of the total resistance does not match the measurement at all. This is caused
by the fact that the back-calculated frictional component and differential pressure do not
compare at all with the measurements. The back-calculated frictional component is
slightly underestimated, but the differential pressure is grossly overestimated. Several
physical reasons may lie behind this significant discrepancy between the backcalculated and measured differential pressure. The following two, or a combination of
the two, are the most likely explanations:
− air bubbles are trapped underneath the suction caisson lid, which reduces the
stiffness of the pressure build up significantly;
− the sand layer underneath the suction caisson can not mobilise the full reverse
end bearing capacity of the suction caisson since the sand layer is relative thin
and placed on top a very weak layer. The failure model therefore consists of a
frictional component and a relative small portion of resistance due to plug
uplift. This is translated in a lower stiffness of the reverse end bearing part due
to the plug uplift, K2, compared with the stiffness of the frictional components,
K1 and K3.

To verify these two explanations two other back-calculations (numbered 2 and 3) were
performed.
Back-calculation 2 has the same input parameters as back-calculation 1, but the
normalised system, Ksys, was set to 100 kPa (instead of 1x104 kPa) and the initial void
height, Lvoid, set to 10% of the caisson height (instead of 0.5%). Results of this backcalculation can be seen in Figure 7-19b. The back-calculated frictional resistance is still
different than the measured one. However, the back-calculated differential pressure
matches the measured accurately, which verifies that the first explanation can justify the
behaviour of the differential pressure.
Back-calculation 3 has again the same input parameters as back-calculation 1, but the
initial values for K1, K2, and K3 were changed to 0.9KD&D, 0.1KD&D and 0.9KD&D
respectively (instead of 0.3KD&D, 0.7KD&D and 0.3KD&D). Results of this backcalculation can be seen in Figure 7-19c. The back-calculated frictional resistance is still
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different than the measured one, despite that it is slightly better than the previous two
back-calculations. However, again it can be seen that the back-calculated differential
pressure matches that measured accurately. The second explanation might therefore also
be used to justify the behaviour of the differential pressure. Most likely the real
explanation of the pressure development behaviour is a combination of the two
explanations.
The discrepancy between all back-calculated and measured frictional resistance (for
back-calculations 2 and 3) is divided into two sections: overestimation at small
displacements and underestimations at higher displacements. The overestimation at
small displacements might be explained by the fact that the actual behaviour is not as
bi-linear as proposed in the method. The build up of frictional resistance might not be
completely linear and might drop gradually with displacements. The underestimations at
the higher displacements might be caused by an increase of outer friction due to high
differential pressures as predicted by Houlsby et al. (2005b). This is not incorporated in
the prediction method due to the necessary large displacements as was discussed in
Section 7.5.4.
It can be concluded that, although the back-calculations do not exactly match the
measurements of these tests, the proposed prediction method can be used to explain the
behaviour of the Luce Bay extraction test and can give a good indication of the
resistance due to friction and differential pressure. This exercise reveals that
determination of input parameters is not always straightforward and that all input
parameters have to be reviewed for each individual prediction.
7.7.2

Aalborg University

Some of the suction caisson extraction tests performed at Aalborg University were
published in Feld (2001) and were presented in Figure 7-3. The suction caisson had a
0.2 m diameter, was 0.1 m high and had a wall thickness of 2 mm. These tests were all
performed in the same sand, but at different extraction rates, 2.0, 3.7 and 5.3 mm/s,
which led to different pull-out resistances. A back-calculation of these data was made to
verify whether the prediction method incorporates the effect of uplift rates correctly.
Since no qc-profile was available (Feld, 2001) the empirical relation presented in
Chapter 5 and Appendix A, was used to create a qc-profile for a medium dense sand
with a cone diameter equal to the suction caisson wall thickness (see Figure 7-20). As
for the Luce Bay tests, it was assumed that the interface angle, δ, was 30°, which led to
a kf_t value of 0.0001. The total friction predicted with this qc-profile is 65 N
(P = 1.08γ'D) which is in the order of magnitude of a simple API-type calculation for
piles in sand, 30 N (P = 0.49γ'D). However, this friction is far off the measured total
uplift force which lies in between 400 and 1200 N (P = 6.5 and 19.5γ'D). It can
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therefore be concluded that for these tests the frictional resistance can nearly be
neglected and that the differential pressure contributes most to the total uplift force. The
qc-profile is therefore not important for this back-calculation.
The values used in the back-calculations for the permeability of the soil, ksoil, the
normalised system stiffness, Ksys, and the initial void height, Lvoid, were respectively
2.0x104 m/s, 1x104 kPa, and 0.5% of the suction caisson height. The soil shear modulus,
Gr, was assumed to be 0.75 MPa.
Results of the back-calculations and the measurements can be seen in Figure 7-21a. The
comparison is good in both magnitude and shape. Displayed in Figure 7-21b is the
calculated frictional component and it can be seen that this is indeed relatively small in
these tests and can be nearly neglected as previously stated.
It might be concluded that the comparison of these tests from Aalborg University with
the predictions showed that the proposed method indeed properly includes the effect of
permeability and uplift speed on the maximum differential pressure. Since the frictional
component of these uplift tests was relative small, with hindsight it can be stated that it
was not important to have the exact CPT data available.
7.7.3

Oxford University

At Oxford University, 27 vertical loading tests were performed in a pressure chamber
(Houlsby et al., 2005b; Kelly et al., 2006). Some tests were conducted at an ambient
(mudline) water pressure equal to atmospheric, and some at atmospheric plus 200 kPa.
The model suction caisson had a 280 mm diameter, a 180 mm long skirt and a wall
thickness of 3.125 mm.
The aim of four of these uplift tests was to show that the maximum differential pressure
depended on the cavitation pressure, pcav, and that the frictional component would
increase with increasing differential pressures. An overview of these tests can be found
in Table 7-3.
Table 7-3 Overview of Oxford pressure chamber tests
No

9
10

Speed
[mm/s]
100
100

Pressure
[kPa]
0
200

Soil

Redhill sand
Redhill sand

Permeability
[m/s]
0.5x10-3
0.5x10-3

11

5

0

Redhill sand

0.5x10-3

23

25

200

HP5

0.2x10-4
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Does not reach cavitation stage but does
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Conversion of the presented data led to the graphs of Figure 7-9. It can be seen that at
the beginning of some tests the normalised pressure force is larger than the total load.
Practically this would mean that the friction should still be in compression or that the
presented data is not completely reliable. Furthermore it is apparent that the pore
pressure development does not always increase smoothly as expected, but sometimes
drops or stays constant with decreasing penetration.
A qc-profile had to be estimated based on the presented empirical relation, to make it
possible to perform a back-calculation. Results of this qc-profile for a medium dense
sand and a cone diameter of 3.125 mm can be seen in Figure 7-22. The interface angle,
δ, was again assumed to be 30°, which resulted in a kf_t value of 0.001. Other input
values are presented in Table 7-3.
The values used for the back-calculations for the soil shear modulus at 0.5D penetration,
Gr, the normalised system stiffness, Ksys, and the initial void height, Lvoid, were 3 MPa,
1x104 kPa and 0.5% of the caisson height respectively.
Results of the predictions and the measurements are displayed in Figure 7-23.
Comparisons between these test results and the prediction method shows that the
maximum pressures, which are equal to the cavitation pressure, pcav, are correctly
predicted with the new method. However, the magnitude of the frictional capacity is in
all tests significantly underestimated. This is caused by the fact that no increase in
frictional capacity is incorporated in the current prediction method (see Section 7.5.4).
Although such incorporation might improve the prediction for these tests, it will
complicate the calculations and is only important for extractions which develop
extremely high differential pressures. These situations are not expected to occur during
full scale caisson extractions, simply because they would require displacements beyond
the serviceability state and would require structurally very strong (=expensive) caissons.
However, it is good to see that the predicted displacements are in the order of magnitude
of the measured displacements.
Although the calculation model does not predict the drops and stops in the pore pressure
development, the theory behind this model can be used to try to explain this behaviour.
The fact that the differential pressure stays constant with a moving closed caisson
logically means that the soil plug does not lift up with the caisson displacement
(ΔL2=0). However, the space between the soil plug and moving caisson lid still needs to
be filled up with some material from the point of volume equilibrium (L3). The most
logical material is fluid, which can enter the void through seepage, leakage of the
suction caisson lid or due to localised piping or leakage. The ordinary seepage
component is calculated to be too small and since leakage through the suction caisson
lid would logically be constant and not change in time, the only possibility is localised
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piping. However, an explanation needs to be found to explain the cessation of this
piping after a while. A possible explanation is the fact that the outer soil might be
‘sucked’ against the outer caisson wall and closes the ‘pipe’. Further pressure
development can thereafter take place in exactly the same way as in the beginning of the
uplift. In Figure 7-23d it can be seen that the rate of increase in differential pressure
after 0.52L/D is indeed similar to the initial rate of increase at 0.63L/D. Note that for the
application of suction caissons proposed in this research, this phenomenon is not
relevant, since it occurs at such a high differential pressures, which will lie outside the
range determined by the strength of the suction caisson. Further research into this
behaviour is therefore not recommended in this research.

7.8

CONCLUSIONS AND RECOMMENDATIONS

This chapter has presented a prediction method to calculate the maximum uplift
resistance of a suction caisson in sand. The prediction calculates the frictional resistance
of the suction caisson in drained and partly drained conditions based upon cone
resistance, the caisson dimensions and the soil shear modulus. Furthermore it calculates
the development of the differential pressure depending on uplift speed, soil
permeability, normalised system compressibility and initial void height.
The resistance under drained conditions depends only on friction on the inside and
outside of the suction caisson. Typical drained frictional resistances of normal sized
caissons with an L/D-ratio of 1 are in the order of 1 γ'D and will develop with small
displacements of the suction caisson (for typical soil shear moduli within 0.002D). The
resistance in partly drained conditions depends on the friction and the differential
pressure. This differential pressure can theoretically be as high as the cavitation
pressure, which means that typical partly drained resistances can be an order of
magnitude higher than the drained frictional resistances. However, the necessary
displacement to reach these high differential pressures will be large, typically in the
order of 2 to 10% of the suction caisson diameter and the caisson has to be strong
enough structurally to withstand the differential pressure. If the displacement of a
prototype suction caisson is limited to about 20 to 50 mm, the partly drained resistance
can be approximately twice as high as the drained frictional resistance.
Comparisons with centrifuge tests and external tests confirm that this method can be
used to predict and back-calculate the development of frictional resistance and
differential pressure versus the uplift length for the initial part of the uplift. Input
variables such as speed, soil permeability, soil shear modulus, initial void length and
normalised system compressibility need to be estimated to make this prediction. The
soil shear modulus determines the stiffness of the undrained capacity development of
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the suction caisson, KD&D. To determine the development of the resistance due to
friction and differential pressure, the stiffness has to be determined from the appropriate
springs. A theoretical first estimate for a suction caisson with an L/D-ratio of one is that
the frictional stiffness (K1 and K3) is 0.3KD&D and the stiffness of the resistance due to
plug uplift (K2) is 0.7KD&D. The uplift speed and soil permeability determine the
magnitude of maximum differential pressure, whereas the initial void volume and
normalised system compressibility can influence the initial development of the
differential pressure. The latter two input variables are difficult to determine and
recommended values are 0.5% of the caisson height for the initial void height and
1x104 kPa respectively for the normalised system compressibility. These values will
only influence the calculations in cases where they need to be adjusted significantly
such as for open caissons (increase of initial void height) and air bubbles beneath the
suction caisson lid (decrease of normalised system compressibility).
It is recommended not to rely on maximum undrained uplift resistance in the design
phase, since it will typically need substantial displacement. This was also recommended
by DTI (2005). However, by allowing a certain displacement there is still an uplift force
which can be taken into account, which consists of the frictional component and a
differential pressure much smaller than the cavitation pressure. For suction caisson sizes
of 6 m diameter by 4 m height, this is in the order of 1 to 2 MN and therefore not
negligible. By minimising the initial void length, Lvoid, by for instance pumping grout
underneath the caisson lid after installation, the differential pressure will develop
relatively fast, which will provide an extra safety margin in the design.
Another recommendation is to use this theory to investigate the influence of constant
pumping to achieve ‘active suction’. Theoretically it is beneficial to use pumping to
avoid the seepage component in the volume continuity equilibrium. However, if the
pump can be used to generate a differential pressure equal to the cavitation pressure,
than the equivalent force can be used as an uplift force, with displacements which can
be manageable. In that case it is essential that the pump (and caisson) will be able to
overcome this differential pressure otherwise the pump will act as an open valve,
pressure will drop significantly and large displacements will occur. Further research is
needed to make the design of such ‘active suction’ foundations reliable.
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CHAPTER 8. CYCLIC LOADING IN UNIFORM SAND
8.1

INTRODUCTION

This chapter presents a prediction method which describes the behaviour of a suction
caisson in sand during vertical cyclic loading. After the problem description, and a
discussion about typical cyclic loads, the observations made during the cyclic loading in
the centrifuge tests are summarised. This is followed by a discussion regarding
consolidation, after which a method to predict displacement, frictional resistance and
differential pressure versus time during cyclic loading is presented. This prediction
method is validated against centrifuge test results of cyclic loading of suction caissons.
It was found that this prediction method also explains a few mismatches in the
predictions presented in Chapter 7. Finally some conclusions and recommendations are
made regarding the influence of cyclic loading of a suction caisson in sand.

8.2

PROBLEM DESCRIPTION

Extreme loading conditions of an offshore wind turbine will typically take place during
a storm in which the waves and wind gusts act upon the structure. The character of wind
gusts is such that the peak load is applied suddenly, and does not include a defined
cyclic component. The wave loads, however, do have a cyclic character due to the
cyclic repetitive movement of the water particles, which has a typical period during
storm conditions in the order of 10 to 15 s.
Cyclic loading tends to influence the foundation behaviour in an unfavourable manner.
The behaviour of foundations in clay is known to change over time due to periods of
cyclic loading. The overall foundation can become stronger and stiffer due to
reconsolidation of the clay during periods between significant cyclic loading, but also
weaker during cyclic loading itself due to excess pore pressure generation and
subsequent degradation of shear strength (Andersen, 1988). Cyclic loading is a known
cause for significant strength reduction of carbonate soils and therefore of the
foundation resistance in these kinds of soil (Jewell and Khorshid, 1988). Repetitive
movement of materials placed in silica sand is known to influence the soil stress
conditions (Poulos, 1981; Uesugi, 1989; Airey, 1992; Fakharian, 2001; Oumarou, 2005;
DeJong, 2006). Unfortunately this change in stress conditions can lead to a degradation
in frictional resistance and/or a softer response of the foundation, which can lead to
failure.
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TYPICAL CYCLIC LOADS

Chapter 3 showed that the foundations of an offshore wind turbine on a tripod, are
mainly loaded in a push-pull system to resist the large moment acting on the structure.
The cyclic component of the foundation loading can be described as a repetitive
sinusoidal loading, which means that this cyclic loading is only generated by wave
loading and not by wind loading, which lacks a repetitive sinusoidal component. Note,
however, that the wind loading typically determines the average moment which has to
be counteracted by the push-pull system, and therefore determines the average vertical
load in the suction caissons.
Two dynamic analyses representing 400 s of loading were made for the same tripod and
wind turbine as discussed in Chapter 3. The 400 s is chosen for practical reasons, as this
should be a sufficiently long time scale to show the cyclic behaviour of the loading,
which is the aim of these analyses. However, it is recommended to use longer time steps
for final design of operational and ultimate loading or at least several runs with different
random phase shifts. In both cases the foundation was schematised by a purely elastic
model (Doherty and Deeks, 2005), so no failure could occur. The loads in the first
analyses represent operational conditions (Section 8.3.1) and the loads in the second
analyses represent extreme conditions (Section 8.3.2). Conclusions from these two runs
are discussed in Section 8.3.3.
8.3.1

Cyclic ‘operational’ loads

The cyclic ‘operational’ loads are assumed to be the varying loads with a repetitive
character which occur during general loading. Although the analyses for the operational
conditions extended over only 400 s, it is intended that this loading represents several
months of the wind turbine life time. It is therefore believed that a very high number of
cycles with these load conditions will act on the foundation over its operational life. The
hydrodynamic conditions are schematised by a random Pierson-Moskowitz spectrum
with Hs = 4.5 m and Tz = 7 s and a current velocity of 1.2 m/s at 25 m water depth. The
wind conditions are schematised by a Von Kármán spectrum with a TI of 12% and an
average wind speed of 12 m/s at nacelle level. It is assumed that the pitch angle stays
constant when the gust passes the wind turbine.
Figure 8-1 shows the results of the dynamic calculation for the normalised vertical and
horizontal ‘operational’ loads together with the wind speed at nacelle height and the free
water height. It can be seen that the predicted average load on the windward leg 1 is in
the order of 0.5γ'D (dotted line in Figure 8-1a). The vertical cyclic load component is
relatively small and in the order of 0.1γ'D (e.g. typical vertical loads vary between 0.4
and 0.6γ'D). However at one point the vertical cyclic load component reaches a value of
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0.5γ'D and brings the windward leg nearly into tension (0.01γ'D at 228 s). The leeward
legs 2 and 3 have an average compressive loading of 1.7γ'D and the peak cyclic
component is in the order of 0.3γ'D. The horizontal load is not evenly distributed over
the three suction caissons. The windward suction caisson has an average horizontal load
of -0.1γ'D and during the peak loading it goes up to 0.4γ'D, i.e. a cyclic component of
0.5γ'D. The leeward suction caissons have an average load of 0.2γ'D and go up to 0.5γ'D
during the peak loading of this simulation, i.e. a peak cyclic component of 0.3γ'D.
8.3.2

Cyclic ‘ultimate’ loads

The cyclic ‘ultimate’ loads are assumed to be the varying loads with a repetitive
character which lead to the ultimate load on the foundation. Note, however, that the
ultimate loading is believed to act only for a short time on the foundation in its life time,
despite its repetitive character. The representation of 400 s and the number of load
cycles is therefore believed to be representative for this ultimate loading. This load
cycle occurs typically once in a lifetime, but is preceded by many slightly lower load
cycles. The hydrodynamic conditions are schematised by a random Pierson-Moskowitz
spectrum with Hs = 9 m and Tz = 11 s and a current velocity of 1.2 m/s at 25 m water
depth. The wind conditions are schematised by a Von Kármán spectrum with a TI of
25% and an average wind speed of 12 m/s at nacelle level.
Figure 8-2 displays the results of the dynamic calculation for the normalised vertical
and horizontal ‘ultimate’ loads together with the wind speed at nacelle height and the
free water height. The predicted average load on the windward leg 1 is on average
slightly lower than during the operational loads and in the order of 0.4γ'D (dotted line in
Figure 8-2a). The peak cyclic component is, however, much larger and in the order of
1.5γ'D (the vertical load drops to -1.1γ'D at 272 s). The leeward legs 2 and 3 have an
average compressive loading similar as the operational loads of 1.7γ'D and the cyclic
component is in the order of 0.8γ'D. The windward suction caisson has an average
horizontal load of 0.0γ'D and during the peak loading it goes up to 1.5γ'D. The leeward
suction caissons have an average horizontal load of 0.3γ'D and go up to 1.1γ'D during
the peak loading of this simulation, i.e. a cyclic component of 0.8γ'D.
8.3.3

Critical design component - tensile (cyclic) loading

The predicted horizontal loads acting on the suction caissons are expected to be easy
tolerated by the foundation, since the level of horizontal loading in respect to the
maximum horizontal resistance is such that cyclic degradation is unlikely. This is
confirmed by calculations according to standard design codes like API. The focus in this
chapter is on the vertical cyclic load which is generated in the push-pull system. The
influence of the horizontal and vertical loading upon each other is neglected in this
thesis. This assumption is unconservative since the failure load will typically decrease
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due to combined loading. Models that incorporate this behaviour are generally named
VHM-models and take into account the influence that the different loads have upon
each other (see Chapter 2).
When a suction caisson on the push side of the push-pull system is loaded beyond the
compressive frictional capacity, an extra compressive capacity will be activated from
the end bearing component which will develop with more displacement. However, if the
suction caisson on the pull side of the push-pull system is loaded beyond the frictional
capacity in tension, only the generation of differential pore pressure can lead to extra
tensile capacity. If this differential pore pressure can not develop to the required
magnitude, the suction caisson might pullout and the wind turbine could fall over. The
critical component of a suction caisson design is therefore the tensile (cyclic) loading.
8.3.4

Summary of cyclic loading

The simulation presented showed that the average loading of the suction caissons is
compressive loading and that tensile loading is unlikely to occur under operational
conditions and is only sporadic during ultimate loading conditions.
Design of suction caissons beneath a tripod therefore relies on understanding the
behaviour of the suction caisson when loaded from approximately zero load to an
extreme tensile load within a typical storm wave period of about 10 to 15 s.

8.4

OBSERVATIONS FROM (CYCLIC) CENTRIFUGE

TESTS
A majority of the centrifuge tests performed for this research included a component of
cyclic (tensile) loading. Some of the observations made during these tests are described
below and are subsequently used to develop a prediction method for cyclic loading.
8.4.1

Accuracy of load cycles

Input for the cyclic loading during the centrifuge tests consisted of a user defined load
cycle with a specific frequency, amplitude and average load. The feedback loop during
the load controlled cyclic test tried to fulfil the requirements of the user. The accuracy
of this feedback loop depended on the load frequency and the control software. The
initial versions of the software, which were used for Box 1 through 7 had accuracies of
only 5 to 20% of the requested load and certainly when the frequency was high, the
accuracy was poor. Cyclic tests were therefore performed at a slow cycling rate as
presented in Figure 8-3. The latest version of the control software, which was used in
Box 8, was much more accurate and lead to loads in the order of 1 to 3% of the
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requested loads. Accurate high load cycles at a frequency of 10 Hz were therefore
achievable (see Figure 8-4).
Note that the inaccuracy of the load cycles does not mean that the recorded data were
not useful. In reality the load cycles will not be perfectly cyclic either. However, a user
of the data should be aware of this inaccuracy. Sudden large suction caisson
displacements with a nominally constant load cycle are typically caused by an incidental
higher cyclic load than requested. In Figure 8-5 examples of such peak displacements
during nominally uniform cyclic loading tests can be seen.
8.4.2

Measurements of Test 6-4 and 8-5

Test 6-4, performed with suction caisson A (60x60x0.3 mm) at 100 g in Box 6, and Test
8-5, performed with suction caisson B (49.8x60x0.4 mm) at 100 g in Box 8, both
included cyclic loading components. Three distinctive cyclic load measurements of each
test are presented in Figure 8-3 and Figure 8-4.
Figure 8-3a shows load cycles from 45 N (compression) to -100 N (tension) at a
frequency of approximately 0.07 Hz. There is only a small amount of differential
pressure development, which is also cyclic in character. The displacements (positive is
downwards, see Figure 1-8 and Figure 3-1) and interpreted speeds occurring during
these loads can be found in Figure 8-3d. The displacements are very repetitive in
character and are less than 0.06 mm (=0.001D). The interpreted maximum speed is
0.01 mm/s, which is at the lower end of the measured extraction speeds presented in
Chapter 7. Figure 8-3b shows several load cycles, where the variation was measured to
be in between 45 N and -150 N at a frequency of approximately 0.05 Hz. The developed
differential pressure is not measurably higher than for the previous load cycle. The
measured displacements and interpreted speeds accompanying these cycles can be
found in Figure 8-3e. The displacements show again a very repetitive cycle, with a
maximum displacement that is approximately 30% higher than the previous load cycle.
This percentage increase in displacement compares with the percentage increase of load
in the load cycle. The interpreted speeds are again no greater than 0.01 mm/s. The last
cyclic load measurements presented vary between 45 N and -172 N at a rate of
approximately 0.045 Hz (Figure 8-3e). This load cycle led to failure of the foundation as
displayed at the end of Figure 8-3f. The developed differential pressure is again not
measurably higher than during the previous load cycles. However, when failure
occurred and displacements increased, the differential pressure increased as well. The
speed at failure remained at approximately 0.01 mm/s, which was set as the maximum
velocity.
The tests in Box 8 were performed with the new load feedback system, which allowed
much faster load cycles, without losing accurate load control. However, the
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displacement measurements during these fast loadings became less accurate, apparent in
the lower graphs of Figure 8-4. It seemed that only certain displacements could be
recorded, which led to the stepped profile. However, slow loadings would measure also
displacements in between these steps (see Figure 8-3), which indicates that the accuracy
of the measurement system itself was high. Three cyclic load measurements at the same
load cycle range (from 0 to -50 N) are shown in Figure 8-4, all with a different
frequency (respectively 1, 5 and 10 Hz). It can be seen that the fast loading (Figure
8-4c) develops more differential pressure in a smaller time frame than the slower
loading (Figure 8-4a and b). This contrasts with the findings of Byrne (2000), who
found that the influence of loading rate was negligible. The measurements show that the
increase in developed differential pressure is, however, not linearly related to the
increase of frequency as might be expected. Since the displacement measurements are
not very accurate, the interpreted speeds are not very accurate. However, it can be seen
in Figure 8-4 that the displacements are in the same order of magnitude for all three
cyclic loads (0.018 mm or 0.0004D) and that the speeds are in the order of 0.06 to
0.2 mm/s.
8.4.3

Identification of failure

‘Failure’ during these tests was defined as the level of cyclic loading at which, by
repeating the same load cycle, the suction caisson would be (slowly) extracted from the
soil (see Figure 8-3c and f). Keeping the frequency of the load cycle constant, this point
of failure was reached by increasing the amplitude of the load cycle in steps, once no
failure was observed after a certain amount of cycles at the previous load level. These
load increases were in steps of 5 N (ΔP ≈ 0.03γ'D). Failure was observed to happen
typically within a couple of cycles during the new (higher) load cycle. A consequence
of this was that the measured amplitude of failure load was only accurate within 5 N
(ΔP ≈ 0.03γ'D) even for an ideal feedback system.
8.4.4

Frictional resistance

The frictional resistance was calculated by subtracting the force generated by the
differential pressure from the total resistance. In nearly all load cycles the amount of
frictional resistance stayed constant and the very small displacements of the suction
caissons were elastic as described in Chapter 7. However, in a few load cycles during
different tests in Box 8, a similar frictional resistance as in the previous load cycle could
only be developed with some small extra displacement (see for example the
displacements in Figure 8-5 between 920 and 940 s). This necessary extra displacement
indicates that the frictional resistance can (slightly) degrade. It is interesting to note that
this only occurred when relatively high differential pressures or high displacements
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were measured and was not dependent on the number of applied load cycles as might be
expected by applying the current design practice (see Chapter 2).
The number of load cycles was set in some tests as high as 100,000, but in nearly all
cyclic loading tests it was shown that the number of load cycles did not result in any
resistance degradation or softening of the foundation response. An exception is shown
in Figure 8-5 where the soil seems to weaken slightly between 920 and 940 s. In the
slow cyclic tests (Box 1 through 7), virtually no differential pressure developed and no
failure was observed, even when the applied load was 5 N lower than the maximum
frictional resistance, and a significant amount of load cycles (up to 100,000) was
applied to the suction caisson. Similar observations were made for the fast cyclic tests in
Box 8, where failure was typically indicated by reaching the maximum frictional
resistance, independent of the applied number of load cycles and the developed cyclic
differential pressure.
These observations from the cyclic loading tests in the centrifuge indicate that typically
a steady-state was reached between cyclic differential pressure and number of cycles.
This deviates from the current design practice and measurements during cyclic
undrained simple shear tests, which indicate a lower resistance with increasing number
of cyclic loads.
8.4.5

Differential pressure development

The variation found in the differential pressure development during extraction tests (see
Chapter 7) was also found in the cyclic loading tests (see for example Figure 8-3 and
Figure 8-4). For Test 8-5 the normalised development of the differential pressure versus
normalised displacement was in the order of 1:300 (see Figure 8-6a) as measured during
Tests 6-1 and 6-2 (see Chapter 7). For Test 6-4, where the speed was very slow, the
normalised development of the differential pressure versus normalised displacement
was in the order of 1:30 (see Figure 8-6b). Just as during extraction tests, the
development of differential pressure during cyclic loading depends on the soil
permeability, the soil shear modulus and the suction caisson speed (and in extreme cases
on the initial void length and system compressibility). Therefore it seems logical to use
the same theory as presented in Chapter 7.
Back-calculations were made with this theory from Chapter 7 and their results, indicted
with ‘s = 100%stheo’, can be seen in the upper three graphs of Figure 8-7. The input
parameters are described in more detail in Section 8.7.2. It can be seen that if the
theoretical seepage length is used (s = 100%stheo) the predicted differential pressures are
typically much higher than measured, with an exception for the 10 Hz loading. The
lower three graphs of Figure 8-7 show the measured and back-calculated normalised
suction caisson displacement (named L1 in Chapter 7) and the back-calculated
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normalised displacement of the seepage component (named L5 in Chapter 7). It can be
seen that the measured and back-calculated suction caisson displacements are very
similar and only in the order of 0.04% of the normalised length, z/D. With these small
displacements the seepage components are in the same order of magnitude. Any (small)
changes in the seepage component will have a significant influence upon the differential
pressure development (see theory in Chapter 7). This influence is visualised in Figure
8-7, where the results of back-calculations can be seen for seepage lengths which are
10% and 1% of the theoretical seepage length. In the lower three graphs it is apparent
that this decrease in theoretical seepage length will increase the length of the seepage
component. This will lead to a decrease in differential pressure, as displayed in the
upper three graphs. A seepage length of approximately 10% of the theoretical length
seems to predict differential pressures which are very similar to the measured ones.
This example shows that next to the theoretical seepage another component must lead to
more displacement of dashpot L5 (see Chapter 7). In Section 8.5 it is shown that this
extra displacement is believed to be caused by consolidation, which will provide an
additional flow of water due to volumetric expansion and contraction of sand within the
caisson.

8.5

CONSOLIDATION

Negative or positive pore pressures in the soil will develop when a suction caisson
mobilises frictional resistance along the skirts and end bearing resistance beneath the
caisson lid (Section 8.5.1) or when differential pressures are introduced beneath the
caisson lid (Sections 8.5.2 and 8.5.3). In both cases consolidation will occur, since extra
fluid will need to be either expelled or introduced from the soil mass, to counteract the
resulting changes in effective stress. The movement of the extra fluid was not taken into
account in the proposed calculation method of Chapter 7. This section describes the
influence of consolidation and thereafter proposes a possible way of including the
consolidation effect in the prediction method.
8.5.1

Consolidation of a suction caisson loaded in compression

Examples of the consolidation process for smooth and rough suction caissons with
different embedment ratios can be found in Gouvernec and Randolph (2008). They used
finite element analysis to investigate the effect that the interface roughness and the
embedment ratio have on the consolidation response of a suction caisson loaded in
compression. They showed that the maximum displacement of the soil mass, here
named Lfric_eb, is a function of the compressibility coefficient, mv, the caisson diameter,
D, the embedment, L, the interface roughness, δ, and the average applied load, q0:
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L fric _ eb = f (mv , D, L, δ , q 0 )

(8.1)

The settlement of the soil mass will take time as illustrated in Figure 8-8 (Gouvernec
and Randolph, 2008). This figure shows the dissipation of excess pore pressure just
below the caisson lid versus normalised time (Figure 8-8a) and the degree of
consolidation settlement versus normalised time (Figure 8-8b). It can be seen from
Figure 8-8a that 90% of all the excess pore pressure dissipation just below the caisson
lid occurs within a normalised time of cvt/D2 = 1 for all investigated cases (with the
coefficient of consolidation, cv, defined as k/[mvγ'] ). However, in Figure 8-8b it can be
seen that 90% of settlement (and therefore dissipation of all excess pore pressures in the
soil mass) can take up to a time of cvt/D2 = 20 for the investigated cases. As expected,
the settlement time increases with deeper embedment ratios for the rough suction
caissons (90% at cvt/D2 = 2 for z/D=0 and 90% at cvt/D2 = 20 for z/D=1). For smooth
suction caissons the settlement time is roughly the same for all embedment ratios (90%
at cvt/D2 = 2).
Ideally the consolidation effect of the loaded suction caisson should be incorporated in
the load-settlement curves. In Chapter 7 these curves were determined by the purely
elastic theory presented by Doherty and Deeks (2005), without taking into account a
time effect.
8.5.2

Introduction into consolidation and its influence upon seepage

Consolidation will also occur when differential pressure is introduced beneath the
suction caisson lid, which will determine how long it takes before steady state seepage
is developed. Due to the loading of the soil mass by the differential pressure, the soil
mass will expand (negative pressure) or compress (positive pressure), which will take
time. This process is visualised in Figure 8-9, where it can be seen that the seepage
component for a step increment of pressure, p, consists of the normal seepage length,
Lseep_nor, according:
Lseep _ nor = k soil iave Δt = k soil

p
Δt
γ w s ave

(8.2)

and a consolidation seepage length, Lseep_cons, which is a function of the compressibility
coefficient, mv, the length of the loaded soil, H, and the differential pressure, p:
Lseep _ cons = f (mv , H , p )

(8.3)

The coefficient of consolidation, cv, and the drainage path length, s, determine how long
it will take before the consolidation displacement component is fully developed (Figure
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8-9). If the cyclic loading takes place within the time span of the consolidation, the
seepage component needs to be adjusted to include the consolidation component.
8.5.3

Consolidation effect on a soil sample

In this section the consolidation effect caused by differential pressure loading beneath
the suction caisson lid is theoretically investigated by transferring this 3D problem into
a 1D problem. For this purpose a comparison is made between the soil within and
directly below a suction caisson over which the differential pressure reduces from
pressure p0 at the top to zero at the bottom (Figure 8-10a) and a soil sample with height,
H, loaded on the top with differential pressure, p0, and assuming zero excess pore
pressure at the bottom (Figure 8-10b). The height of the soil sample, H, has to be taken
equal to the seepage length, s, so that the differential pressure in the top of the soil
sample coincides with the differential pressure inside the suction caisson (Figure 8-10c).
For the displayed example where the embedment ratio, L/D, is 1, the seepage length, s,
is 1.2D, and therefore the height of the soil sample, H, is equal to 1.2D (see Figure
8-10).
Two different loadings of differential pressure are investigated, step loading and cyclic
loading. Note again that the influence of the frictional resistance upon the consolidation
effect is ignored in this section.
Step loading

For the step loading it is assumed that the top of the soil sample is loaded at time step t0
with differential pressure p0. According to Carslaw and Jaeger (1959), the theoretical
solution for this consolidation problem can be expressed as:
∞
(− 1)m sin⎛ mπ z ⎞e −m2π 2Tv
p(z, t ) ⎛ z
= ⎜⎜ + ∑
⎟
⎜
H⎠
p0
⎝
⎝ H m =1 m

with

⎞
⎟
⎟
⎠

(8.4)

ct
Tv = v 2
H

This formula is used to develop the graphs in Figure 8-11. The differential pressure
distribution over the normalised sample length, z/D, for different time steps, cvt/H2 is
shown in Figure 8-11a. Figure 8-11b shows the consolidation ratio versus normalised
time. It can be seen that it will take 0.21 cvt/H2 to develop 90% of the consolidation.
Since the drainage length, H, is typically in the order of 1.2D, this converts to
approximately 0.3 cvt/D2 to reach 90% consolidation. This is significantly faster than the
consolidation effect which included the compressive loading (see previous section).
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Use can be made of Darcy’s equation to calculate the seepage velocity at the top of the
sample:
d
v( z, t ) =

p(z, t )
p0 k
dz γ w

(8.5)

For this example a coefficient of consolidation, cv, of 100 m2/s was used together with a
sample height, H, of 10 m. This led to Figure 8-11c which shows the seepage velocity
divided by p0 at the top of the sample versus normalised time. This shows that it will
take some time until the seepage velocity reduces to the steady state Darcy value of
0.001p0 m/s. The velocity at Tv=0 is calculated to be 0.2p0 m/s, or 200 times higher than
the Darcy velocity. The pattern of the seepage velocity versus time (starting high and
dropping to the Darcy velocity) compares with the anticipated velocity pattern displayed
in Figure 8-9.
Cyclic loading
Suction caissons are typically not loaded with a constant differential pressure at the base
plate. In this research they are either loaded with a constant pull out velocity or with a
cyclic load. During the cyclic loading of the centrifuge tests it was found that after the
first initial load cycles, the differential pressure developed varied cyclically in a format
like p = p0sin(ωt+ε). Carslaw and Jaeger (1959) presented the following theoretical
solution for consolidation effect of this cyclic differential pressure:
p(z, t )
= A sin (ωt + ε + φ ) +
p0

(

)

m(− 1) λm 2π 2 sin ε − ωH 2 cos ε
z ⎞ 2 2
⎛
sin ⎜ mπ ⎟e − m π Tv
2
2 4
2
2
H⎠
λ m π +ω H
⎝
m =1
∞

2πλ ∑

m

with
⎛ cosh 2λz − cos 2λz ⎞
A=⎜
⎟
⎝ cosh 2λH − cos 2λH ⎠
sinh λz (1 + i )
φ = arg
sinh λH (1 + i )
⎛ω ⎞
⎟
⎝ 2k ⎠
ct
Tv = v 2
H

0.5

(8.6)

0.5

λ =⎜

The second part of the equation (the summation part) describes the transient start-up
phase and can be neglected for the purpose of this research. The reduced equation is
used to develop the graphs in Figure 8-12. The top three graphs (a, b and c) are
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developed for cyclic loads with a normalised period of 1.0 H2/cv, the middle three
graphs (d, e and f) are developed for cyclic loads with a normalised period of 0.2 H2/cv,
and the bottom three graphs (g, h and i) are developed for cyclic loads with a
normalised period of 0.1 H2/cv. The first graph for each normalised period displays the
normalised pressure distribution over depth for time, t, equal to 0, 10, 25, 40 and 50% of
the loading period. The second graph for each normalised period shows the
consolidation ratio, U, defined as the percentage of final settlement during the cyclic
loading. Finally, the third graph of each normalised period gives an indication of the
fluid velocities at the soil surface, z = 0H. Again a coefficient of consolidation, cv, of
100 m2/s together with a sample height, H, of 10 m were used to develop these graphs.
Figure 8-12a shows that the maximum differential pressure developed at a certain depth
decreases with depth, similarly to the data displayed in Figure 8-11. Furthermore it can
be seen that the differential pressure developed at depth lags behind the differential
pressure on top of the sample. The time delay increases with increasing depth. By
comparing the pressure distributions over depth for all three normalised frequencies
(Figure 8-12a, d and g) it is apparent that the loading period determines the length of the
influence zone. Slow loading will lead to a large zone being influenced and fast loading
will lead to a small zone being influenced.
Figure 8-12b shows that the consolidation percentage, U, varies in time and lags behind
the loading cycle. By comparing the consolidation percentage for all three normalised
periods (Figure 8-13a) it becomes apparent that the loading period determines the
maximum consolidation percentage achieved during the loading and the steepness of
consolidation development. An increase in loading period will lead to an increase of
consolidation percentage and a decrease in the steepness of this percentage
development. The opposite is valid as well.
Finally Figure 8-12c shows that the fluid velocity at the soil surface varies cyclically
and reaches values significantly larger than the Darcy speed for a constant differential
pressure equal to p0. This was also observed during the initial period when the step
loading was applied (see above), where initially a velocity of 200 times the Darcy speed
was predicted. By comparing the consolidation percentage for all three normalised
periods (Figure 8-13b) it can be seen that the loading period determines the maximum
fluid velocity at the soil surface achieved during the loading. An increase in loading
period will lead to a decrease in maximum speed and vice versa.
8.5.4

Proposed approach for prediction method

It can be concluded that the consolidation effect needs to be taken into account during
cyclic loading. As discussed in Chapter 7 it is difficult to predict a priori the amount of
resistance developed by friction and differential pressure during extraction. The
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consolidation effect will complicate this prediction, since the seepage component will
initially be different than the seepage velocity as predicted by Darcy’s theory, which is
included in the proposed prediction model from Chapter 7.
It is proposed to use the equations presented in Section 8.5.3 to calculate the seepage
velocity although these neglect the influence of frictional resistance upon the
consolidation effect. The velocity according to these equations depends on the
differential pressure and, as seen in Chapter 7, this differential pressure itself depends
on variables such as soil shear modulus, extraction speed and soil permeability. To
solve this co-dependency mathematically the same theory presented in Chapter 7 can be
used with an adjusted permeability, k, or an adjusted seepage length, s. In this thesis a
decision was made to use the latter approach to describe the behaviour as visualised in
Figure 8-9. The manner in which this can be done for step loading or cyclic loading is
discussed below.
Step loading
Chapter 7 shows that during pull-out of a suction caisson the differential pressure
seemed to develop nearly instantaneously. However, the consolidation effect as
described above should be taken into account, which means that slightly lower
differential pressure will develop than anticipated with the method proposed in Chapter
7. It is proposed to adjust the seepage length with time such that the calculated seepage
velocity is equal to the velocity calculated using Equations 8.4 and 8.5. This can be
done by multiplying the theoretical seepage length, H, by the consolidation ratio, U. The
latter can be calculated by comparing the calculated pressure over depth with the
theoretical full consolidation profile (see Figure 8-11). This leads to the following
expression for the consolidation seepage length, scons:
H
∞
⎛ z
(− 1)m sin⎛ mπ z ⎞e −m2π 2Tv
s cons (t ) = 2 ∫ ⎜⎜ + ∑
⎜
⎟
H m =1 m
H⎠
⎝
0⎝
with
− 0.9
⎛
⎛L⎞ ⎞
H = ⎜1 + 0.2⎜ ⎟ ⎟ L
⎜
⎝ D ⎠ ⎟⎠
⎝
ct
Tv = v 2
H

⎞
⎟dz
⎟
⎠
(8.7)

Figure 8-14 shows how this consolidation seepage length, scons, varies over time and
reaches the theoretical seepage length, s, around a value of Tv of 0.5. This implies that
the differential pressure will only be influenced by the consolidation effect when Tv is
smaller than 0.5.
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Equation 8.7 will be used in Section 8.8 to explain the behaviour of some unexpected
results from Chapter 7. This section will also show that this approach indeed leads to a
solution where the calculated velocities compare well with the theoretical velocities
based upon Equations 8.4 and 8.5.
Cyclic loading
A similar assumption as for the step loading is made for the seepage length during
cyclic loading. The theoretical amount of consolidation will vary cyclically and will
reach values equal to zero during a cycle (see Figure 8-12b, e, h), which will lead to
numerical instabilities. These instabilities can be avoided by using an average value of
the consolidation percentage during the calculations, which is anticipated to result in the
same answers. This average consolidation ratio can be estimated by firstly determining
the maximum consolidation ratio occurring during a load cycle value (max[f(t)/0.5H])
and secondly multiplying this with a factor to represent the average seepage length
during the load cycle. For a sinusoidal loading this is 2/π. According to this, and by
neglecting the phase shift, ε, and the start-up effects included in Equation 8.6, the
average consolidation seepage length, scons_ave, for a given angular speed, ω, can be
determined by:
⎛ 4 ⎞
s cons _ ave (ω ) = ⎜
⎟ max( f (t ))
⎝ Hπ ⎠
with
H

f (t ) = ∫ A sin (ωt + φ )dz
0

⎛ cosh 2λz − cos 2λz ⎞
A=⎜
⎟
⎝ cosh 2λH − cos 2λH ⎠
sinh λz (1 + i )
φ = arg
sinh λH (1 + i )
⎛ω ⎞
λ =⎜ ⎟
⎝ 2k ⎠

0.5

(8.8)

0.5

Figure 8-14 shows how this average consolidation seepage length, scons_ave, depends on
the loading period of the cyclic loading. Normalised periods in the order of 0.001H2/cv
will lead to an average consolidation seepage length of only 2% of the theoretical
seepage length, whereas normalised periods in the order of 1H2/cv will lead to an
average consolidation seepage length of about 54% of the theoretical seepage length.
Note that according to this approach, the average seepage length during cyclic loading
will never equal the theoretical seepage length since the average length is at the most
63.6% of this value (=2/π) due to the sinusoidal cyclic loading character.
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Equation 8.8 will be used in Section 8.7 to back-calculate the measured cyclic loading
tests as presented in the beginning of this chapter. This section will also show that the
proposed approach with an average seepage length is justifiable since it leads to
solutions where the calculated velocities compare with the theoretical velocities
(combination of Equations 8.5 and 8.6).

8.6
8.6.1

CYCLIC LOADING PREDICTION IN SAND
Schematic model

This section describes the schematic model used to predict the behaviour of a suction
caisson during vertical cyclic loading. This model is based upon the observations from
the cyclic loading tests (Section 8.4) and the theories presented in Chapter 7. Some
adjustments were made to the theory presented in Chapter 7, regarding the development
of differential pressure and the influence of consolidation (see Section 8.5). The
individual components of the cyclic loading prediction method are displayed in Figure
8-15:
− the load cycle pattern;
− the bi-linear curve for the frictional capacity;
− the development of differential pressure.
The load cycle pattern must be known in order to predict the displacement, speed,
frictional resistance and differential pressure during cyclic loading. This differs from the
extraction prediction theory presented in Chapter 7, where the speed of the suction
caisson was known.
The tensile frictional resistance can be calculated by using the kf_t–value and load
displacement as presented in Chapter 7. The compressive frictional resistance can be
calculated by using the kf_c–value presented in Chapter 5. Figure 8-15b shows that the
expected load displacement curve for compressive resistance is similar to the load
displacement curve for the tensile frictional resistance, but with higher values. This
higher value is caused by the fact that the compressive frictional resistance is predicted
to be 233% higher than the tensile frictional resistance (kf_c/kf_t). As the shear modulus is
assumed to be the same, the slope of the curve is the same. In addition to this high
frictional resistance, more resistance can develop during compressive loading due to end
bearing of both the skirt tips and the caisson lid. The measured load-displacement of a
suction caisson loaded in compression shows the same linear behaviour as during tensile
loading (see Chapter 7). In the calculation model the end bearing generated by the skirt
tips can be treated as an increase in compressive resistance, without affecting the
stiffness of the load displacement curve (Figure 8-15b). Note, however, that the cyclic
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loads investigated during this research were only slightly compressive and therefore
only the initial part of the compressive part of the load displacement curve as shown in
Figure 8-15b was used in the back-calculations of the centrifuge tests.
The generation of differential pressure is similar to that described in Chapter 7 and
depends on soil permeability, seepage length, suction caisson speed and in extreme
cases on the system compressibility and initial volume. The difference between the
cyclic loading theory and the theory presented in Chapter 7 is incorporated in the
seepage length: this length will initially be smaller during the cyclic loading due to the
consolidation component thus taking into account the extra fluid movement due to
consolidation (see Section 8.5). In the back-calculations of Chapter 7 this consolidation
during the initial part of the extraction was not important, since the consolidation was
typically accomplished within very small displacements (and time). However, during
the (fast) cyclic loading the consolidation process cannot be ignored since the
differential pressures generated are typically smaller than would be predicted with the
theory presented in Chapter 7.
8.6.2

Programming

The following steps are taken to calculate the displacements, friction and differential
pressure for each time step during tensile cyclic loading:
− the average seepage length, scons_ave, based upon the one dimensional
consolidation theory for a certain loading frequency is calculated (see Figure
8-14);
− the increase or decrease of load in time step, Δt, is calculated;
− the displacement necessary to overcome this difference in load, based solely on
the load displacement curve for friction development is calculated and used as
a first estimate of suction caisson velocity;
− the differential pressure increase which is valid for the suction caisson velocity
and the average seepage length is calculated;
− the total load is calculated by combining the friction load and the load
generated by the differential pressure;
− if the calculated load has a difference of less then 1% of the target load the
calculation is stopped and displacements, friction and differential pressure for
the next time step are calculated;
− if the calculated load has a difference of more then 1% of the target load, the
suction caisson velocity is adjusted and the friction and differential pressure are
recalculated until the 1% accuracy is achieved.
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Figure 8-16 visualises some of the consequences of this programming, including failure,
plastic deformation and elastic equilibrium.
The three top graphs in Figure 8-16 show a load cycle, which is performed with a low
frequency and with a load cycle exceeding the frictional resistance. Because the load
varies slowly in time, the suction caisson will also only move slowly in time. In a very
permeable sand this will only generate a very small differential pressure. Failure will
occur when the frictional resistance and (small) developed differential pressure is
smaller than the requested load. The extra displacement, which occurs after failure, will
develop a high differential pressure to counteract the requested load. This kind of failure
was observed during failure of the cyclic loading tests in Box 1 through 7.
The three middle graphs in Figure 8-16 show a load cycle, which is performed with an
intermediate frequency and a load cycle exceeding the frictional resistance. As the load
varies relatively quickly with respect to time, the suction caisson will also move
relatively quickly. In this example the frictional resistance is fully mobilised before the
maximum in the load cycle is reached. During every load cycle a part of the
displacement will be plastic and failure will occur when too many load cycles have been
applied to the suction caisson. This kind of failure was observed during failure of the
centrifuge tests in Box 8.
Finally the three lower graphs in Figure 8-16 show a load cycle, which is performed
with a high frequency and the same load cycle as before. The load varies very quickly
with respect to time, which will make the suction caisson move quickly. Substantial
differential pressure can be generated and in this example the frictional resistance is not
fully mobilised before the maximum load cycle is reached. No failure will occur in this
situation. This kind of behaviour was seen during the centrifuge tests when the load
cycle was fast enough to avoid failure.

8.7

COMPARISON WITH CENTRIFUGE TESTS

In this section the calculation method presented is used to back-calculate the
measurements from centrifuge tests performed for this research. Firstly a comparison is
made between the back-calculations and measurements of a cyclic loading test where
virtually no differential pressure developed (Section 8.7.1). Secondly it is verified
whether the calculation method predicts the increase in excess pore pressure with
increasing load frequencies (Section 8.7.2). Finally a comparison is made between the
predicted and measured failure loads for different load cycle frequencies (Section 8.7.3).
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General cyclic loading (Test 6-4)

This section compares the back-calculations and measurements of three varying load
cycles of Test 6-4, which was performed at 100 g with suction caisson A
(60x60x0.3 mm). The first load cycle is from 45 N (compression) to -100 N (tension)
and was performed at a rate of approximately 0.07 Hz. The second load cycle varies
between 45 N and -150 N at a rate of approximately 0.05 Hz and the third cycle varies
between 45 N and -172 N at a rate of approximately 0.045 Hz.
The uncorrected and corrected CPT-profiles for Box 6 were presented in Chapter 7 and
were also used for these back-calculations. The interface angle, δ, was taken as 22°
(Tran, 2005), which leads to a kf_t factor of 0.00056. This leads to a maximum predicted
frictional extraction resistance of 179 N (P = 0.99γ'D). The back-calculations of the insitu permeability test revealed a system permeability of 1.1x10-4 m/s at 100 g. In
Chapter 7 the soil shear modulus, Gr, was back-calculated to be in the order of 4 MPa.
However, a value of 6 MPa had to be used to match the back-calculations with the
measurements. The compressibility factor, mv, was taken as 3.33x10-4 kPa-1
(=1/3000 kPa), leading to a cv-value of 3.3x10-4 m2/s for the soil filled with 100 cs
silicon oil tested at 100 g. The values of the system compressibility, Ksystem, and the
initial void length, Lvoid, of Chapter 7 were also used in these back-calculations (1x104
and 0.5% of the suction caisson height respectively). The average consolidation seepage
length, scons_ave, was determined with Equation 8.8 for 0.07 Hz, 0.05 Hz and 0.045 Hz to
be 53%, 57% and 58% of the theoretical seepage length respectively.
The back-calculated and measured normalised load cycles and normalised differential
pressures versus time for all three load cycles can be seen in Figure 8-17a, b and c. The
measurements are displayed as thin lines and crosses and the predictions only as thick
lines. The back-calculations for the last load cycle (45 to -172N) had to be adjusted to
45 to -165N, since the back-calculation started to show numerical instabilities from that
load level onwards. The comparison between measurements and back-calculations is
reasonable for all three cases, although the back-calculated differential pressures are
higher than measured. A possible reason for this is the fact that the consolidation effect
of the frictional and end bearing resistance is neglected. In reality this consolidation
effect will lead to extra fluid movement, which would lower the calculated differential
pressure. Research into this consolidation component should be undertaken in order to
be able to include this in the current prediction method.
The back-calculated and measured normalised displacements and speeds are presented
in Figure 8-17d, e and f. It can be seen that these measurements and back-calculations
also compare reasonably, although the back-calculated speed is not as smooth as the
measurements. This oscillatory behaviour of the back-calculated speed is caused by the
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calculation method, which seemed to be relatively sensitive for calculations in which
the differential pressure developed was relatively small. Note that the displacement
versus time is smooth despite the oscillatory behaviour of the back-calculated velocity.
8.7.2

Cyclic loading at different frequencies (Test 8-5)

The back-calculations made in this section focus on three load cycles of Test 8-5 which
vary from 0 to -50 N (P = -0.52γ'D) at frequencies of respectively 1 Hz, 5 Hz and
10 Hz. Test 8-5 was performed at 100 g with caisson B, which has a 49.8 mm diameter,
is 60 mm high and has a wall thickness of 0.4 mm.
The uncorrected and corrected CPT-profiles for Box 8 were presented in Chapter 5 and
are also used for these back-calculations. The interface angle, δ, was initially taken as
22° (Tran, 2005), which led to a kf_t factor of 0.00065. The maximum measured
penetration of this caisson was measured to be 56 mm, which leads to a maximum
predicted frictional extraction resistance of 148 N (P = 1.55γ'D). However, slow pull out
tests conducted on the same caisson in the same soil (Tests 8-4 and 8-5) showed that the
resistance was ‘only’ 75 N (P = 0.77γ'D). This chapter focuses on the increased
resistance during cyclic loading compared with the pure frictional resistance and
therefore the calculation was adjusted to match the measured frictional resistance. To do
this, it is not important whether the interface angle or the cone resistance profile is
adjusted, as long as the back-calculated friction matches the measured one. Here it was
decided to adjust the interface angle to 12°, despite the fact that this value is too low.
Reality was most likely a combination of a lower interface angle and a lower cone
resistance profile. Note that this adjustment will not influence the back-calculations of
loads lower than 75 N, for example the three load cycles to 50 N. It will however have
an influence upon the ultimate cyclic loads as calculated in Section 8.7.3.
In Chapter 5 it was demonstrated that back-calculations of the in-situ permeability test
in Box 8 led to a system permeability of 2.3x10-4 m/s at 100 g and this value was used
in these predictions. The compressibility factor, mv, was taken as 3.33x10-4 kPa-1
(=1/3000 kPa), leading to a cv-value of 6.9x10-4 m2/s for the soil filled with 100 cs
silicon oil tested at 100 g. The values of the system compressibility, Ksystem, and the
initial void length, Lvoid, of Chapter 7 were also used in these back-calculations (1x104
and 0.5% of the suction caisson height, respectively). The average consolidation
seepage length, scons_ave, was determined with Equation 8.7 for 1 Hz, 5 Hz and 10 Hz to
be 19.1%, 8.5% and 6.0% of the theoretical seepage length respectively.
The back-calculated and measured normalised load cycles and normalised differential
pressures versus time for all three load cycles can be seen in Figure 8-18a, b and c. The
measurements are displayed as lines with crosses and the predictions only as lines. The
comparison between measurements and back-calculations is more than reasonable for
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all three cases. The back-calculated differential pressure for the 1 Hz loading is slightly
overestimated and the predicted differential pressure for the 10 Hz loading is slightly
underestimated. The back-calculated and measured normalised displacements versus
time for all three different load cycles are presented in Figure 8-18d, e and f. Despite the
stepped measurements it is ovious that the comparisons between back-calculated and
measured displacements are good.
The top three graphs of Figure 8-19 (a, b, c) show the back-calculated velocity for all
three loading frequencies together with the back-calculated theoretical velocity using
the back-calculated maximum developed differential pressure and Equations 8.5 and
8.6. This figure was included to verify whether the assumption regarding using an
average seepage length equal to the theoretical seepage length multiplied by 2/π times
the maximum developed consolidation ratio would lead to similar velocities. It can be
seen that these velocities are indeed more or less equal, which implies that using an
average drainage length as defined in Section 8.5.4 will indeed lead to the velocities as
theoretically predicted according Equations 8.5 and 8.6.
The bottom three graphs of Figure 8-19 (d, e, f) were developed by back-calculating the
same load tests, but with a constant consolidation seepage length, scons, as described by
Equation 8.8. This resulted in values for scons of 29.9%, 13.4% and 9.5% of the
theoretical seepage length for the 1 Hz, 5 Hz and 10 Hz loading frequency respectively.
For this case the back-calculated and theoretical velocities are very similar, although at
the lower frequencies there is some higher discrepancy. The back-calculations
performed with these higher scons values, predict higher differential pressures (not
presented in this thesis). This does not correspond with the measurements at the low
loading frequencies, but corresponds slightly better at the high frequency loading.
It can be concluded that using an average value for the seepage length will lead to
predicted velocities that compare reasonably with theoretical values. However, the exact
value of this average value seems not only to depend on the theory regarding cyclic
loading from differential pressure. It is recommended to perform more research to
determine the exact value of this average seepage length value; also the influence of the
consolidation effect from the frictional and end bearing resistance should be
incorporated.
8.7.3

Ultimate cyclic loading (Tests 8-5 and 8-6)

Several times during Test 8.5 the suction caisson was loaded to failure under different
loading conditions. The load cycles applied always started from zero and increased up
to a requested tensile force at a given frequency. After each failure the suction caisson
was pushed back into the soil with slow, large compressive loading under which no
excess pore pressure developed.
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An example of failure can be seen in Figure 8-20, where a cyclic load applied at 1 Hz
from 0 to -75 N led to failure. By using the same input parameters as described in
Section 8.7.2, a back-calculation was made. Figure 8-20 shows that this backcalculation fits the measured data well.
Other measured combinations of loading frequency and maximum tensile load which
led to failure can be seen as crosses in Figure 8-21. Load cycles with a frequency lower
than 1 Hz do not have a resistance higher than the frictional resistance. When the
frequency increases, the resistance increases as well. This is caused by the development
of higher differential pressures due to higher suction caisson speeds.
Predictions were made to determine the combination of failure load and loading
frequency (see thin black line in Figure 8-21). Failure for these predictions was
quantified as the load cycle that would mobilise the full available frictional resistance.
By fixing the load cycle frequency, the load could be increased until this failure
criterion was met. The comparison with the measurements is reasonable. In the previous
back-calculations it was already seen that the prediction of the differential pressure at
higher frequencies did lead to lower values than measured. Again it is apparent that an
under prediction in resistance is predicted for the higher frequencies, but the predictions
certainly pick up the measured trend. One explanation might be that the decrease in
inner friction due to differential pressure (see Chapter 5 and 7) does not occur.
However, the effect this has upon the calculation results is not sufficient to explain the
discrepancy.
The load cycles in Test 8-6 averaged around 0 N, loading the suction caisson both in
tension and compression. Failure loading was defined as the tensile component of the
failure load cycle. Measurements of failure loading combination can be seen in Figure
8-22. The suction caisson was loaded to failure twice at 1 Hz and three times at 10 Hz.
The failure loads for each of these tests were not exactly the same. The failure loads
vary respectively 5% at 1 Hz and 20% at 10 Hz. By comparing these measurements
(Figure 8-22) to the measurements of Test 8-5 (Figure 8-21) it can be seen that there is a
similar pattern with high loads at high loading frequencies and a constant lower value at
low loading frequencies. Furthermore, the measured resistance at the higher frequencies
is higher for the two way cyclic loading (Figure 8-22) than the one way cyclic loading
(Figure 8-21). This can be explained by the fact that the suction caisson needs to move
nearly double the distance over the same time. This means the velocity will be nearly
twice as large and more differential pressure can develop.
Predictions were made for the failure load combinations for Test 8-6. The same input
parameters were used as for the back-calculation for the failure loads of Test 8-5.
Results of the predictions can be seen as the thin black line on Figure 8-22 and can be
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compared with the predictions for the one way loading tests of Test 8.5 (grey line in
Figure 8-22). Again it is observed that the prediction is more than reasonable, although
all predictions give a (conservative) lower bound.

8.8

COMPARISON WITH EXTRACTION TESTS

The presented model of consolidation will influence the predictions for the initial part of
the extraction tests as discussed in Section 8.5.4. The magnitude of the consolidation
coefficient over the square of the drainage length, cv/s2, will determine the influence of
this consolidation effect during pull-out (see Figure 8-9). For a very high value, the
consolidation will occur rapidly and similar results will be found as presented in
Chapter 7. However, for a very low value, the consolidation effect will influence the
whole period of pull-out. The sections below will demonstrate that the pull-out
predictions can be improved when the consolidation effect is included for both the
centrifuge tests (Section 8.8.1) and the Luce Bay test (Section 8.8.2).
8.8.1

Centrifuge tests (Tests 6-2 and 6-3)

The predictions made in Chapter 7 for the centrifuge tests were quite reasonable. To
describe the initial part of Test 6-3 slightly better, it was shown that the predictions
could be improved by adjusting the ratio of the stiffness of the different springs, K1, K2
and K3.
Figure 8-23a and Figure 8-24a present the initial parts of the back-calculations from
Chapter 7 for Tests 6-2 and 6-3 respectively. New back-calculations were made by
including the consolidation effect as described by Equation 8.7. The only extra
parameter is the compressibility of the soil, mv, which was taken in the backcalculations as 3.3x10-4 kPa-1 (=1/3000 kPa).
The results of the calculations can be seen in Figure 8-23b and Figure 8-24b. For both
Tests 6-2 and 6-3 the predictions for the differential pressure compare slightly better
with the measured values, without having to change the spring stiffness ratios. The
consolidation effect in these two tests is theoretically limited to only 8.8 s (Tv = 0.5).
Thereafter the consolidation effect is completed and the back-calculations with or
without consolidation effects should give similar results.
8.8.2

Luce Bay

Chapter 7 shows that the prediction of the Luce Bay pull-out did not give a good match
with the measurements when realistic numbers for the stiffness of the different springs,
K1, K2 and K3, the initial void length, Lvoid, and the system compressibility Ksystem were
used (see also Figure 8-25a). By adjusting Lvoid and Ksystem or the ratios of K1, K2 and K3
a better fit could be created (see Chapter 7).
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However, the Luce Bay tests were performed with a relatively large suction caisson
(e.g. a large drainage length, s) in an artificially prepared sand test bed, which might
have a low coefficient of consolidation, cv, due to a low permeability, k, (silt inclusions)
and a high compressibility coefficient, mv (not compacted well enough). It is therefore
expected that consolidation will have a significant effect upon the back-calculation.
Figure 8-25b presents the results of the back-calculation with the (realistic) values for
Lvoid, Ksystem, K1, K2 and K3 as used in Chapter 7, but with the consolidation effect taken
into account for a cv-value of 4.0x10-4 m2/s and a drainage length, s, of 1.29 m. It can be
seen that this prediction compares much better with the measured data. Note that the
explanations given in Chapter 7 (air bubbles and a low reverse end bearing) might still
be applicable. Most likely a combination of these three scenarios occurred in reality.

8.9

CONCLUSIONS AND RECOMMENDATIONS

The cyclic loading component on a typical 3 MW offshore wind turbine is governed by
the hydrodynamic loading with relevant load cycles in storm conditions in the order of
10 to 15 seconds (0.10 to 0.07 Hz). For a foundation on a tripod in 25 m of water, the
relatively steady horizontal force is in the order of 0.25 MN (aerodynamic loading) and
the cyclic force in the order of 2 to 3 MN (hydrodynamic loading during a storm). The
average vertical loads during ultimate loading conditions are compressive and in the
order of 1 to 3 MN, but the cyclic component can bring these loads into the tensile
region. For suction caisson design this tensile load can be critical, since if the design
load is exceeded there is no safety mechanism to stop the wind turbine from falling
over.
The results of the centrifuge tests with cyclically loaded suction caissons did not reveal
any degradation in resistance due to the (large numbers of) cyclic loads. Since the
loading was varied with a load step of about 5% of the frictional resistance, it can
therefore be stated that the cyclic loading had no negative influence upon the maximum
resistance of the foundation capacity up to 95% of the frictional resistance being
mobilised. For a well designed suction caisson with an appropriate factor of safety this
value should never be reached. Therefore resistance degradation due to cyclic loading
does not need to be taken into account for the design, based upon these centrifuge tests.
This deviates from the current design practice for these foundations.
For a good and safe design of a suction caisson it is essential to have a good
understanding of the consequences of cyclic loading and the behaviour of differential
pressure and frictional resistance on a suction caisson during this process. The
prediction model for cyclic loading presented in this chapter is derived from the
extraction model presented in Chapter 7. However, it includes a consolidation effect,
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which leads to differential pressures in the initial phase of the extraction or cyclic
loading which are lower than predicted with the theory from Chapter 7, due to the extra
fluid movement which occurs during the consolidation. Centrifuge test results were used
to verify this prediction model for both operational and failure conditions. Also the pull
out test performed at Luce Bay was used as a verification of the consolidation effect.
Although the results are satisfactory, it is recommended to investigate the effect of
consolidation more thoroughly, in particular the combination of consolidation due to
frictional resistance, end bearing resistance and differential pressure.
For design purposes it would be useful to quantify how much cyclic loading in
comparison with an average load on a suction caisson can be accounted for as a function
of the frequency of the cyclic load and the permeability of the soil. This will be
discussed in the next chapter.
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CHAPTER 9. DESIGN PHILOSOPHY
9.1

INTRODUCTION

This chapter describes a philosophy to design a suction caisson foundation beneath a
tripod for an offshore wind turbine based upon the lessons learned during this research.
A flow chart is presented which helps to design the optimal foundation. Each of the
items mentioned in this flow chart is discussed separately in more detail. Firstly some
remarks are made regarding determining the dimensions of the tripod construction. This
is followed by some comments regarding the ‘operational’ and ‘ultimate’ loading and
the influence they have on the foundation design. Thirdly the importance of the
structural requirements is discussed and the necessity to discuss them with engineers
from different disciplines. Thereafter the preferred sizing calculation methods are
discussed. Design graphs, using these calculation methods, are developed which can
help with the initial sizing of the suction caissons. Finally, some suggestions are made
regarding the installation prediction and structural checking of the suction caisson.

9.2

HOW TO DESIGN THE OPTIMAL FOUNDATION

A construction like an offshore wind turbine cannot be designed by solely a structural,
mechanical, metocean, aerodynamic, hydrodynamic or geotechnical engineer. The
expertise of every discipline is necessary for a design which is optimised for all aspects.
A simple request of a mechanical engineer to keep displacements of the nacelle within
certain limits to avoid high stresses or fatigue, might have major implications for the
structural design including the foundation. It is possible that instead of a limited
displacement of the nacelle the intention of the request is a limited acceleration, which
might have different implications. Furthermore it is obvious that scour should be
prevented or taken into account in the foundation design, although this is not discussed
in this thesis. Communication between the structural, metocean and geotechnical
engineer is essential for this. The design process should therefore be very transparent
and communication between the different engineering fields are a key issue for an
optimised design.
Figure 9-1 shows a flow chart for the design philosophy for the foundation of an OWT
consisting of suction caissons beneath a tripod. This flow chart is summarised below
and each section will be discussed in the following sections:
− structural design (Section 9.3). The sizing of the superstructure and the
substructure must be determined;
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− design loading (Section 9.4). With the structural design it will be possible to
determine the loads acting on this structure, such as the ‘operational’ and
‘ultimate’ loads;
− design requirements (Section 9.5). The project team should decide what
maximum displacements and deflections are allowed. Furthermore they need to
decide whether these criteria are the same for ‘operational’ and ‘ultimate’
loading and what the influence of these criteria upon fatigue is. Finally the
team needs to decide what the reliability or factor of safety of the system
should be;
− suction caisson sizing (Sections 9.6 and 9.7). The size of the caissons should be
large enough so they can develop sufficient soil resistance to withstand the
design horizontal, compressive and tensile loading. If the suction caisson sizes
turn out to be excessive it may be necessary to change the OWT structure and
restart the design process;
− suction caisson installation (Section 9.8). It needs to be checked whether the
suction caissons be installed to the design depth without disturbing the soil.
− structural strength (Section 9.9). It needs to be checked whether the caissons
themselves strong enough to withstand the design loads.
If the designed caissons fail these checks, the process must be started again. Once the
OWT design, including the foundation, has been shown to be satisfactory construction
can proceed.

9.3

TRIPOD CONSTRUCTION

The design of the substructure is mainly the work of a structural engineer. From a
geotechnical point of view it is important that the distance between the suction caissons
is large, so that the moment acting on the foundation can easily be counteracted without
too much tensile (or compressive) loading occurring in the individual suction caissons.
The distance is furthermore important to avoid that the soil mass loaded around the
caissons overlap with each other.
To make an initial estimate of the tripod size, the following considerations can be taken
into account (see Figure 8-2):
− to make the tripod stiff, it is suggested to use four beams coming from each
suction caisson. Two, to connect the caissons with each other, one that
connects the caisson to the superstructure at a low level, and one that connects
the caisson to the superstructure at a high level;
− to avoid large hydrodynamic forces, the upper connection point of the tripod
can be placed just below mean sea level (MSL). However the substructure
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needs to be extended to above this level, so that connection of the
superstructure to the substructure can be done ‘in the dry’;
− it is suggested to place the beam connecting the suction caisson to the upper
connection point at an angle to the horizontal of less than 45 degrees for
optimal load transfer and simplicity in construction. Together with the previous
consideration, this would mean that the caissons are placed a factor 1+0.5√2
times the MSL away from each other;
− sizing of the individual beams should be based on avoiding buckling under
ultimate loading.
Compromises can be made if the caissons stand too close to each other, or individual
beams become too large. The most logical solution would be to change the highest
attachment point on the superstructure to a higher or lower point, but taking the other
mentioned considerations into account.

9.4

LOADING

Chapters 3 and 8 discussed the calculations of loads on an offshore wind turbine. These
loads were assumed to act in one vertical plane. In reality, however, the loading will be
three dimensional and in addition to the loads in the vertical plane, loads such as
generated by braking or from side winds should be taken into account. This was outside
the scope of this research, but is implemented in commercial programs such as
BLADED. Nevertheless, the loads that are calculated with the formulae presented in
Chapter 3 make up most of the loading and are a good starting point to determine design
loads.
In this section two ‘standard’ loading conditions (‘operational’ and ‘ultimate’) and their
implication upon the foundation design are discussed. In this research these loads are
based on the assumption that the pitch angle of the blades is fixed and that the
environmental conditions can be calculated within a time domain prediction of the
aerodynamic and hydrodynamic loads with appropriate statistical parameters.
9.4.1

‘Operational’ loads

The ‘operational’ loads occur throughout during the lifetime of an offshore wind turbine
and have a small cyclic load component in them. Ideally these ‘operational’ conditions
lead to only compressive loading in the foundation, which will be easier to counteract
than tensile loading. As discussed previously, foundations loaded in compression have
an extra factor of safety within them: deeper penetration will lead to more resistance.
Foundations loaded in tension do not have this extra factor of safety and, in an ideal
world, long term tensile should therefore be avoided. It is realistic to assume that the
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possible negative effects of cyclic loading do not occur during ‘operational’ loading,
since the ‘operational’ loading includes of only a small proportion of cyclic loading
compared with static loading and the fact that these loads are smaller than the design
load (= ‘ultimate’ load).
An example of the ‘operational’ loads for a typical 3.5 MW wind turbine was given in
Chapter 8. It may be seen that the horizontal loading during operational load conditions
was small (around 1 MN). The moment loading was approximately 35 MNm, due to the
fact that the nearly static aerodynamic load of about 0.4 MN is acting at 86.6 m above
the foundation. To counteract this moment, the vertical loads on individual caissons
vary slightly from the non-environmental loading conditions where every suction
caisson is loaded with 1/3 of the total vertical load. In the example presented in Chapter
8, two suction caissons were loaded to 2.5 MN and one to 1 MN. This means that all
individual suction caissons during operational conditions were loaded to low values in
compression as recommended above. If this had not been the case, tensile loading could
have been avoided by adding weight to the structure or by placing the caissons beneath
the tripod further away from each other.
9.4.2

‘Ultimate’ loads

Although the definition of ‘ultimate’ loading conditions is that they occur only rarely in
the life time of an OWT, the suction caissons must be designed to withstand these loads.
The main difference from the ‘operational’ loads is that tensile loads in the suction
caissons may be allowed to occur under ultimate conditions. These tensile loads are
directly related to the waves passing the tripod structure and have therefore the same
cycle length as the wave period, e.g. between 10 and 15 seconds during storm loading.
This is a short time and depending on factors such as the permeability of the soil and
consolidation effect, differential pressures inside the caisson are likely to develop during
the wave cycle.
An example of the ‘ultimate’ loads for a typical 3.5 MW wind turbine was given in
Chapter 8. It may be seen that the total horizontal loading on a tripod foundation for
ultimate loading conditions was in the order of 3 MN and consisted mainly of wave
loading. As may be seen in Chapters 3 and 8, the moment loading on a wind turbine is
counteracted by a push-pull system of the suction caissons underneath the tripod. The
vertical loads during these ultimate conditions vary significantly between the individual
caissons and could lead to a maximum tensile load of 2 MN, which lasts only a few
seconds and is repeated only a few times during a storm. Friction along the caisson shaft
together with a possible differential pressure should be able to counteract this tensile
load. If this is not feasible, the tensile loading can be reduced by adding weight to the
structure or by placing the caissons beneath the tripod further away from each other.
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STRUCTURAL REQUIREMENTS

Optimisation of the stiffness of an OWT is a multi-disciplinary task, as is setting out the
structural requirements. The mechanical, structural and aerodynamic engineers will all
have specific reasons why certain deflections should be kept within a given minimum.
The equipment in the nacelle might not work optimally when it is angled more than a
certain degree or the connection between super and substructure might be very
susceptible to a certain movement. It is, however, not useful to require a certain
maximum deflection of the foundation, which might make the foundation AUD 50,000
more expensive if the same results could also be achieved by adding more steel to the
superstructure at a cost of AUD 25,000. Set structural requirements should therefore
always be questioned and compromises should be made for an overall optimal design.
One of the problems structural engineers encounter is the influence of the foundation
upon the structural-frequency of the OWT. However, if the foundation is well designed
and consists of a tripod with suction caissons, the influence upon the structuralfrequency of the system is very small, even when soil conditions vary significantly
(Liingaard, 2006). This topic of structural frequency is another example where it is
shown that it is important to have good communication between engineers of different
disciplines.
Another assessment the design team needs to make is whether the same structural
requirements are valid for ‘operational’ and ‘ultimate’ conditions. The ‘ultimate’
conditions are believed to occur only once in the OWT’s lifetime and large
displacements might be allowed for this situation as long as these displacements are
reversible, with or without intervention. Another reason to allow large displacements is
the fact that these structures are typically unmanned. Structural damage is typically not
regarded as critical as human injuries. It is furthermore important that the influence of
the foundation stiffness upon fatigue loading is determined since fatigue governs the
design life of the structure. The final decision about structural requirements can only be
made by the project team and will in the end be determined by the financial
consequences.
Finally the design team needs to decide what the allowable risk of failure is. In other
words what should be the reliability of the construction or the factor of safety (FoS).
This decision also determines which calculation method is used for the sizing of the
caisson. The reliability of the foundation will therefore be discussed in more detail in
the next section.
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SUCTION CAISSON SIZING

Several conditions need to be fulfilled to determine the suction caisson size. The design
team should firstly define the structural requirements of the foundation as discussed in
Section 9.5. Thereafter an assessment needs to be made regarding the appropriate
reliability of the predicted loads and the factor of safety that need to be applied in the
design for the suction caissons so they can withstand the design loads (see Section
9.6.1). The main loads are horizontal, compressive and tensile and the methods to
calculate the horizontal, compressive and tensile resistance are discussed in Sections
9.6.2, 9.6.3 and 9.6.4 respectively.
9.6.1

Reliability / Factor of safety

As discussed in Section 9.5, the design team needs to quantify how reliable the
foundation design needs to be, or in other words what the factor of safety for the
foundation is. There will always be a risk that actual loads exceed the predicted loads
and that the predicted resistances are less than the actual resistances. In extreme cases,
failure can occur as demonstrated by the overlapping area of the two graphs in Figure
9-3. In this example the factor of safety was set at 2.0 and the coefficient of variation of
the loads and foundation strength was taken as 0.5 and 0.25 respectively. This
combination of statistical parameters led to a risk of failure of 0.72% (= overlapping
area).
The majority of the loads that have to be resisted by the suction caisson are horizontal,
compressive and tensile. The moment and torsional loading are, for a foundation
consisting of suction caissons beneath a tripod, small enough to neglect in the initial
design. A schematisation of the failure mechanisms for the different loads can be seen
in Figure 9-4. The failure mechanisms displayed in the upper diagrams are quantified as
conservative, since these resistances are expected to occur with small displacements.
The failure mechanisms displayed in the lower diagrams are expected to occur with
larger displacements and are therefore quantified as unconservative.
The decision which failure mechanism is used for the calculations influences the
reliability of the foundation: using the conservative mechanisms in design will lead to a
more reliable foundation than using the uconservative mechanisms. This is caused by
the fact that if the design loads are exceeded, the caisson will undergo slightly more
displacement to counteract the higher loads, but real failure such as the wind turbine
falling over will not occur, since extra resistance will be mobilised due to the end
bearing of the caisson lid (compression) or development of differential pressure
(tension). The factor of safety value used in design with conservative mechanisms can
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therefore be smaller than the factor of safety value used in design with unconservative
mechanisms.
In this thesis the influence that the vertical, horizontal and moment loading have upon
each other is neglected. This assumption can be seen as a decrease in the reliability,
because the failure load will typically decrease due to combined loading. Models that
incorporate this behaviour are generally named VHM-models and take into account the
influence that the different loads have upon each other (see Chapter 2). Several
researchers have investigated this behaviour for shallow footings in sand both by
experiments and by numerical modelling. Mathematical models have been developed as
described in the literature to describe the influence of combined loading on the total
behaviour. These models can be straightforward such as described in DNV (1992) and
API (2000) or more complicated as described in Nguyen-Sy and Houlsby (2005). The
research into VHM-models for suction caissons is still at an early stage and experiments
such as those performed at the University of Oxford (Villalobos et al., 2005) are
essential for the development of complete models. When these models are fully
developed they will allow more accurate estimation of the reliability of the design.
9.6.2

Horizontal resistance

The research presented in this thesis did not focus on the horizontal resistance of a
suction caisson. An existing design method, such as presented in DNV (1992) and API
(2000) is therefore recommended as a first indication of the horizontal resistance. This
method will be explained in the section below. Note, however, that the preferred option
to calculate the horizontal resistance would be a method based upon the measured cone
resistance. More research needs to be performed to develop such a method.
The horizontal resistance, according to the DNV/API method, is calculated by
representing the soil by lateral springs whose response is defined by so-called p-y
curves. The maximum horizontal resistance of a suction caisson is developed when the
caisson displaces exclusively laterally and all lateral springs are loaded to their
maximum. The maximum horizontal resistance per unit length is defined as pu and can
be calculated by taking the minimum value of the following predictions:
pu _ shallow = (C1 L + C 2 D )γ ' z

(9.1)

pu _ deep = C 3 Dγ ' z

The values of coefficients C1, C2 and C3 are functions of the angle of internal friction,
φ', and can be determined according to graphs presented in the design codes DNV
(1992) and API (2000).
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These design codes also present relationships between the soil stiffness, ksoil, and the
angle of internal friction, φ'. For a given soil stiffness, ksoil, the lateral resistance that is
mobilised with a certain displacement, y, can be calculated with the following
expression (DNV, 1992; API, 2000):
⎛k z
p = Apu tanh⎜⎜ soil
⎝ Apu
with

⎞
y ⎟⎟
⎠

⎧⎛
L⎞
⎪⎜ 3 − 0.8 ⎟ ≥ 0.9
A = ⎨⎝
D⎠
⎪⎩
0.9

(9.2)
for

static loading

for cyclic loading

By normalising the displacement, y, the p-y curves can be calculated for different angles
of internal friction, φ'. The results can be seen in Figure 9-5. According to this graph, a
5 m diameter suction caisson installed in a soil with a φ' value of 35°, needs to displace
approximately 50 mm (= 0.01D) to mobilise the maximum lateral resistance.
This method has been used over the past 30 years for piles up to 1 to 2 m. Recently,
several researchers investigated the use of p-y curves for predictions of horizontal
loading on large diameter mono piles, such as those used as offshore wind turbine
foundations (Abdel-Rahman and Achmus, 2005; Lesny and Wiemann, 2005). They
found that, compared with finite element calculations, the p-y predictions for very large
mono piles overestimated the stiffness of the initial soil stiffness and therefore
underestimated the deflections. The ultimate loads predicted by the p-y curves and the
finite element runs were, however, in the same order of magnitude.
Since suction caissons have typically a very large base, a shear force will be mobilised
at the base by lateral displacement of the suction caisson (Abdel-Rahman and Achmus,
2005). The shear force may be calculated as:
′
pu _ base = A pσ v tan φ '

(9.3)

The vertical stress, σv', will vary due to vertical loading of the suction caisson. This
means that the vertical loading directly influences the horizontal capacity as was
discussed in Chapter 2. However, for initial sizing calculations it is assumed that the
vertical stress, σv', is equal to the effective overburden stress in the soil, ignoring loads
applied by the caisson.
To calculate the maximum horizontal resistance, the ultimate resistance of the lateral
springs should be integrated and added to the base shear, giving
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L

H 0 = pu _ base + ∫ pdz

(9.4)

0

In Section 9.7.2 this method will be used to develop design graphs which can be used to
determine an initial suction caisson size to withstand a given horizontal load.
9.6.3

Compressive resistance

It is suggested to use the method developed in Chapter 5 to calculate the (conservative)
compressive resistance of the suction caisson walls and tip (see top middle diagram of
Figure 9-4). This new method makes use of the measured cone resistance profile, qc,
and multiplies this with coefficients, kf_c and kp, to determine the unit friction and unit
end bearing respectively. For comparison, calculations will also be made with the
design method described in DNV (1992) and API (2000) and presented in the same
design graphs. This alternative design method was described in Chapter 2 and makes
use of bearing capacity factors, Nq, and classical input parameters such as the angle of
internal friction, φ', effective soil unit weight, γ' and the coefficient of lateral earth
pressure, K0.
The displacements necessary to develop the compressive resistance are assumed to
depend on the suction caisson diameter, D, and the shear modulus measured at a depth
of half the diameter, Gr, similarly as described in Chapter 7 for tensile resistance. The
settlement necessary to reach a certain resistance will decrease with an increase in shear
modulus or diameter.
The reason why the unconservative compressive resistance is not used, is because of the
large displacement necessary to develop the compressive resistance of the top plate of
the suction caisson. A first estimate is that this is 10% of the suction caisson diameter,
D, and therefore typically too large to fall within the requirements set by the design
team. The possible extra resistance from the top plate is treated as an increase in the
safety factor.
9.6.4

Tensile resistance

In Chapters 7 and 8 it was shown that it is very complicated to predict the tensile
resistance accurately. Different failure mechanism can occur, depending on parameters
such as pull out speed, permeability and consolidation characteristics of the soil. Figure
9-6 and Figure 9-7 illustrate different responses assuming that the resistance is purely
frictional for completely drained pull out, equal to the reverse end bearing for
completely undrained pull out and in between these two extremes for a typical partially
drained pull out. In the paragraphs below these three different pull out resistances are
discussed in more detail.
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Minimal resistance: Frictional resistance
When the suction caisson is pulled out extremely slowly or the soil is infinitely
permeable, the only resistance that can be allowed for is the friction on the inside and
outside of the caisson (see Figure 9-7a). Chapter 7 presented a method to calculate this
resistance based on the measured cone resistance profile, qc, and a coefficient, kf_t to
determine the unit friction, just as for the calculation of compressive resistance. The
load-settlement curve for tensile loading, depends on the suction caisson diameter, D,
and the shear modulus measured at a depth of half the diameter, Gr, as described in
Chapter 7.
It was also recommended in Chapter 8 not to account for any negative influence of
cyclic loading on the resistance assuming that an appropriate factor of safety is used.
This is based on the cyclic loading tests performed during this research, which indicated
that there was no influence upon the frictional resistance as long as the applied load did
not exceed the available resistance. This would be the case when the suction caisson is
correctly designed, with an appropriate factor of safety larger than 1.
Maximum resistance: Reverse end bearing
When the suction caisson is pulled out extremely fast or the soil is impermeable, the
resistance will be equal to the reverse end bearing (see Figure 9-7b). Chapter 7
presented an empirical formula which can be used to calculate this reverse end bearing
resistance. The resistance depends on the suction caisson diameter, D, the shear
modulus measured at a depth of half the diameter, Gr, and the relative displacement,
z/D, according to:
z
⎛ −50 z ⎞
Rt = ∫ K V Gr 0.5 D⎜⎜ e D ⎟⎟dz
0
⎝
⎠

(9.5)

By making use of the assumptions presented in Chapter 7 it can be concluded that the
reverse end bearing theoretically develops approximately 40% more resistance than the
frictional resistance during initial displacements. This depends on the ratios of the
chosen spring stiffness K1, K2 and K3. In Chapter 7 it was suggested to use 0.3, 0.7 and
0.3 of the Doherty and Deeks stiffness, KD&D. This would mean that the frictional
resistance develops with a stiffness of 60% of KD&D (=K1+K3), whereas the reverse end
bearing will develop at 100% of KD&D (=K1+K2). Note that this theory indirectly implies
that resistance from the reverse end bearing becomes substantially larger than the
frictional resistance for displacements larger than those required to mobilise the
frictional resistance (see Figure 9-6 and Figure 9-7). This is caused by the fact that the
frictional resistance does not increase beyond this displacement, whereas the reverse
end bearing will.
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Real resistance: Frictional resistance plus excess pore pressure
In Chapter 7 it was shown that the development of the differential pressure depends on
the pull out speed, soil permeability, soil shear modulus and in extreme cases the initial
void length and normalised system compressibility. In Chapter 8 it was shown that
consolidation effects influence the initial development of the excess pore pressure.
Since the soil permeability and coefficient of consolidation are typically only accurate
to within an order of magnitude, it is doubtful that a very accurate prediction can be
made regarding the intermediate pull out resistance before a real scale test is performed.
Nevertheless, if all parameters are known accurately, use can be made of the theory
presented in Chapter 8 to determine the resistance (see Figure 9-7c).
Suggested approach
To simplify the calculations, but at the same time be conservative, it is suggested to use
only the frictional resistance in the design phase, and assume that the allowable
displacement is equal to the displacement necessary to develop the maximum frictional
resistance.
For suction caisson displacements smaller than those for the development of the
friction, the maximum gain in resistance due to excess pore pressure development is
only in the order of 40% (compare Figure 9-7a and b). This possible 40% increase has
significant uncertainties linked to it, due to the uncertainty in the input parameters. It is
the opinion of the author that the increase of calculated resistance is more or less
counteracted by the increase in the factor of safety, due to the uncertainty in parameters.
It is therefore not believed worth the effort to include differential pressure development
in the calculations for design graphs.
The gain in resistance can be significantly higher than 40%, when displacements are
allowed larger than the development of the friction (see resistances right of red dotted
line in Figure 9-7b and c). In this case engineering judgement is needed as to whether
there is sufficient confidence in the available parameters to allow for the extra
resistance. This judgement has to be made for each individual case, since they cannot be
generalised.
To calculate the resistance for the design graphs of tensile loading it is recommended to
use, in addition to the cone resistance method for frictional resistance developed in
Chapter 7, the design methods described in DNV (1992) and API (2000). This will give
another indication of the order of magnitude of tensile resistance, based upon a betaapproach.
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DESIGN GRAPHS

This section presents design graphs for uncoupled horizontal, compressive and vertical
loading. These design graphs, calculated with the methods describes above, give a first
indication regarding the size of the suction caissons necessary to withstand a certain
horizontal, compressive and vertical load. In Section 9.7.1 the variables used in the
calculations are described. In the following sections, the design graphs for different
loadings are presented and discussed in respect to the design of the foundation used in
Chapters 3 and 8.
9.7.1

Variables

The design graphs are developed for a clean silica sand with a unit weight, γ', of
10 kN/m3. The variation in the soil conditions is described both in terms of different
angles of internal friction, φ', and also by different cone resistance profiles. Angles of
internal friction, φ', of 30, 35 and 40° are adopted. The different cone resistance profiles
can be found in Figure 9-8 and are based on relative densities of 65, 80 and 95% and the
interpolated cone resistance prediction formula presented in Chapter 5 and Appendix A.
The diameter of the suction caisson is varied from 0 to 10 m in the design graphs. The
length of the suction caisson is assumed to be directly related to the diameter. Three
L/D-ratios are considered in the design graphs, 0.5, 0.75 and 1.0. These ratios cover the
most likely range of L/D-ratios. The wall thickness of the caisson is taken as a fixed
ratio of 1/300 of the caisson diameter. The interface angle, δ, used in the cone resistance
method is set at 25°. The kf_c and kf_t factors, are as described in Chapter 5 and 7
respectively. The kp-value is taken as 0.5, 0.4 or 0.3 for relative densities of 65, 80 and
95% respectively. The soil shear modulus, Gr, defines the displacement necessary to
develop the frictional resistance. However, the actual value will not influence the design
graphs, since it is assumed that the allowable displacement is exactly equal to this
displacement (see Section 9.6.4 and red line on Figure 9-7).
9.7.2

Horizontal loading

The design graphs for horizontal loading are calculated by adding the cyclic ultimate
lateral capacity according to DNV (1992) and API (2000) to the sliding resistance of the
base (see Section 9.6.2). The design graphs for suction caissons with L/D ratios of 0.5,
0.75 and 1.0 loaded in the horizontal direction can be found in Figure 8-21. Note that
the calculations revealed that the sliding resistance of the base contributes between 15
and 36% of the total resistance component. These are significant values that should not
be neglected.
A typical value for ultimate horizontal loading on one suction caisson beneath a tripod
as foundation for a 3.5 MW OWT is a little bit less than 3 MN as was shown in Chapter
9-12
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8. The results in Figure 8-21c can be used to design a suction caisson with a L/D ratio of
1.0 in a soil with an angle of internal friction of 35°. For a factor of safety of 1.5, a
vertical line is projected upwards from 4.5 MN (=1.5x3 MN) on the bottom axis until it
intersects with the design curve for the soil with angle of internal friction of 35°. The
design graph indicates that the suction caisson should be 5.3 m in diameter in this case.
The diameter would change to 5.9 m or 4.8 m when the angle of internal friction is
changed to 30 or 40° respectively.
9.7.3

Compressive loading

The design graphs for compressive loading are calculated according to the cone
resistance method proposed in Chapter 5 and are compared with the design graphs
calculated according to DNV (1992) and API (2000) (see Section 9.6.3). These graphs
can be found in Figure 9-10 for suction caissons with L/D ratios of 0.5, 0.75 and 1.0. It
can be seen that the cone resistance method and the API method predict very similar
compressive resistance, which is reassuring. The calculations revealed that the tip
resistance component at full penetration is substantial and varies between 34 and 63%
of the total for the cone resistance method and between 30 and 74% for the API method.
The calculated ultimate loads focused on the maximum tensile loading (see Chapters 3
and 8). The maximum compressive loading will occur when two suction caissons are
placed on the windward side and one on the leeward side. A good first estimate of the
maximum compressive load can be made by using the maximum moment which occurs
during the ultimate loading and distribute this over the rotated tripod. In this case the
calculated moment is 145 MNm, which will lead to a compressive load of 8.75 MN (or
13.1 MN including the factor of safety of 1.5). This is 33% higher than the self weight
of the OWT (6.6 MN). By using Figure 9-10 it can be seen that the required suction
caisson diameter for this load in a soil with a relative density of 80% is slightly more
than 8.0 m. The recommended diameter changes to 9.2 and 7.1 m when the relative
density is 65 or 95% respectively. Note that in all these cases the design criterion for
compressive loading leads to larger suction caisson diameters than the criterion for
horizontal loading. Finally note that the required diameters decrease substantially if the
(unconservative) end bearing resistance of the top plate is taken into account. This will,
however, lead to more displacement, which might not be allowed by the project team
(see Section 9.5).
9.7.4

Tensile loading

Just as for compressive loading the design graphs for tensile loading based on the cone
resistance method proposed in Chapter 7 and 8 are accompanied by design graphs based
on DNV (1992) and API (2000). These graphs can be found in Figure 9-11 for suction
caissons with L/D ratios of 0.5, 0.75 and 1.0. It can be seen that the new method predicts
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consistently lower values than the DNV/API method. This is slightly surprising, since
the DNV/API method is generally treated as a conservative design method and this new
method recommends even lower values. The main reason for this difference is the fact
that the DNV/API method includes a friction which is equally as high in tension as in
compression, whereas the new method uses a tensile friction which is only 37.5% of the
compressive friction, leading to a lower resistance. Nevertheless, it is comforting to see
that these methods are in the same order of magnitude and do not predict substantially
different results.
Chapter 8 predicted an ultimate tensile loading of 2 MN, which will lead to a design
value of 3 MN when a factor safety of 1.5 is included. This value compares well with
the recommended tensile capacities based upon steel efficiency (Chapter 1, based upon
API method). By using Figure 9-11c it can be seen that the recommended diameter for a
suction caisson with a L/D ratio of 1.0 installed in a sand of 80% relative density is
8.1 m. The diameter changes to 9.7 or 6.9 m when the relative density is 65 or 95%
respectively.
It can be concluded that the initial suction caisson diameter should be designed based on
the tensile loading, since this results for this particular OWT foundation in a larger
suction caisson diameter than the design criterion for compressive or horizontal loading.
Figure 9-12 shows how the values on the design graphs can increase by 40% when the
displacement limit is kept the same as the displacement necessary to develop full
friction, but the failure mechanism changes to reverse end bearing (due to fast loading
or low permeability). It can be seen that this would reduce the recommended diameter
substantially.
In Chapters 7 and 8 it was shown that the amount of extra resistance is very sensitive to
the parameter values adopted. The decision to design a suction caisson without
including this extra resistance is therefore a conservative, but logical one. However,
when more information is available regarding the parameter values, for instance by back
analysis of a field test, there is no reason not to include this extra resistance.

9.8

INSTALLATION

After designing a suction caisson that can withstand the design loads, it is necessary to
check whether the suction caisson can be installed in the soil. In general it can be stated
that a large diameter and low L/D-ratio will facilitate the installation. With the theories
presented in Chapters 5 and 6 it is possible to predict the forces and suction for jacked
and suction installation of the suction caisson.
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Jacked installation

To get an indication of the forces required to install the suction caissons by jacking, the
prediction methods presented in Chapter 5 and 6 can be used. This will also indicate the
self weight penetration of the caisson, or the amount of ballast needed to reach a
predetermined penetration.
A prediction of jacking forces is made here, assuming that the suction caisson has a
diameter of 8.1 m, a height of 8.1 m and a wall thickness of 0.027 m and needs to be
installed in silica sand of 80% relative density. Normalised results of this prediction can
be seen in Figure 9-13a. The predicted resistance varies from 0 MN at zero penetration
to a high value of 13.4 MN (P = 3.26γ'D) at full penetration of 8.1 m. Note that although
this value of P = 3.26γ'D at L = 1.0D seems high, it is in the same order of magnitude as
the values found during the centrifuge tests and therefore not believed to be unrealistic.
9.8.2

Suction installation

It was shown that during suction installation the total installation force reduced
significantly compared to the jacked installation force. In the case of a slow suction
installation it is predicted that the highest differential pressure is equal to the critical
pressure, pcrit. However, when the suction is performed quickly and the seepage will not
fully develop this pressure might be higher. To get an indication of the suction
installation forces required to install suction caissons the prediction methods presented
in Chapter 6 and 7 can be used.
Predictions of the suction forces for the same suction caisson as mentioned before are
made. The self weight is assumed to be 1 MN, which is substantially lower than 1/3 of
the total OWT weight. This lower value is chosen since installation will typically occur
before the superstructure is attached to the substructure and only the weight of the
suction caissons and 1/3 of the tripod will act as self weight. The normalised results of
the total resistance can be seen in Figure 9-13a and the normalised results of the suction
pressure are presented in Figure 9-13b. The self weight penetration follows the path of
the jacked installation until 1.0 MN (P = 0.25γ'D), which is reached after 0.7 m
(L = 0.09 D). Thereafter the total resistance increases till 5.4 MN (P =1.32γ'D) at full
penetration of 8.1 m. This is substantially lower than the predicted total resistance
during jacked installation. To determine the required differential pressures the right
graph is shown. Here it can be seen that this suction installation part of the penetration
compares with a suction pressure of 0 kPa at 0.7 m to 87 kPa (p = 1.08γ'D) at full
penetration. It therefore seems feasible to install this specific suction caissons in these
soil conditions.
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STRUCTURAL CHECK

The dimensions of the suction caisson must not only lead to sufficient soil resistance to
withstand the design loads, but also need to be sufficient to withstand these loads and
pressures structurally. Where large differential pressures are expected during installation
or extraction the (top of the) caisson must be able to withstand these pressures. In case
of large horizontal forces the stiffness of the skirts must be sufficient to withstand the
soil resistance. Attachment points should be able to withstand the cyclic loading and not
fail due to fatigue.
It seems logical that a structural engineer will be responsible for the structural design
process. However, communication must be maintained with the geotechnical engineer,
to end up with an optimal suction caisson foundation design. Otherwise the structural
engineer might for instance include additional stiffeners in the caisson which would
make the caisson strong enough to withstand horizontal loads, but unsuitable for
installation due to excessive resistance from the stiffeners.

9.10

CONCLUSIONS

This chapter has given an overview of the design approach for a suction caisson
foundation beneath a tripod for offshore wind turbines. It has discussed how the tripod
dimensions and loads acting on the structure must be determined together with
structural requirements before the suction caissons can be sized. To facilitate this sizing
process some design charts have been presented for horizontal, compressive and tensile
loading. A conservative way to account for compressive and tensile loading has been
suggested by only allowing frictional resistance and wall tip resistance and neglecting
base plate resistance (for compression) or possible resistance due to developed
differential pressure (for tension). It has been emphasised that it is essential to check the
feasibility of installation and also the structural strength, before the suction caisson can
actually be built. If any one of the checks does not work out, the design has to be
adjusted in an iterative process.
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CHAPTER 10. CONCLUDING REMARKS
10.1

INTRODUCTION

This chapter summarises the research undertaken and the new technical developments
achieved from this, discusses the original contributions made to the engineering field
and indicates several topics for future research.

10.2

SUMMARY OF RESEARCH

This research investigated a foundation system for offshore wind turbines comprising
suction caissons beneath a tripod. This type of foundation can be cheaper than
conventional foundations such as a mono pile, both in terms of the amounts of steel and
the installation costs. Lower cost foundations will contribute to a more compatible price
for offshore wind energy relative to other energy resources.
Investigations were performed to explore the behaviour of this type of foundation
during the installation process and during operational and ultimate loading conditions.
Firstly a computer program was developed to predict loading conditions on the suction
caissons and secondly centrifuge tests were performed with small scale suction caissons
to investigate their behaviour during the installation and loading phase. With the results
of these centrifuge tests, prediction methods were developed which can help in
designing a reliable foundation with suction caissons beneath a tripod.

10.3

NEW DEVELOPMENTS

To move forward during this research, several developments had to be made. Some
involved developments in computer programming, others involved new techniques
necessary for the preparation and execution of the centrifuge tests and one involved a
new prediction method for cone resistance values in laboratory test. A summary of
specific developments is given in the following sections.
10.3.1

A computer program to calculate the loading on OWTs

Computer programs that calculate loading on OWTs exist in industry, but they are
restricted in terms of access and features. An existing computer program (SOS3D),
which was developed at UWA to calculate the loads and behaviour of a 3D jack-up
(Bienen and Cassidy, 2006b), has been adjusted to calculate the loads and behaviour of
an OWT. This provided the flexibility to explore the consequences of changes in
parameters and to develop a better insight into the loading of an OWT.
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Fast saturation of sand with silicon oil

Saturating dense sand with 100 cSt silicon oil is a very time consuming process. To
speed up this process a new saturation method was developed, which is faster and does
not disturb the soil. Firstly the sand is placed in the strongbox, after which a permeable
plate is placed on the surface to restrain the sand. The silicon oil is placed in a pressure
vessel, which is connected to the bottom of the strongbox. The silicon oil is then
‘pushed’ into the sand sample by pressurising the pressure vessel. Since the bottom of
the strongbox is filled with pea gravel, which is overlain by a geosynthetic mat, the soil
sample is filled evenly over the total base area. This new saturation process takes
approximately 5 hours, which is about 10 times faster than saturating a soil sample with
silicon oil without active pressure.
10.3.3
centrifuge

Installation and loading process without ramping down of

During previous centrifuge tests at the University of Western Australia, suction caissons
had never been installed in sand by suction and then loaded without ramping down the
centrifuge and re-adjusting the set-up of the test. To be able to perform centrifuge tests,
comprising self weight penetration, suction installation and then cyclic loading and
extraction of the suction caisson, several adjustments to the equipment were made.
Firstly a swivel was placed on top of the suction caisson, so that the orientation of the
suction caisson did not influence the installation process or the subsequent loading. The
hose connecting the suction caisson to the syringe pump was flexible, but stiff enough
that it would not collapse at high g-levels. Furthermore two pneumatic valves were
placed on top of the caisson. That way the fluid could escape during the self weight
penetration (both open), the caisson could be installed with the syringe pump (one open)
and the caisson could be loaded without having the caisson connected to a large fluid
reservoir (both closed). Activation of the pneumatic valves, the syringe pump and the
load actuators could be carried out in-flight, which made it feasible to perform the
complete test without stopping the centrifuge between stages.
10.3.4

In-situ permeability tests

To measure the in-situ permeability after full installation of the suction caisson, the
syringe pump was typically activated three times at different displacement rates and the
resulting differential pressure was measured. This was the first time at UWA that this
sort of test was used to determine the in-situ permeability and proved to be very useful,
since it provided an important input parameter, k, for the prediction methods. It is
suggested that the same exercise should be carried out during prototype caisson
installation to provide a direct measurement of the in-situ (system) permeability.
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A feedback loop for fast cyclic testing

Several adjustments had to be made in the feedback software of the centrifuge to
achieve a feedback loop that is accurate even at load cycles of 10 Hz. These adjustments
were performed by the technical staff working in the geotechnical centrifuge facility in
conjunction with the researcher, using the tests performed for this research to check and
improve the software. At the end of the research this software met all requirements and
also included the possibility to request predefined loading other than cyclic. Several
researchers have used the updated software since then, with many satisfying results.
10.3.6

Software for data processing

The data files produced during the centrifuge could become larger than 100 MB, due to
the long period of testing (> 6 hours) in combination with a sampling rate of 10 Hz.
Spreadsheets were developed in Mathcad to process these data files, because it was
found that this program is able to deal with such large data files and extract the data
needed for further investigation or plotting. Programs like Excel could not process these
large files and processing the files in Matlab was very time consuming. Another
advantage of using Mathcad for the processing of the data is the clarity of the coding,
which facilitates checking of the spreadsheet.
10.3.7

Software for prediction methods

The prediction methods developed in this thesis were coded in Mathcad spreadsheets.
Although other commercial programs could have been used, Mathcad was chosen
because of its user friendliness, its ability to incorporate small programs, to create
external files and to perform integrations and interpolations, all of which were necessary
for the prediction methods.
10.3.8

A prediction method for cone resistances in laboratory tests

In addition to the above contributions a useful method was developed to predict the
cone resistance, qc, in laboratory tests (both 1 g and multiple g), allowing for both the
stress level and the depth of penetration relative to the width of the penetrating objects.
The prediction method proved very useful as a first indication of the cone resistance in
laboratory tests where no cone tests were undertaken.

10.4

IMPORTANT CONTRIBUTIONS FOR OWT

FOUNDATIONS
This thesis has made a number of new contributions to the engineering design of
offshore wind turbine foundations consisting of suction caissons beneath a tripod. These
are summarised in the following sections.

10-3

Suction caissons in sand as tripod
foundations for offshore wind turbines

10.4.1

The University of Western Australia
School of Civil and Resource Engineering

Prediction method for suction caisson installation in sand

The prediction method for suction caisson installation in sand uses as an input
parameter the cone resistance value, qc, which can be measured in-situ, instead of
classical parameters like K0 and φ', which have to be estimated from the cone resistance
data. This prediction method includes a simplified way to take the reduction in
penetration resistance into account during suction installation. It was found that this
simplified version worked well and matches the measured data. The prediction method
can also be used to calculate the penetration versus time, which is for instance useful in
case the flow specifications of the installation pumps need to be determined.
10.4.2
Prediction method for installation in sand overlaid by less
permeable soil

Where a suction caisson is installed in sand overlain by less permeable soil, there are
typically two questions which need to be answered: 1) will there be a reduction of
installation resistance in sand and 2) how much will the less permeable soil-plug lift up
during the installation. The prediction method developed in this thesis is based on a
limited set of centrifuge tests and suggests that there is a reduction of installation
resistance in the sand layer during suction installation, just as in a clean sand profile.
Two prediction methods were presented to calculate the uplift of the less permeable
soil-plug, but it was found that both prediction methods led to similar results. It is
therefore recommended to use the simpler prediction method. The prediction can
quantify how much differential pressure is necessary to install the suction caisson and
how significant the risk is for the less permeable soil-plug to lift away from the
underlying sand.
10.4.3

Prediction method for suction caisson pull-out

A theoretical model was developed to calculate the resistance during pull-out of a
suction caisson in sand. By making use of Darcy’s law it is possible to calculate the
differential pressure developed for a given extraction speed and soil permeability. The
suction caisson displacement necessary for the development of this pressure is assumed
to be directly related to the uplift of the soil inside the caisson. This uplift is related to
the soil permeability, extraction speed and in extreme situations also to the initial gap
and possible air in between soil and caisson lid. The frictional resistance is coupled to
the cone resistance value, qc, in the same way as the prediction method for the
installation of suction caissons in sand. The load-displacement curve is linked to the
elasticity calculations of Doherty and Deeks (2003). This all combines into a prediction
method that is able to predict extraction resistance versus depth and versus time. As
expected, and found before, this method predicts that large displacements are typically
necessary to develop large extraction forces. The method suggests that for small
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displacements the gain in extra resistance due to differential pressure development is
only in the order of 40% compared with the resistance due to pure frictional resistance.
10.4.4

Prediction method for cyclic loading of a suction caisson

A theoretical model for cyclic loading was developed by making use of findings of the
cyclic loading tests and the prediction method for extraction and its parameters.
Surprisingly, the centrifuge tests indicated that no frictional degradation occurred during
cyclic loading, as long as this load did not mobilise the full frictional resistance. To
facilitate the design process, it is therefore recommended not to include any allowance
for cyclic degradation in the design method as long as a high enough factor of safety is
used in the design process. The centrifuge tests did indicate that the consolidation
process during the initial part of the extraction or cyclic loading has a significant effect
upon the development of differential pressure across the caisson top. This consolidation
effect was therefore incorporated in the prediction method so that the predictions and
the measurements could match each other. Although the prediction method can be used
for accurate back-calculations, it is acknowledged that it will be very difficult to predict
the exact behaviour during pull-out or cyclic loading with the normal accuracy of the
soil parameters such as the permeability, k, the coefficient of consolidation, cv, and the
shear modulus at 0.5D depth, Gr, where uncertainty can span up to 1 order of
magnitude.
10.4.5

Design graphs

This thesis presented a number of design graphs which can be used to quantify the
necessary suction caisson sizes to withstand known (cyclic) V and H loads in silica
sand. Although final sizing would involve more detailed calculations, these design
graphs give a good first indication of the size required.

10.5

RECOMMENDATIONS

This research helped to identify some unknown unknowns and clarify some known
unknowns (freely after Donald Rumsfeld, YouTube, 2006). However, there is still more
research necessary to fully understand the behaviour of an offshore wind turbine
foundation consisting of suction caissons beneath a tripod. Furthermore it is essential
that the established knowledge is documented in design codes and shared with
engineering fields other then the geotechnical. It is therefore recommended that the
following steps described in Sections 10.5.1 through 10.5.4 are all carried out to
improve the knowledge regarding the behaviour of offshore wind turbine foundations
consisting of a tripod with suction caissons.
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Verification and improvement of proposed prediction methods

All proposed prediction methods in this research were developed based upon (limited)
centrifuge tests and verified with (limited) test data available in the literature. However,
to fully accept these proposed prediction methods more test data needs to be acquired
from centrifuge tests, 1 g scale model tests and full-scale tests in a variety of soil and
loading conditions. The biggest challenge of these tests will be the full-scale tests in
natural soil conditions, loaded to a high tensile load at a frequency of around 0.1 Hz.
Adjustments to the proposed methods might need to be made based upon this larger
database.
The proposed prediction methods are verified with tests performed in very dense silica
sand. To be able to use these prediction methods with confidence in sands with different
densities or in other soil, it is essential to extend the database with tests in different soil
conditions than the very dense silica sand.
10.5.2

Other research identified for suction caissons beneath tripods

In this section several research topics are proposed, with the aim of further improving
the design methods for suction caissons beneath a tripod as a foundation for an offshore
wind turbine.
The computer program developed during the present research calculates loads on an
offshore wind turbine acting in a vertical plane which is similar to the wave and wind
direction, assuming the nacelle is also aimed in this direction. An important step
forward would be to extend the computer program so that loads acting in different
directions are included as well. Examples of these kinds of loads are braking loads or
loads caused by winds acting under an angle on the nacelle. Another option is to extend
commercial programs like BLADED, as developed for the DTI research performed by
the University of Oxford. However, it is important to have the flexibility to adjust the
program and this is currently not possible with this commercial code.
The presented research focuses upon the behaviour of suction caissons during
installation and loading. The installation tests were all performed at a low installation
speed in ‘clean’ sand. Some investigation into suction installation in ‘mixed’ soils was
performed by Tran (2005), but no complete prediction method was developed. More
research is recommended to develop such a method. Although the consolidation effect
during cyclic loading was investigated in this research, it was acknowledged that further
research is required to link the consolidation effect of frictional and bearing loading to
the consolidation effect of a developing seepage flow. Furthermore it should be noted
that the loading conditions investigated in this research were only tensile and vertical
cyclic loading and no real attention was paid to compressive, horizontal and moment
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loading. To develop a reliable design method for suction caissons beneath a tripod,
more research needs to be performed on suction caissons loaded in these different
conditions.
By combining some lessons learned during this research it was found that extra vertical
loading on the wind turbine is beneficial during installation, and also during operational
conditions. To add extra vertical load, (expensive) ballast can be added to the structure.
However, it is recommended to perform research into the addition of ‘hydrodynamic
blades’ on the underwater structure, which can create this extra vertical force. In storm
conditions the added vertical load will be largest and this coincides with the point in
time when most vertical load is needed to avoid tensile loading in the suction caissons.
Finally another important point of interest is the development of VHM-failure models
for suction caissons installed in sands, clays and layered soils. Currently, research is
being performed at the University of Oxford with 1 g scaled model tests installed in
sand. However, it is recommended to extend this research with centrifuge tests, full
scale tests and numerical modelling to establish reliable models. Direct coupling of
VHM-models to in-situ measurements of cone resistance instead of interpreted angles of
internal friction is another recommendation.
10.5.3

Integration of different engineering fields

In this thesis it has been mentioned several times that the design of an optimised
offshore wind turbine requires multi-disciplinary cooperation. It is important to create a
design environment where these different disciplines can interact effectively. Websites
such as multi-science.co.uk and organisations such as IEC, EWEA and AWEA are
currently used as multi-disciplinary platforms. It is, however, difficult for geotechnical
engineers to achieve an appropriate level of influence because of their relatively low
numbers.
10.5.4

Criteria in design codes

To design the foundation for an offshore wind turbine, the design load combinations
must be established, together with the criteria for allowable displacements. Design
codes such as those developed by IEC and DNV are perfect platforms to define these
criteria. However, the sections in these design codes that deal with the foundations are
still in their infancy and might never develop to maturity unless the input of
geotechnical engineers is fully integrated. It is therefore important that geotechnical
engineers are part of the development of the design codes to specify the influence of the
foundations.
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CONCLUSIONS

This thesis has been dedicated to the research of a specific type of foundation for an
offshore wind turbine consisting of suction caissons beneath a tripod. This type of
foundation can contribute to lowering the costs of offshore wind energy. The work
covered in this thesis included the development and presentation of a computer program
that can numerically model an offshore wind turbine and its loading. Furthermore the
work has presented and analysed experimental data gathered in the geotechnical
centrifuge to investigate the behaviour of a suction caisson during installation and
loading in dense sand. Finally prediction methods have been presented for installation
and loading of a suction caisson and the thesis has discussed how these can be used for
reliable foundation design.
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Figure 1-1: Overview of Horns Rev (www.hornsrev.dk)

a) OWEZ location

b) OWEZ installation phase

Figure 1-2: Offshore Windpark Egmond aan Zee (OWEZ) (NoordzeeWind, 2003 and
www.noordzeewind.nl)

a) Lifting of mono pile

b) Installation of mono pile

Figure 1-3: Foundation at Horns Rev (www.hornsrev.dk and Deutsche WindGuard et al., 2006)
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Figure 1-4: Foundation failure (www.noturbinesin.saddleworth.net)

Figure 1-5: Offshore wind park with possible foundation types (mono pile, shallow raft, tripod with
piles, tripod with suction caissons and bucket foundation)

a) Reinforcement of base plate

b) Concrete foundation ready to receive the
superstructure

Figure 1-6: Typical onshore wind turbine foundations (www.johnrsweet.com)
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b) After installation

Figure 1-7: Bucket foundation installation (Ibsen and Brincker, 2004)

Rotors/Blades

Nacelle

Superstructure
For foundation loads and
displacements:

y, H2
x, H1
z, V
Substructure
(here tripod)

Suction
foundations

Figure 1-8: Suction caissons underneath tripod and typical loading
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b) RAMBØLL (Feld et al., 1999)

Figure 1-9: Eccentric tripod structure with suction caissons
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Figure 1-10: Installation depths for several mono piles, based on API (2000) and boundary
conditions as described in the main text
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Figure 1-11: Moment resistance of tripod, tetrapod and eccentric tripod
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Figure 1-12: Amount of steel used by tripod, tetrapod and optimised tripod versus caisson capacity
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Figure 2-1: Pitch control (Burton et al., 2001)
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Figure 2-2: Definitions of Houlsby and Byrne installation prediction method
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Figure 2-3: Stress distribution on caisson tip for (a) equal vertical stresses inside and outside
caisson and (b) increased vertical stress inside caisson, after (Houlsby and Byrne, 2005)
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Figure 2-7: Simplified yield surface shape for surface and skirted foundation, interpreted from the
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Figure 2-9: Caisson foundation geometry (Doherty et al., 2005)
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Figure 2-10: Sign conventions for a) applied loads on caisson; and b) corresponding displacements
(Doherty et al., 2005)
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Figure 2-15: ESEM image of carbonate sand (Goodwyn), which is sensitive to friction degradation
(Randolph, 2003)
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Figure 2-16: Comparison of the interface behaviour of sand and steel under monotonic loading and
under two-way repeated loading (N indicates number of cycles), freely after (Uesugi et al., 1989)
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Figure 2-17: Examples of cyclic strength (freely after Andersen and Lauritzsen, 1988)
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Figure 3-7: Simulated wind speeds according rotationally sampled Von Kármán spectrum (Vwind_av
= 15 m/s and TI = 12%)
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Figure 3-12: Relative wind velocity and resulting forces in horizontal nacelle-direction (freely after
Burton et al., 2001)
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Figure 3-19: Run 01: Nacelle displacement and vertical and horizontal forces on foundation

Nacelle x-displacement [m]

2
Wind = IEC 61400
Wave = NW-PM
Tetrapod / Dynamic

1.5
1
0.5
0
-0.5
0

20

40

60
Time [s]

80

100

a) Nacelle x-displacement versus time
10

6
4
2
0
-2

Footing 1and 2
Footing 3 and 4
Total

8
Horizontal load, H1 [MN]

8
Vertical load, V [MN]

10

Footing 1and 2
Footing 3 and 4
Total

6
4
2
0
-2

0

20

40

60
Time [s]

b) Vertical load versus time

80

100

0

20

40

60

80

100

Time [s]

c) Horizontal load versus time

Figure 3-20: Run 02: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-21: Run 03: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-22: Run 04: Nacelle displacement and vertical and horizontal forces on foundation

Suction caissons in sand as tripod
foundations for offshore wind turbines

The University of Western Australia
School of Civil and Resource Engineering

Nacelle x-displacement [m]

2
Wind = IEC-61400
Wave = NW-PM
Tetrapod / Static

1.5
1
0.5
0
-0.5
0

20

40

60

80

100

Time [s]

a) Nacelle x-displacement versus time
Footing 1 and 2
Footing 3 and 4
Total
F
3

Vertical load, V [MN]

8
6
4
2
0

10

Footing 1 and 2
Footing 3 and 4
Total
2

8
Horizontal load, H1 [MN]

10

-2

6
4
2
0
-2

0

20

40

60

80

100

0

20

40

Time [s]

60

80

100

Time [s]

b) Vertical load versus time

c) Horizontal load versus time

Figure 3-23: Run 05: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-24: Run 06: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-25: Run 07: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-26: Run 08: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-27: Run 09: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-28: Run 10: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-29: Run 11: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-30: Run 12: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-31: Run 13: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-32: Run 14: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-33: Run 15: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-34: Run 16: Nacelle displacement and vertical and horizontal forces on foundation
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Figure 3-35: Quasi-static versus dynamic analyses
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Figure 3-36: Tetrapod versus tripod
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Figure 3-37: Re-distribution of forces on an elastic-plastic foundation (Model-C) for a diagonal
tetrapod

Nacelle x-displacement [m]

2
Wind = IEC 61400 / von Karman
Wave = NW-PM / Random-PM
Tripod / Quasi-static

1.5
1

0.5
0
Deterministic
Stochastic
-0.5
0

20

40

60

80

100

Time [s]

a) Nacelle x-displacement versus time
5

8
Footings 2 and 3;
Stochastic

4
2
0
-2

Footing 1;
Stochastic

-4
0

20

Footing 1;
Deterministic
40

60
Time [s]

b) Vertical load versus time

80

Deterministic
Stochastic

4
Horizontal load, H1 [MN]

Vertical load, V [MN]

6

Footings 2 and 3;
Deterministic

3
2
1
0
-1

100

0

20

40

60

80

100

Time [s]

c) Horizontal load versus time

Figure 3-38: Deterministic load (NewWave and IEC 61400) versus stochastic load (random and von
Kármán)
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Figure 5-27: Installation Oxford test
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Figure 6-1: Cone penetration test results, Samples B2-B5 (layered soil: sand, clay, sand)
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Figure 6-5: Equi-potential lines for caisson in sand with differential boundary condition and
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were taken from the Plaxis output file.
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Figure 7-15: Measured and back-calculated uplift process for Test 6-1
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Figure 7-16: Measured and predicted uplift process for Test 6-2
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Figure 7-19: Measured (grey) and predicted (black) uplift resistances for Luce Bay caisson uplift
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Figure 8-3: Different load cycles in Test 6-5.

f) Displacements and interpreted speeds during load
cycle of -172 to 45 N at 0.045 Hz
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a) Dissipation of excess pore pressure at base plate (Fig 5b of Gouvernec & Randolph, 2008)

b) Degree of consolidation settlement with time (Fig 8b of Gouvernec & Randolph, 2008)
Figure 8-8: Consolidation effect (Gouvernec & Randolph, 2008)
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Figure 8-9: Visualisation of consolidation process in seepage component
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Figure 8-12: Theoretical pressure development versus depth, consolidation ratio versus time and
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Figure 8-17: Measurements and predictions of Test 6-5.
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Figure 8-18: Predicted and measured normalised displacements, pressures and total loads versus
time for a 50 N load cycles at different frequencies of Test 8-5.
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Figure 8-19: Back-calculated and theoretical velocity (using maximum back-calculated differential
pressure) versus time for a 50 N load cycles at different frequencies of Test 8-5.
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Figure 8-22: Measured and predicted combinations of load and length of load cycle during failure
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APPENDIX A. CONE RESISTANCE PROFILES FOR
LABORATORY TESTS IN SAND
A.1

INTRODUCTION

This appendix describes the approach used to convert a cone resistance profile measured
with a certain diameter in a clean silica sand into a cone resistance profile that would be
measured with a cone with another diameter in the same clean silica sand. This
conversion assumes that the cone profile will reach a steady state condition after a
certain penetration depth, which depends on cone diameter, dcone, stress level, σv' and
relative density, Dr, of the sand. The proposed line of thinking is used to generate a
formula which predicts the cone resistance as a function of these parameters and depth,
z.

A.2

PROBLEM DESCRIPTION

The cone resistance, qc, is the penetration resistance of a 60º conical tip, measured just
above the tip. Standard field cones have a total (projected) tip area of 1000 mm2
(equivalent to a 35.7 mm diameter cone) penetrating the soil at a speed of 20 mm/s
(ASTM, 2004).
There is sufficient evidence that a relative depth has a significant effect on the cone
resistance (Bolton et al., 1999; Puech and Foray, 2002). This can be explained by
surface effects which influence the failure mechanism at shallow penetration. The
failure mechanism at deep penetration excludes surface effects and a steady state failure
is reached depending on stress level, σv', and relative density, Dr (Jamiolkowski et al.,
1988). This depth effect is schematised in Figure A.1a where the cone resistances are
displayed for cone diameters, dcone, of 10 and 36 mm respectively and compared with
the correlation predicted by Jamiolkowski et al. (1988), which represents the steady
state. It can be seen that an increase in cone diameter leads to an increase of penetration
depth before this steady state is reached. Figure A.1b shows the anticipated normalised
cone resistance, (qc-σv')/σv', against the normalised depth, z/D, where D indicates the
cone diameter, dcone. It is apparent that there is initially no difference between the
normalised cone resistance and normalised depth measurements for different cone
diameters. This assumption can be used to convert a measured cone resistance into a
cone resistance valid for a cone with a different diameter.
The cone penetration tests during this research were performed at 100 g with a 7 mm
diameter cone. In prototype this compares with a CPT performed with a cone diameter
A-1
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of 700 mm. Ideally, this CPT should have been performed with a diameter equal to the
wall thickness of the suction caisson. The wall tip resistance can in that case be
calculated by multiplying the measured cone resistance by a shape factor, representing
the conversion of the axisymmetric circular bearing resistance into a 2D strip foundation
resistance. Examples of these shape factors based upon friction angles, φ', are for
example published by Martin (2003) and discussed in Chapter 5 of this research.
Unfortunately it is not possible to perform a centrifuge cone test with a cone of about
0.3 mm, and a conversion of the measured cone resistance is therefore necessary.

A.3

LITERATURE

A.3.1

Deep failure (Steady state)

The classical bearing capacity approach predicts that the cone resistance, qc, in sand
increases linearly with effective stress level, σ'. However, experience has shown that the
cone resistance increases less than linearly with increasing stress (Jamiolkowski et al.,
1988; Lunne et al., 1997). Rather than following the classical bearing capacity
approach, researchers have tried to establish relationships between effective stress,
relative density and cone resistance. Most of the proposed prediction methods have a
similar format, expressed as:
qc = C1 (σ ') 2 e C3Dr
C

(A.1)

where Dr is the relative density expressed as a decimal, and the coefficients C1, C2 and
C3 are adjustable parameters. In particular, the soil coefficients C1, C2 and C3 may be
adjusted to reflect differences in soil compressibility (Lunne et al., 1997).
One of the most widely used relationships is based on research on Ticino sand and
published in Jamiolkowski et al. (1988):
qc _ Jam = C1 (σ ') 2 e C3Dr = 205σ m '0.51 e 2.93 Dr
C

with

σm'=

(A.2)

σ v ' (1 + 2 K 0 )
3

The parameter K0 represents the coefficient of lateral earth pressure. This relationship is
based upon earlier suggestions by a number of researchers (Schmertmann, 1978; Lunne
and Christofferson, 1983; Baldi et al., 1986).
The research performed by Houlsby and Hitchmann (1988) on Leighton Buzzard sand
found a strong relationship between the cone resistance and the horizontal stress, σ'h.
This is encapsulated in their proposed relationship:
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0.6

with
loose
⎧ 50
⎪
A = ⎨160 medium
⎪230 dense
⎩

(A.3)

pa = 100kPa
A.3.2

Transition from shallow to deep failure

The transition from shallow to deep failure is captured in depth factors used to calculate
the capacity of shallow foundations. These factors are described in design codes like
DnV (1992) and API (2000), amongst others, and depend on the relative displacement,
d/z.
Puech and Foray (2002) recognised the influence on the measured cone resistance of the
change from a shallow to a deep failure mechanism. An experimental database was
compiled from a series of calibration chamber tests (at zero confining stress) and data
from shallow offshore cone tests. The following observations were made:
− there are two penetration phases during a cone penetration test:
1. the soil moves upward at the free surface next to the cone rods (shallow
failure mechanism, depending on cone diameter). In this phase the cone
resistance increase upwardly concave with depth;
2. the soil stops moving upwards at the free surface next to the cone rods
(deep failure mechanism; steady-state). In this phase the gradient of cone
resistance increase starts to decrease and the cone resistance becomes
quasi-stationary;
− the quasi-static cone resistance increases with the relative density;
− the transition depth between the two penetration phases increases with the
relative density of the sand;
− the first penetration phase tends to reduce and disappear in loose to very loose
sand.
To predict the cone penetration resistance for shallow penetration the authors presented
a prediction method. This method suggests that the linear increase of the normalised
cone resistance versus normalised depth profile is the same for every cone diameter at
shallow penetrations. However, the relative depth indicating the beginning of the steady
state depends on the cone diameter. This would mean that the steady state for a large
diameter cone is reached at a lower normalised depth, than for a small diameter cone.
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The research of Puech and Foray focused only on shallow penetrations. The quasi-static
cone resistance, which they predict, should therefore be treated with caution and would
better be replaced by a cone resistance predicting the deep failure as described in
Section A.3.1.

A.4
A.4.1

CENTRIFUGE TESTS
Bolton et al., 1999

The influence of the change in failure mechanism on the cone resistance can also be
seen in data presented by Bolton et al. (1999). They compared centrifuge test results
from five different European geotechnical centrifuges. The comparisons were not only
made for centrifuge tests at different locations, but also with different strongboxes,
different cone diameters and at different g-levels. Fontainebleau sand was used in all
tests, which is a uniform silica sand, consisting of rounded particles with an average
mean particle size, D50, of 0.22 mm and which has average maximum and minimum dry
densities of 1681 and 1415 kg/m3, respectively (Bolton et al., 1999).
Figure A.2 shows cone resistances in a sand measured at 70 g in five different
geotechnical centrifuges in both dimensional axes and normalised axes. The reported
values of relative density, Dr, varied between 0.81 and 0.84, which means the (dry) unit
weight was approximately 16.4 kN/m3 at 1 g (Bolton et al., 1999). The cone diameters,
dcone, varied between 0.010 m and 0.012 m. Figure A.2a reveals that this small
difference in cone diameter has no influence on the measurements. Figure A.2b shows
that at a penetration of approximately 11.5dcone, the normalised cone resistance reaches
its maximum value. The measurements taken at a lower relative depth are believed to be
related to failure where the free surface effects play a role. The measurements beyond
this relative depth are believed to relate to the deep failure (e.g. steady state).
Figure A.3 presents cone resistance measurements taken with a 0.0113 m cone diameter
at different g-levels. The relative density, Dr, during these tests was reported to be 0.96,
indicating that the (dry) unit weight was approximately 16.7 kN/m3 at 1 g. The
following points are apparent from this figure:
− the cone resistance increases with depth and increasing g-level;
− the normalised cone resistance initially increases rapidly with normalised
depth, reaches a maximum and thereafter slowly decreases with normalised
depth;
− the peak of the normalised cone resistance occurs at lower normalised depths
for higher g-levels;
− the normalised cone resistance drops with increasing g-level.
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UWA centrifuge tests

Centrifuge tests with 7 mm and 10 mm cone (relative density 100%; varying g-level)
Cone penetration tests with a 7 and 10 mm cone were performed in the UWA beam
centrifuge at different g-levels to investigate the influence of relative penetration and
effective stress upon the cone resistance. The sand used during the tests (see Table 4.3)
had a (dry) unit weight of 17.8 kN/m3, indicating that the relative density, Dr, had a
value of 1.
Results of these tests can be found in Figure A.4 for the 7 mm cone diameter and Figure
A.5 for the 10 mm cone diameter. As stated previously it is assumed that the steady
state starts when the normalised cone resistance reaches its peak. In the normalised
graphs it can be seen that only in the test performed at 150 g with the 7 mm is a peak
normalised cone resistance encountered (indicated with ‘maximum’ in Figure A.4). It
can be concluded that the soil sample was not high enough to reach the steady state in
the other tests.
Despite the lack of sufficient data to investigate the steady state phase from these
centrifuge tests, the tests provided significant data during the shallow penetration phase.
In both Figure A.4b and Figure A.5b it can be seen that there is a linear relationship
between the normalised cone resistance and the relative width of the penetrating object,
as was suggested by Puech and Foray (2002). It is therefore recommended to use a
linear relationship between the normalised cone resistance and the relative width of the
penetrating object during the initial part of penetration.
Figure A.6 shows tests with similar multiplication factors between cone diameter and glevel. This information can be used to verify whether the tests performed satisfy the
scaling law. For example the test performed with the 7 mm @ 15 g (105 mm prototype
diameter) was compared with the test performed with the 10 mm @ 10 g (105 mm
prototype diameter). The results are very similar and confirm that the scaling laws are
satisfied for the tests performed.
Figure A.7 shows the measured cone resistance versus vertical stress measured with the
7 mm cone. The tests were performed to approximately 150 mm (e.g. a penetration of
21dcone) and it is believed the steady state was not met in most of the tests. This means
that a steady state profile for the cone resistance in this strongbox should at least enclose
all the measured data. Equations A.2 and A.3 were used to predict the steady state
profile according to Jamiolkowsky et al. (1988) and Houlsby and Hitchmann (1988)
respectively. The input parameters used included a relative density, Dr of 1 and a high
value of the coefficient of lateral earth pressure, K0, of 1.5. Although the predictions do
not completely follow the measurements, it is apparent that the proposed formulae have
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the potential to capture the ‘maximum’ normalised cone resistance which should
represent the steady state phase.
Centrifuge test in Box 7 (relative density 100%; 100-g)
One of the measured cone resistance profiles in Box 7 can be seen in Figure A.8a
together with a steady state prediction according to Equations A.2 and A.3, for a K0value of 0.8. It can be seen that this measured cone resistance profile only reaches the
predicted cone resistance at a depth of approximately 90 mm. Where the measurements
are normalised as displayed in Figure A.8b, it can be seen that this point is defined as
the point where the maximum value of (qc-σv')/σv' is reached.
The initial increase in cone resistance, before the steady state is reached, depends on the
width of the penetrating object. For a penetrating object with a very small width, the
measured resistance should therefore follow the steady state profile from very shallow
depths. A 0.3 mm caisson wall will fall within this category and the converted cone
resistance will be very similar to the steady state profile.

A.5
A.5.1

GENERAL CONE RESISTANCE PROFILES
Concept and parameters

The following steps should be taken in cases where cone resistance measurements are
available and a conversion needs to be made to obtain an estimate of the cone resistance
which would be measured with a different cone diameter:
− plot the measured data as cone resistance, qc, versus depth, z, and normalised
cone resistance, (qc-σv')/σv', versus normalised depth, z/D;
− spot the peak of the normalised cone resistance and regard this as where the
steady state starts. Identify this point as, X, on the qc, versus z graph and as X'
on the (qc-σv')/σv' versus z/D graph (Figure A.8);
− try to create a steady state profile on the qc versus z graph for the complete
length, based upon the data below Point X. Take into account that the
relationship between steady state cone resistance and depth follows a power
law (e.g. Equations A2 and A3);
− use the initial part of the (qc-σv')/σv' versus z/D graph to predict the build up of
cone resistance in the shallow part for the new cone diameter.
This line of thinking can be used to generate a general formula, which can be used to
predict a cone resistance profile for any given soil conditions and cone diameter for
clean silica sand.
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The concept of this new prediction method is to combine a formula that describes the
steady state with a formula that describes the initial build up in cone resistance during
shallow penetration.
It is proposed to develop this new prediction method with as few as possible parameters
and give it a simple format. An absolute minimum of the four parameters σv', K0, dcone
and Dr are believed to be necessary to predict the cone resistance for shallow and deep
penetrations for varying widths of penetrating objects. Table A-1 presents a list of these
parameters, including their description and units. The influence they have on the cone
resistance profile is also described:
Table A-1. Overview parameters influencing the cone resistance
Parameter
σ v'

Representation
Vertical effective stress

Unit
[kPa]

K0

Coefficient of lateral
earth pressure
Width of penetrating
object

[-]

Relative density

[-]

dcone

Dr

A.5.2

[m]

Influence on qc-value
Linked to z: Increase of qc–value less than linear with
increasing value of σv'; note the initial normalised qc–
value is not influenced with increasing value of σv'.
Increase of qc-value with increasing value of K0
Decrease of qc-values in the shallow penetration with
increasing value of dcone; increase of normalised
penetration where the normalised qc-values reaches a
maximum with decreasing value of dcone
Increase of qc-value with increasing value of Dr.
Increase of normalised penetration where the
normalised qc-values reaches a maximum with
increasing value of Dr

Formula

To combine all the previous findings, the creation of a new formula is proposed
comprising two separate components, which must be multiplied together:
− a formula that describes the steady state profile;
− a formula that has values starting at 0 and increasing to 1. This formula
determines where the shallow penetration changes in the steady state
penetration.
The multiplication of these formulae should reveal the prediction of the cone resistance
at shallow penetrations.
Since the formula proposed by Jamiolkowski et al. (1988) is already relatively simple, it
was decided to use a similar format. Using dimensional analysis, the following simple
formula is proposed:
⎛σ '⎞
qc ( z ) = C1 ⎜⎜ m ⎟⎟
⎝ pa ⎠
with
pa = 100kPa

−C 2

e 2.93 Dr σ m '

(A.4)
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To convert Equation A.2 in this format, means that the values for C1 and C2 must
respectively be 2050 and 0.49. However by curve fitting the centrifuge data presented in
this appendix to this formula and assuming that K0 has a typical value of 0.8 (see for
instance Houlsby and Byrne, 2005), the values for C1 and C2 become 2250 and 0.5
respectively. This indicates that the formula needs to be slightly adjusted to describe
certain soil conditions accurately as proposed by Lunne et al. (1997).
The second formula needs to go from 0 to 1, and should account for the influence of the
shallow failure mechanism on the cone resistance. As found in measurements and
indicated by Puech and Foray (2002), the development of cone resistance at shallow
penetration not only depends on the penetration, z, but also on the width of the
penetrating object, dcone, the relative density of the soil, Dr, and the stress condition, σm'.
It is proposed to use a formula in the form of:
f ( z) = 1 − e

C
⎛ z
C3 ⎛ σ m ' ⎞ 5
⎜
⎟
−⎜
⎜
⎟
C4
⎜d
p
⎝ cone D r ⎝ a ⎠

⎞
⎟
⎟
⎠

(A.5)

The coefficients C3 through C5 fine tune the location of the normalised penetration at
which the maximum normalised cone resistance occurs.
Note that Equation A.5 by itself does not determine at which depth the deep failure
mechanism starts. This depends on the multiplication of Equations A.4 and A.5. In the
right graphs of Figures A.2 through A.5 it can be seen that normalised cone resistance
increases linearly for all z/dcone. Therefore the coefficients C2 and C5 must be very
similar and in this case be in the order of 0.5. Figure A.9a summarises the relative
penetration depths from the centrifuge tests corresponding to the maxima of the
normalised cone resistances, X. Unfortunately these points are for different cone
diameters, relative densities, g-levels and unit weights, which impedes the
determination of C3 through C5. Nevertheless, this graph can help to fine tune the
coefficients.
By combining all previous observations and fitting the proposed formula to the
available data, the following new prediction method is proposed:
⎛σ '⎞
qc ( z ) = 2250⎜⎜ m ⎟⎟
⎝ pa ⎠

− 0.5

⎛ z 0.095 ⎛ σ ' ⎞ 0.5 ⎞
⎛
⎜ m ⎟ ⎟⎞
−⎜
2 ⎜ p ⎟
⎜d
⎟⎟
⎜
2.93 Dr
⎝ cone Dr ⎝ a ⎠ ⎠
e
σ m ' ⎜1 − e
⎟
⎟
⎜
⎠
⎝

(A.6)

Note that the coefficients C1 through C5 were chosen as a best fit to the available data.
These values can change for a certain soil type and can be used to express a difference
in, for example, soil compressibility as discussed in (Lunne et al., 1997). This proposed
formula is very useful for a first estimate of the (laboratory) cone resistances.
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With Equation A.6 it becomes possible to calculate the relative depth where the deep
failure should theoretically start. Figure A.9b presents the calculated normalised
penetrations for a range of different relative densities and vertical stresses. For
centrifuge tests, the latter essentially reflects different g-levels.

A.6
A.6.1

COMPARISON WITH MEASUREMENTS
Comparison with published data

Influence of penetrating object diameter
Figure A.2 showed cone penetration test data, which were gathered from cones with
different diameters. Since the measured data fluctuated slightly it could not be seen how
much influence this difference in cone diameter had on the test results. Figure A.10
presents the data again, but includes a prediction with Equation A.6 of the penetration
resistance in sand with a relative density of 81% for the two cone diameters of 0.010
and 0.012 m.
It can be seen that the prediction compares well with the measurements. Furthermore it
is apparent that according to the proposed prediction method the influence of the
varying cone diameter is smaller than the bandwidth of the measured data. This could
explain why the influence of the cone diameter on the results was not identified by
Bolton et al. (1999).
To visualise what the effect would be in cases where a prototype cone would have been
used in these tests, a prediction is included in Figure A.10 for a cone with a diameter of
0.036 m. From the prediction it is obvious that the results would have changed
significantly. Unfortunately no data is available to check this.
Influence of stress level
It was shown in Figure A.3 that the influence of stress level upon the (normalised) cone
resistance was significant. Figure A.11 shows the same data, with a prediction using
Equation A.6. It can be seen that the predictions follow the trends of the measurements,
and that the values agree well up to 0.2 m penetration. This shallow penetration is the
most important data for laboratory (or centrifuge) testing, since most tests will be
performed within this depth. Beyond this penetration depth the predictions and
measurements start to diverge, although the differences in percentage remain small. A
realistic reason for the deviation is the fact that the data gathered beyond 0.2 m
penetration might be influenced by the bottom of the strongbox. However, the main
reason for this comparison was to check whether the influence of stress level is correctly
encapsulated in the new prediction method. It can be concluded that this is the case.
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A better fit between measurements and predictions might be established by varying the
value of Dr and changing the coefficients C1 and C2 from the prediction formula. To
maintain uniformity in all comparisons a decision was made not to do this and present
only the predictions made with the exact formula as presented in Equation A.6.
A.6.2

UWA centrifuge tests

Centrifuge tests with 7 mm and 10 mm cone
To check whether the proposed prediction method compares with the data gathered in
the UWA centrifuge, a comparison is made. In Figure A.12 the measurements and
predictions of the cone resistance and normalised cone resistance are displayed for the
two cone diameters and four different g-levels. Examination of the figure shows that the
relationship between measurement and prediction is most reasonable.
Centrifuge test in Box 7
The last check is made on a cone resistance profile gathered in Box 7. Figure A.13
shows the measured (normalised) cone resistance and predictions with the proposed
formula assuming two different relative densities, Dr, 0.7 and 0.8 respectively. It can be
seen that the measurements and the predictions with a Dr-value of 0.7 compare very
well with each other.
In the main text of this thesis it is explained that the measured cone resistance profile
had to be converted into a resistance profile for an object of only 0.3 mm. Figure A.14
shows the result of the measurements, the conversion and the interpretation with
Equation A.6. It can be seen that the converted and interpreted cone resistance are
significantly different than the measured cone resistance.

A.7

CONCLUSIONS

In this appendix a method has been presented to convert a cone resistance profile
measured with a certain cone diameter in a clean uniform sand into a cone resistance
profile valid for another cone diameter. The method used for this conversion led to the
creation of a formula, which can be used to generate a general cone resistance profile
taking into account the width of the penetrating object, the stress conditions and the
relative density of the sand.
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Figure A.1: Theoretical example of difference in cone resistance due to cone diameter
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Figure A.2: Measured normalised cone resistance profiles performed in 5 different centrifuge
laboratories at 70-g with different cone widths and different relative densities; after Fig 2 and Fig 4
in (Bolton et al., 1999)
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Figure A.3: Measured normalised cone resistance profiles performed at 3 different stress levels;
after Fig 9 (Bolton et al., 1999)
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Figure A.4: Centrifuge test results 7 mm cone
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Figure A.5: Centrifuge test results 10 mm cone
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Figure A.8: Measured CPT from Box 7
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Figure A.9: Overview of z/D-values for different centrifuge tests where maximum (qc-σv')/σv' were
measured
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Figure A.10: Influence of penetrating object width, after Fig 4 (Bolton et al., 1999)
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Figure A.11: Influence of stress level, after Fig 9 (Bolton et al., 1999)
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APPENDIX B. RAW DATA CENTRIFUGE TESTS BOX 1
THROUGH 8
B.1

INTRODUCTION

This appendix presents part of the raw data of the non-confidential centrifuge tests
(Box 1 through Box 8) used in this thesis. The data included are the unprocessed
measurements of:
− suction caisson displacement;
− actuator load;
− internal and external pore pressure sensors.
These data are presented versus time in three separate graphs per test. Where too many
data points were gathered to create a graph (like for example Test 8-3) the data points
were reduced to 1 out of 10 or 1 out of 100. Other measurements gathered during the
tests, such as pore pressures inside the soil mass and the syringe pump, g-level,
unbalance and temperature are not reported in this Appendix.
Two tests are described in detail in Section B.2, after which all tests are described in
less detail in Section B.3. The detailed descriptions given in Section B.2 should help the
reader to understand the tests described and displayed in Section B.3.

B.2

EXAMPLES

In this section two centrifuge test (Tests 6-5 and 8-5) are discussed in more detail. The
different activities performed during these tests and their influence upon the suction
caisson displacement, actuator load or internal and external pore pressure can be used to
understand the activities which took place during the other centrifuge tests.
B.2.1

Test 6-5

Figure B.1 shows the raw measurements of the displacement sensor, load cell and
internal and external pore pressure sensors versus time for Test 6-5, which was executed
with Caisson A (=60 mm x 60 mm). 'Raw' measurements mean that no processing has
taken place. Therefore 'zero'-values do not mean that the sensor is measuring true zero
value. Although it is impossible to see any detail in Figure B.1 due to the scaling of the
graphs, it is possible to recognise the following nine phases:
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1. Ramping up of the centrifuge to 100 g. The simplest indicators for this phase are the
pore pressure sensors where the output increases significantly, since the pressure
increases 100 times during this start up.
2. Controlled jacking of the open suction caisson into the soil at a speed of 0.2 mm/s to
represent the controlled self weight installation. It can be seen that the caisson
moves into the soil (displacement) and that no differential pressure develops
(difference between processed internal and external pore pressure sensor).
3. Closing of the 'self weight' pneumatic valve and installation of the suction caisson
with a speed of 0.288 mm/s by means of activating the syringe pump and holding
the load cell constant at the predetermined self weight by moving the actuator
downwards as requested in the feedback loop. It can be seen by the displacement
that the caisson penetrates in the soil and by the load cell that the load is kept
relatively constant. Although the measurements are not processed, it is obvious that
the difference between the processed internal and external pore pressure will lead to
a differential pressure.
4. Consolidation. The pump is turned off and no further penetration of the caisson
occurs. The internal pore pressure slowly drops back to hydrostatic.
5. A cyclic load with a frequency of approximately 0.063 Hz (one cycle every 15.8 s)
and a load range of 55 to 100 N was requested from the actuator from 1035 s
onwards. This speed was chosen, since experience from the previous tests showed
this was the fastest speed that resulted in a constant load cycle of this magnitude
with this suction caisson and the available system for the feedback loop. Due to the
scale of the graphs it is impossible to see whether the caisson is displacing and
whether a differential pressure is being built up. It can, however, be seen that the
load cycles stay more or less constant till about 3600 s.
6. The frequency of the load cycles is kept constant during the remainder of the test,
but after 164 cycles the requested maximum load is increased to 110 N. As a result
the requested load cycle varies between 55 and 110 N; after 202 cycles (cumulative)
this maximum load is increased to 120 N; after 220 cycles to 130 N; after 235 cycles
to 140 N; after 250 cycles to 150 N; after 270 cycles to 160 N; after 300 cycles to
170 B; and after 350 cycles to 180 N. Although it is still difficult to see, the
displacement is increasing with the increasing maximum load. No differential
pressure development can be seen from the graphs.
7. After four load cycles of 55 to 180 N (7110 s) the suction caisson cannot generate
180 N of resistance and therefore keeps moving upwards in search of this high
resistance. This is defined as failure. The displacement is increasing, the load is
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slowly decreasing from its maximum and no differential pressure load seems to
develop.
8. The pull out rate of the caisson was set at 0.2 mm/s at 7230 s to investigate how this
would influence the resistance. It can be seen that the displacement increases faster,
the load is going up and that a differential pressure is developing. After about 40 s
the pull out rate was increased to 0.4 mm/s and the load and differential pressure
increased with a small jump. The rate was furthermore adjusted to 0.6, 0.8 and
1.0 mm/s during the remainder of the pull out and each time a jump in load and
differential pressure could be detected.
9. When the suction caisson was completely pulled out of the soil, the centrifuge was
ramped down. Again the pore pressure sensors give a good indication of this
process, since their measurements decrease by a factor 100. The test recorded 7600 s
of data, which is more than 2 hours.
B.2.2

Test 8-5

Figure B.2 shows the raw measurements of Test 8-6, which was executed with Caisson
B (=60 mm x 49 mm). Although it is impossible to see any details due to the scaling of
the graphs and the fact that only 1 out of 100 data points are plotted, the following 11
phases are identified and described below:
1. Controlled jacking of a vented suction caisson into the soil at a speed of 0.2 mm/s to
15 mm penetration after which it was pulled out 5 mm at 0.2 mm/s. The caisson was
then jacked in to 25 mm and again pulled out for 5 mm. This process was repeated
at 35 mm, 45 mm and 55 mm penetration. The displacement shows this saw tooth
like behaviour and the pressure sensors indicate that no differential pressure was
built up during this process. It is assumed that the load cell measurements capture
the backbone curves of both jacked installation and vented pull out.
2. With valves closed, cyclic loading was from -50 to +50N @ 10Hz. Although the
pore pressure measurements are not processed it can be seen that some differential
pressure develops during this cyclic loading. The loading frequency was changed
after several minutes to 5 Hz and then to 1 Hz. Since only 1 out of 100 data points
are plotted, this change in loading conditions is impossible to see in Figure B.2. The
load cycle was reset to 0 to 50 N with the frequency initially set at 1 Hz and then
increased to 5 Hz and finally to 10 Hz. The frequency was kept constant at 10 Hz
and the intention was to increase the maximum load in steps of 5 N after a number
of cycles at each level. Unfortunately the computer program requested a load that
increased every cycle and the caisson started to be pulled out.
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3. The caisson was pushed back in to full penetration by requesting a compressive load
of 900 N. The fact that it seems to takes a while before the load returns to zero is
caused by the fact that only 1 in 100 data points was plotted and the data acquisition
in this part of the test was set at 1 sample every second.
4. After a significant period of no action, the cyclic loading was started again with a
constant frequency of 10 Hz and a load cycle of 0 to 50 N. After several minutes,
the maximum load was increased by 5 N to 55 N. This process of increasing the
maximum load requested by 5 N was repeated until the load cycle was 0 to 90 N and
the caisson started to be pulled out of the soil.
5. The caisson was pushed back into the soil and tested again to check whether the
tests would produce repeatable results after failure and possible soil disturbance. To
push the caisson back into the soil it was load cycled to 600 N at a frequency of
0.01 Hz so that full installation was achieved with an average differential pore
pressure of zero. Then the cyclic loading was set at a constant frequency of 10 Hz
and the load cycle was initially set at 0 to 50 N. The upper load limit was step wise
increased by 5 N until the load cycle was 0 to 90 N and the caisson started to pull
out of the soil again, proving the repeatability of the soil. By comparing the
unprocessed pore pressure measurements it seems that the differential pressure for
both Phase 4 and 5 were in the same order of magnitude.
6. The caisson was pushed back again to full penetration and the load cycle frequency
was set at a constant value of 1 Hz to check whether a lower frequency would lead
to a lower ultimate load. The first load cycles were set from 0 to 50 N and the
maximum load was increased by 5 N steps after several load cycles. The caisson
started to pull out of the soil at a load cycle that ranged from 0 to 75 N at 1 Hz,
confirming that a lower load can be sustained with a lower load frequency. By
comparing the unprocessed pore pressure measurements from Phase 4 and 6, it
seems that the differential pressure was lower in Phase 6.
7. The caisson was again pushed back to full penetration and the cyclic loading was
now set at a constant frequency of 0.2 Hz. The initial load cycle was set from 0 to
50 N and the maximum load was increased in 5 N steps. The caisson started to pull
out of the soil at a load cycle of 0 to 75 N.
8. The caisson was then pushed back to full penetration and cyclic loading was applied
at a constant frequency of 2 Hz. The initial load cycle was again set at 0 to 50 N and
was increased in 5 N steps. The caisson started to pull out of the soil at a load cycle
of 0 to 80 N.
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9. The caisson was pushed back to full penetration and the cyclic loading was set at a
constant frequency of 3 Hz. The initial load cycle was set from 0 to 50 N and was
again increased in 5 N steps. The caisson started to pull out of the soil with a load
cycle from 0 to 85 N.
10. It was then attempted to investigate the effect of a water filled gap between the
caisson lid and soil by opening the valve and driving the caisson to 55 mm. The
cyclic load was set at a constant frequency of 10 Hz. The load request was set at 0 to
40 N and was increased in steps of 5 N. The caisson started to be pulled out of the
soil at a load cycle from 0 to 60 N. The caisson was pushed back and a load cycle of
0 to 30 N with a frequency of 1 Hz was requested. After two step increases of the
load cycle by 5 N, the caisson started to be pulled out at a load cycle from 0 to 40 N.
This process was repeated with a load frequency of 3 Hz, which resulted in the
caisson being pulled out at a load request of 0 to 50 N.
11. The caisson was pushed back to full penetration and a pull out test was performed at
0.25 mm/s. The caisson was pushed back again and another pull out test was
performed at 0.5 mm/s. This process was repeated for pull out speeds of 1 and
3 mm/s. The pore pressure measurements indicate that the differential pressure was
substantial and varied for the different pull out speeds. The centrifuge was then
stopped and the test was terminated.

B.3

INDIVIDUAL TESTS

The following sections include tables that describe in bullet points the tests performed
in each box. The descriptions of these tests are copied directly from the notes taken
during the tests. Mentioned loads and penetrations are therefore unprocessed and
typically relate to the 'zero readings' of the different sensors at the moment the
centrifuge was spun up to 100 g (e.g. they can be different than in the graphs where
'zero readings' were taken at the begin of the test, e.g. 1 g). In the description, a zero
reading of the displacement sensor therefore typically represents a couple of millimetres
above the soil and a zero reading of the load sensor represents the weight of the caisson,
attachment rod and valves beneath the load cell at 100 g.
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Box 1

The soil in Box 1 was saturated with normal water instead of silicon oil. These first tests
were performed to get familiar with the equipment and to build up a reference between
the tests performed in soil saturated with water and saturated in silicon oil. Table B-1
gives a bullet point description of the activities performed during the tests in Box 1.
Table B-1. Overview of the centrifuge tests performed in Box 1
Test
1-1

Caisson
A

1-2
1-3

A
A

1-4

A

1-5

A

1-6

A

Activities
1 G push in from 61 mm onwards. Thereafter start up to 100 g. Problem
with communication and ramp down again. Fix error and ramp up again.
Push caisson 2.5 mm deeper @ 1mm/s; From 120 mm start to pull out
@ 0.02 mm/s; from 110 mm @ 0.05 mm/s; from 103 mm @ 0.1 mm/s;
from 90 mm @ 0.2 mm/s. Ramp down.
Ramp up. Push in @ 0.1 mm/s; Closed valves; Pull out @ 3 mm/s
Ramp up. Push in @ 0.1 mm/s; Pull out @ 3 mm/s. Caisson comes out
dented. Possibly caused by push in installation at 100 g and high forces
involved.
Push in with 0.1 mm/s @ 1 g; Pushed a little bit further to reach full
penetration. Perform permeability test @ 0.01, 0.1 and 1 mm/s. Close
valve. Pull out at 1, 2 and 3 mm/s
Push in with 0.1 mm/s @ 1 g. Spin up and push caisson a bit deeper to
123 mm @ 0.1 mm/s. Pull out @ 0.1 mm/s
The caisson is sucked in @ 100 g with equipment from Tran (2005).
This data was unfortunately not properly recorded. After the centrifuge
was ramped up again communication problems occurred and it was
decided to ramp down to fix. Ramp up again and pull out @ 3 mm/s.
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Box 2

The soil in Box 2 was saturated with silicon oil and cyclic loading with the available
system was tested. More information regarding the activities performed during the tests
in Box 2 can be found in Table B-2.
Table B-2. Overview of the centrifuge tests performed in Box 2
Test

Caisson

Activities

Figure

2-1

A

Figure B.9

2-2

A

2-3

A

2-4

A

2-5

A

2-6

A

After ramping up the caisson is pushed in to full penetration @
0.1 mm/s; Thereafter the load cycle is set at 100 to 0 N @ 0.1 mm/s for
25 cycles; 0.2 mm/s for 25 cycles -> fails; pull out 3 mm/s and 1 mm/s
After ramping up the caisson is pushed in to full penetration @
0.2 mm/s; cycle -100 to 0 N @ 0.1 mm/s -> fails! Load cycle set at -50
to 0 N @ 0.5 mm/s -> fails due to an overshoot of the feedback system;
Load cycle set to -20 to 0 N @ 0.5 mm/s. Still fails due to overshoot.
Decide to pull out @ 1 mm/s.
Install @ 0.1 mm/s to 23 mm; thereafter request 2100 N @ 0.1 mm/s
through the feedback loop; Close valves and start load cycle from 100
to -100 N @ 0.1 mm/s; @ 0.2 mm/s after 25 cycles; @ 0.5 mm/s after
50 cycles; 1 mm/s after 70 cycles -> pulls out after 74 cycles
Install by requesting 2100 N @ 0.1 mm/s through the feedback loop;
Close valves and set load cycle to 0 to -50 N @ 0.05 mm/s; change to
@ 0.1 mm/s after 25 cycles; @ 0.2 mm/s after 100 cycles; @ 0.5 mm/s
after 175 cycles -> fails after 177 cycles; pull out at 1 mm/s and ramp
down.
Install by requesting 2100 N @ 0.1 mm/s through the feedback loop;
Set up cyclic load from 50 to -50 N @ 0.05 mm/s; @ 0.1 mm/s after 25
cycles; @ 0.2 mm/s after 100 cycles; @ 0.3 mm/s after 225 cycles; 100
to -100 @ 0.05 mm/s; 50 to -5 N @ 0.4 mm/s @ 255 cycles; 100 to 100 N @ 0.05 mm/s @ 277 cycles; 150 to -150 @ 0.05 mm/s @ 283
cycles, @ 0.1 mm/s @ 0.2 mm/s. pullout at 0.5 mm/s and 1 mm/s
Install by requesting 2100 N @ 0.1 mm/s through the feedback loop;
Set up load cycle with 100 to -100 N @ 0.1 mm/s fails immediately; 50
to -50 N @ 0.1 mm/s pulls out slowly; after 207 cycles load cycle set to
50 to -75 N @ 0.1 mm/s; @ 0.2 mm/s; @ 0.5 mm/s; @ 1 mm/s; @
2 mm/s.
Damaged the caisson beyond repair after the test by pulling it up into
the actuator. Workshop fabricated a duplicate.
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Box 4

The soil in Box 4 was saturated with silicon oil and suction installation and a revision to
the cyclic loading feedback system was tested. More information regarding the activities
performed during the tests in Box 4 can be found in Table B-3.
Table B-3. Overview of the centrifuge tests performed in Box 4
Test

Caisson

Activities

Figure

4-1

A

Figure B.15

4-2

A

4-3
4-4
4-5

A
A
A

4-6

A

Install self weight to 55 N @ 0.05 mm/s; close self weight valve and
activate syringe @ 0.144 mm/s for suction installation; too slow; set
syringe speed to 0.288 mm/s; After full penetration is reached the
caisson is pulled out @ 1 mm/s
Install self weight to 55 N @ 0.05 mm/s; Syringe did not work; push to
full installation; Cyclic load set between 55 and 5 N @ 0.001 mm/s 11
cycles; @ 0.003 mm/s 30 cycles; @ 0.005 mm/s 60 cycles; @
0.01 mm/s 100 cycles; @ 0.025 mm/s 130 cycles; @ 0.05 mm/s 160
cycles; @ 0.1 mm/s 200 cycles; @ 0.25 mm/s; @ 0.5 mm/s 264
cycles.... Load cycle set to -100 to 0 N @ 0.05 mm/s 300 cycles; -150 to
0 N @ 0.05 mm/s 325 cycles; -200 to 0 N @ 0.05 mm/s 350 cycles; 300 to 0 N @ 0.05 mm/s -> Caisson starts to be pulled out. Pull out @
0.5 mm/s.
Push caisson in to 2000 N @ 0.05 mm/s and pull out at the same speed
Push caisson in and out @ 0.05 mm/s
Push caisson in to ask feedback loop for 55 N @ 0.05 mm/s; Suction
installation by setting syringe speed to 0.36 mm/s. Let differential
pressure dissipate; Perform permeability test @ 0.005, 0.01 and
0.025 mm/s; Set up cyclic load @ 0.05 mm/s 55 to -145 N; thereafter
request 55 to -175 N; 55 to -205 N; 55 to -235 N. Pull out @ 0.05 mm/s
Push caisson in to ask feedback loop for 55 N @ 0.05 mm/s; Suction
installation by setting syringe speed to 0.288 mm/s. Let differential
pressure dissipate; Perform permeability test @ 0.01, 0.02 and
0.05 mm/s. Set up cyclic load @ 0.05 mm/s 255 to -145 N; after 175
cycles to 285 to -175 N -> fails after 4 cycles. Pullout @ 0.02mm/s to
60 mm thereafter pull out @ 0.05 mm/s

B-8

Figure B.16

Figure B.17
Figure B.18
Figure B.19

Figure B.20

Suction caissons in sand as tripod
foundations for offshore wind turbines

B.3.4

The University of Western Australia
School of Civil and Resource Engineering

Box 5

The soil in Box 5 was saturated with silicon oil and another revision to the cyclic
loading feedback system was tested. More information regarding the activities
performed during the tests in Box 5 can be found in Table B-4.
Table B-4. Overview of the centrifuge tests performed in Box 5
Test

Caisson

Activities

Figure

5-1

A

Figure B.21

5-2

A

5-3

A

5-4

A

5-5

A

5-6

A

Self weight penetration to 55 N @ 0.1 mm/s; Thereafter suction
installation with syringe speed at 0.144 mm/s: valve closed itself before
final penetration was reached. Centrifuge was ramped down and up
three times. Push caisson in to full penetration @ 0.1 mm/s and pull out
at same rate.
Self weight penetration to 55 N @ 0.5 mm/s; Suction installation with
syringe speed of 0.72 mm/s. Dissipate. Perform permeability test @
0.05, 0.1 and 0.25 mm/s; valve did not close. Pull out @ 0.1 mm/s
Self weight penetration to 0 N @ 0.25 mm/s; Suction installation with
syringe speed @ 0.36 mm/s; Dissipation of differential pressure;
Perform permeability tests. Pull out @ 0.5 mm/s.
Self weight penetration to 48 N @ 0.1 mm/s. Suction installation with
syringe speed at 0.288 mm/s. Set up load cycle from 55 to -45 N; 55 to 220 N @ 0.05 mm/s; 55 to -220 N @ 0.025 mm/s; 55 to -220 N @ 0.01
55; after 276 cycles load cycle set from 55 to -230 N; to -240 N after
288 cycles; to -250 N after 295 cycles; to -260 N after 325 cycles; to 270 after 340 cycles; to -280 N after 355 cycles; to -290 N after 371
cycles; to -300 after 385 cycles; to -310 N after 400 cycles; to -320 N
after 415 cycles; to -330 N after 430 cycles; to -340 N after 445 cycles;
Pull out 0.015, 0.25 and 0.5 mm/s.
Self weight penetration to 75 N @ 0.2 mm/s; suction installation with a
syringe speed of 0.288 mm/s; Pump stops @ 85mm (due to dirt); push
caisson in to 1150 N; Pull out at 0.05 mm/s.
Self weight penetration to 100 N @ 0.15 mm/s, but start syringe when
55 N was reached @ 0.216 mm/s; valve not closed but asked for cyclic
load from -250 to 55 N-> caisson came out. Pushed in again. Asked for
-250 to 55 N @ 0.01 mm/s failed again; Pulled out with 0.5 mm/s
(closed valves)
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Box 6

The soil in Box 6 was saturated with silicon oil and the next revision of the cyclic
loading feedback system was tested. More information regarding the activities
performed during the tests in Box 6 can be found in Table B-5.
Table B-5. Overview of the centrifuge tests performed in Box 6
Test

Caisson

Activities

Figure

6-1

A

Figure B.27

6-2

A

6-3

A

6-4

A

6-5

A

6-6

A

Self weight installation to 100 N @ 0.3 mm/s; start syringe pump with
0.432 mm/s; leak? Try suck faster; caisson moves up and down and
feedback loop is inaccurate. Decide to stop with suction installation and
push caisson to full penetration @ 0.1 mm/s. Thereafter pull out @
0.1 mm/s
Push caisson in to 15mm @ 0.1 mm/s; suction installation with syringe
speed at 0.144 mm/s which is changed to 1.44 mm/s. Close valve, pull
out 0.1, 0.5, 1 and 2 mm/s
Push in @ 0.1 mm/s; Start suction installation with syringe speed at
0.144 mm/s, which was increased to 0.288 mm/s (afraid syringe would
run out); dissipation of differential pressure; Perform permeability test
@ 0.05, 0.1 and 0.2 mm/s; Pull out at 0.5 mm/s
Self weight penetration @ 0.1 mm/s; Suction installation with syringe
speed at 0.144 mm/s to 20 mm; 0.288 mm/s to 40mm and 0.432 mm/s
to full penetration; Dissipation of differential pressure; Perform
permeability test @ 0.025, 0.05 and 0.1 mm/s; close valve; Set cyclic
load from 55 to -200 N @ 0.01 mm/s comes out. Suck in again. Set load
cycle to 55 to -120 N @ 0.01 comes out. Suck in again. Set load cycle
to 55 to -50 N, change to 55 to -100 N after 11 cycles and to 55 to 120 N after 28 cycles. Load cycle is not cyclic and is erratic. Decided to
pull out @ 1 mm/s increased to 3 mm/s after first 15 mm.
Pushed caisson in @ 0.2 mm/s. Suction installation with syringe speed
of 0.288 mm/s; Set up load cycle from 55 to -100 N @ 0.01 mm/s;
changed to 55 to -110 N after 164 cycles; changed to 55 to -120 N after
202 cycles; 55 to -130 N after 220 cycles; 55 to -140 N after 235 cycles;
55 to -150 N after 250 cycles; 55 to -160 N after 270 cycles; 55 to 170 N after 300 cycles; 55 to -180 N after 350 cycles; Caisson starts to
pull out @ 353 cycles; Pull out at 0.2, 0.4, 0.6, 0.8 and 1.0 mm/s.
Install @ 0.15 mm/s; Suction installation with syringe speed of
0.216 mm/s; Set up cyclic loading from 255 to -145 N @ 0.1 mm/s;
after 56 cycles changed to 0.22 mm/s; after 250 cycles changed to
0.3 mm/s; Load cycle set to 255 to -155 N after 1030 cycles; Changed
to 255 to -165 N after 1060 cycles; changed to 255 to -175 N after 1100
cycles -> comes out!; Pull out 0.03; 0.06; 0.12; 0.24; 0.48; 0.96 and
1.88 mm/s
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Box 7

The soil in Box 7 was saturated with silicon oil and the following revision to the cyclic
loading feedback system was tested. More information regarding the activities
performed during the tests in Box 7 can be found in Table B-6.
Table B-6. Overview of the centrifuge tests performed in Box 7
Test
7-1
7-2

Caisson
A
A

7-3

A

7-4

A

7-5

A

7-6

A

B.3.7

Activities
Push in and out @ 0.2 mm/s
Pushed in @ 0.2 mm/s. Suction installation @ 1 mm/s. Permeability test
@ 0.01, 0.02 and 0.05 mm/s. Close self weight valve. Cyclic loading at
1 Hz between -150 and 50 N for 11000 cycles. Thereafter cycling from
-50 to 50 N; Increasing the positive load with 5 N after several cycles.
Start pull out at load cycle from -50 to 95 N. Let load cycle go to -50 to
260 N. Final pull out @ 0.2 mm/s and later on 1 mm/s.
Stepped jacked installation: 0, 35, 30, 45, 40, 55, 50, 65, 60, 70, 65 mm,
full penetration @ 0.2 mm/s. Permeability test @ 0.01, 0.02 and
0.05 mm/s. Load cycle from -150 to 50 N till 27400 s. Thereafter cyclic
load -50 to 50 N and slowly increase with 5 N. Fails at -50 to 100 N.
Pull out 0.3 mm/s thereafter 3 mm/s
Push in @ 0.2 mm/s. suck in @ 0.2 mm/s till 40 mm (=25 mm
penetration). Pull out @ 0.001 mm/s. Continue suction installation till
50 mm and pull out again. Repeat this process till full installation.
Permeability test @ 0.01, 0.02 and 0.05 mm/s. Close valves and pull out
@ 1 mm/s.
Push into the soil to 35 mm, thereafter suction installation @ 2 mm/s.
Cyclic load from -50 to 60 N, thereafter -50 to 70 N and -50 to 80 N.
Pull out at 0.01 mm/s thereafter 0.5 mm/s.
Push in to 10 mm @ 0.2 mm/s, thereafter suction installation @
0.5 mm/s. Load cycle from -50 to 50 N. Increase slowly and starts to
pull out at load cycle from -50 to 68 N. Thereafter slowly increase load
cycle to see how pull out process works. Push back in to -600 N and
start cycling again. First load cycle from -50 to 60 N and thereafter
increased load. Comes out at load cycle from -50 to 77 N. Push back to 700N. Repeat process and comes out at load cycle from -50 to 85 N.
Push back to -700 N. Repeat process and comes out at load cycle from 50 to 80 N.

Figure
Figure B.33
Figure B.34

Figure B.35

Figure B.36

Figure B.37

Figure B.38

Box 8

The soil in Box 8 was saturated with silicon oil and the last revision to the cyclic
loading feedback system was tested. More information regarding the activities
performed during the tests in Box 8 can be found in Table B-7.
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Table B-7. Overview of the centrifuge tests performed in Box 8
Test
8-1

Caisson
A

8-2

A

8-3

B

8-4

B

8-5

B

8-6

B

8-7

C

8-8

C

Activities
Stepped jacked installation: 0, 25, 20, 35, 30, 45, 40, 55, 50 mm, full
penetration @ 0.2 mm/s. Pull out at 0.2 mm/s
Jacked to 34 mm. Suction installation @ 0.2 mm/s with self weight at
342 N. Perform permeability test twice at 0.01, 0.02 and 0.05 mm/s. Try
to cycle between 0 and 50 N, but average of load cycles increases 25 N
each cycle. Caisson comes out and is extracted from 3750s @ 0.5 mm/s
Self weight installation followed by suction installation @ 0.2 mm/s.
Permeability tests at 0.01, 0.02, 0.05 and 0.1 mm/s. Cyclic tests: -100 to
100 N @ 1 Hz, 5 Hz and 10 Hz. Thereafter 120 N @ 1, 5 and 10 Hz.
Keep frequency @ 10 Hz and increases load with steps of 5 N. @
12180 s and @13450 s large loads are reached due to inaccuracy of load
request. Still no failure after 4 hours of testing. Pull out with 1 mm/s
Used smaller caisson (B). Jack in @ 0.2 mm/s thereafter suction
installation. Changed the self weight three times during suction
installation process to investigate influence of this. Permeability test @
0.01, 0.02, 0.05 and 0.1 mm/s. Pulled out caisson slowly and increased
gradually the speed. After extraction jacked the caisson back in @
0.2 mm/s and pulled it out
Stepped jacked installation: 0, 25, 20, 35, 30, 45, 40, 55, 50 mm, full
penetration @ 0.2 mm/s. Closed valves. Start cyclic loading from -50 to
+50 N @ 10 Hz. Changed to 5 Hz and thereafter 1 Hz. Thereafter load
cycle set to 0 to 50 N and cycled at 1 Hz, 5 Hz and 10 Hz. Kept
thereafter frequency at 10 Hz and increased the load step with 5 N.
Computer program request load which increases every cycle. Caisson
starts to fail. Pushed caisson back in by requesting 900 N. Start cyclic
loading again @ 10 Hz and increase load step with steps of 5 N. Fails at
90 N. Cycle @ 0.01 Hz to 600 N to install caisson again. Again fails at
90 N. Pushed back and cycle with 1 Hz. Fails at 75 N. Pushed back and
cyclic load @ 0.2 Hz till failure at 75 N. Pushed back and cyclic load @
2 Hz till failure at 80 N. Pushed back and cyclic load @ 3 Hz till failure
at 85 N. Opened valve and drove to 55 mm to create a water gap. Cyclic
load @ 10 Hz. Start at 40 N and increase with 5 N. Fails @ 60 N. 1 Hz
fails at 40 N and 3 Hz at 50 N. Pull out tests at 0.25, 0.5, 1 and 3 mm/s.
Sucked in partially, but had problems. Had to jack the caisson in to
1200 N. Consolidation. Cycle @ 10 Hz. Cycle around -20 N with a load
cycle of 100 N. Increase the steps with 5 N interval. Fails with a 175 N
load cycle. Push caisson back with 1200 N. Set frequency at 4 Hz and
fails at 170 N; Set frequency at 2 Hz and fails at 165 N; Set frequency at
1 Hz and fails at 155 N; Set frequency at 0.2 Hz and fails at 150 N; Try
10 Hz again and found 195 Hz; Try 1 Hz again and found 155 N, Try
10 Hz again and found 200 N. Lift to 50 mm. Load cycle 10 Hz fails at
145 N; 4 Hz at 140 N and 1 Hz at 135 N. Pull out at 0.1, 0.2, 0.5, 1 and
3 mm/s
Start jacked installation, but valve seems to close and build up
differential pressure. When valve opens perform stepped jacked
installation till full penetration. Pull out at 0.2 mm/s
Push in to 60 mm. Spin down and reconnect syringe. Suck in with 0.5, 1
and 1.5 mm/s. Perform permeability test 0.01, 0.02, 0.05 and 0.1 mm/s.
Load cycle at 10 Hz fails at 300 N +125 N; Load cycle at 4 Hz fails at
300 N +120 N; Load cycle at 1 Hz fails at 300 N +120 N. Pull out at
varying speed of 0.2, 0.5 and 1 mm/s
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Figure B.1: Test 6-5 explained
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Figure B.2: Test 8-5 explained
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Figure B.3: Test 1-1
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Figure B.4: Test 1-2
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Figure B.5: Test 1-3
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Figure B.6: Test 1-4
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Figure B.7: Test 1-5
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Figure B.8: Test 1-6
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Figure B.9: Test 2-1
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Figure B.10: Test 2-2
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Figure B.11: Test 2-3
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Figure B.12: Test 2-4
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Figure B.13: Test 2-5
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Figure B.14: Test 2-6
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Figure B.15: Test 4-1
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Figure B.16: Test 4-2
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Figure B.17: Test 4-3
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Figure B.18: Test 4-4
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Figure B.19: Test 4-5
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Figure B.20: Test 4-6
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Figure B.21: Test 5-1
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Figure B.22: Test 5-2
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Figure B.23: Test 5-3
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Figure B.24: Test 5-4
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Figure B.25: Test 5-5
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Figure B.26: Test 5-6

B-25

Suction caissons in sand as tripod
foundations for offshore wind turbines

The University of Western Australia
School of Civil and Resource Engineering

100
Displ [mm]

FileName = "B6_C1_0000.txt"
50
0

50

0

200

400

600

800

1000
1200
Time [s]

1400

1600

1800

2000

2200

200

400

600

800

1000
1200
Time [s]

1400

1600

1800

2000

2200

200

400

600

800

1000
1200
Time [s]

1400

1600

1800

2000

2200

400

500

600

700

800

900

1000

1100

600

700

800

900

1000

1100

600

700

800

900

1000

1100

Load [N]

500
0
500

1000

0

PP [kPa]

100
50
0

50

0

pp internal
pp external

Figure B.27: Test 6-1
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Figure B.28: Test 6-2
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Figure B.29: Test 6-3
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Figure B.30: Test 6-4
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Figure B.31: Test 6-5
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Figure B.32: Test 6-6
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Figure B.33: Test 7-1
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Figure B.34: Test 7-2
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Figure B.35: Test 7-3
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Figure B.36: Test 7-4
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Figure B.37: Test 7-5
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Figure B.38: Test 7-6
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Figure B.39: Test 8-1
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Figure B.40: Test 8-2
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Figure B.41: Test 8-3
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Figure B.42: Test 8-4
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Figure B.43: Test 8-5
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Figure B.44: Test 8-6
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Figure B.45: Test 8-7
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Figure B.46: Test 8-8
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