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Venture North Sea Oil Ltd. (Venture/Centrica) has developed a new gas process and production platform in Block
F3 of the Dutch sector of the North Sea, see Figure 1. The platform topside is founded on four non-braced legs,
each with a suction caisson foundation. This project was executed by Heerema Vlissingen (HEVL), IV Oil & Gas
(IVoG) and SPT Offshore (SPT). The SPT scope included the suction caisson geotechnical and structural design and
fabrication, followed by transport and installation of the complete platform. The geotechnical and structural design
of the suction caissons have been carried out by SPT and inhouse design department Volker InfraDesign (VID). The
platform was successfully installed in September 2010.

»

Each suction caisson is a 15.0 m diameter,
13.0 m high steel cylinder with a dry mass
of approximately 400 metric tonne. The target
penetration is 12.0 m below seafloor. The water
depth is about 41 m. The soil consists of silty
medium to very dense sand. Several metres below
target penetration depth stiff clay is found.
Problem Description
Within the offshore industry different foundation
concepts are known. A suction caisson
foundation is one of them. The application of a
suction caisson is based on proven technology.
Advantages of suction caissons above other
foundation concepts are that no piling hammers
or welding is required and easy and complete
retrieval or removal after installation and/or use
is possible. Venture/Centrica selected suction
caissons, as their aim is to deplete marginal fields
for as much is economically viable and technically
possible. Using suction caissons, a single platform
can be re-used for several fields.
A specific item of the overall geotechnical
foundation design is the response to cyclic
loading. The importance of cyclic loading effects
is mentioned in a variety of design guidelines.
How to deal with the effects from cyclic lateral
loading of open-ended pipe piles or gravity base
structures for example is presented in DNV and
API design codes. Elaboration on how to properly
assess effects from cyclic loading (degradation of
strength and stiffness due to both axial, lateral and
moment loading, pore pressure build-up) taking
Figure 1: Project location (Fugro)
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into account the load spectrum and the total
number of cyclic loads, however, is not thoroughly
specified.
Cyclic Loading
For cyclic loading of suction caissons no direct
guideline is available. Cyclic loading effects may
include:
1. strength and stiffness degradation due to cyclic
displacements (axial and lateral movement of
the caisson along the soil interface) and
2. excess pore pressure build-up due to cyclic
shear.
Cyclic loading may therefore have serious consequences for foundation integrity and should be
accounted for in foundation design. This paper
describes how the response to cyclic loading of
the Centrica F3FA platform suction caissons has
been assessed by using cyclic shear test data in
conjunction with 3DFoundation finite element
calculations. Finite element software is used
due to the complex foundation loading, i.e. a
combination of vertical, horizontal and moment
(VHM) loads. From the resulting stress distribution,
excess pore water pressures are determined which
form the input for updated capacity calculations in
the 3DFoundation model.
Cyclic Degradation
Axial and lateral cyclic loads may lead to strength
degradation along the soil-pile interface and/
or large cumulative displacements. A foundation
subjected to cyclic loading should be designed for
effects associated with cyclic degradation. Several
cyclic loading model tests on suction caissons
installed in sand have been conducted by e.g.
Byrne (2000), Feld (2001), Watson et al. (2005) and
Senders (2009). In general, axial cyclic degradation
was only found when the foundation was cyclically
loaded close to the maximum soil resistance and
proved especially relevant for tension loading
(i.e. where the top plate, for drained loading,
does not contribute to capacity). All suction
caisson loads for the Centrica F3FA project are
compressive; no tensile loads are encountered
during the operational life of the structure. Limited

Figure 2: (a) The platform after installation, (b) Simplified model of the entire structure (SPT Offshore)

Figure 3: Suction caissons on the quay side (SPT Offshore)
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axial cyclic loading (compared to the suction
caisson capacity) resulted in a cyclic displacement
amplitude that does not reach the displacement
required to cause static slip. For compressive
loading, additional displacement of the suction
caisson with its top plate embedded in the
seafloor results in a dramatic increase in capacity
(due to partly mobilising top plate end bearing).
Hence, stiffness degradation effects were found to
be not relevant.
Due to the high rotational stiffness of the
foundation super structure combination, limited
displacements (both rotational and lateral) are
anticipated. Moreover, for lateral loading, the
tolerated lateral displacements of the large
diameter suction caissons were significantly
smaller than the displacements required to
mobilise sufficient lateral resistance resulting in
degradation.

Figure 4: Residual pore pressure build-up (red line)

Figure 5: Relative pore pressure build-up for different conditions

Pore Pressure Build-up During Cyclic Loading
During cyclic loading, loose saturated noncohesive soils (predominantly sands, but also silts
and some gravels) exhibit contractant behaviour
when subjected to shear, resulting in a pore water
pressure increase Δu (i.e. a reduced effective
stress) and consequently, a decreased shear
strength. When excess pore pressures equal the
vertical effective stress (pore pressure ratio Ru
= u/s’n = 1.0), liquefaction occurs. This results
in the saturated soil going from a solid state to
a liquefied state. In general, loose to moderate
saturated granular soils with poor drainage,
such as silty sands or sands containing lenses
of impermeable sediments, are more prone to
liquefaction than dense sands.
To assess pore pressure build-up, either undrained
cyclic triaxial tests or undrained cyclic direct
simple shear laboratory tests can be carried
out. For the Centrica F3FA project, a series of
undrained cyclic simple shear tests were carried
out on representative soil samples reconstituted
to the appropriate relative density. The large
number of cyclic loads on the offshore platform is
induced by wave loading. A representative wave
period for design conditions is approximately 10
seconds (f = 0.1 Hz), and was used for the cyclic
shear tests.
The cyclic shear stress ratio (CSSR) for a cyclic
simple shear test, which is commonly used in
earthquake engineering, is defined as follows:
CSSR =
In which:
Dt = shear stress amplitude [kPa],
s’n0 = initial effective vertical stress [kPa].
The relation between the number of cycles to
reach liquefaction and the shear stress amplitude
is described by the function:
Nliq =

Figure 6: Back-calculated pore pressure build-up
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In which:
Nliq = number of cycles to reach liquefaction for an
undrained condition [-]. The described function
is a back calculated fit from results of cyclic shear
test,
ID = relative density [-],
a = empirical constant [-],
b = empirical constant [-].
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In order to determine the empirical constants a
and b, a series of cyclic tests with varying shear
stress amplitude and relative density is required.
When assessing pore pressure build-up for
undrained conditions, one mainly focuses on
residual pore pressure build-up, i.e. pore pressure
build-up remaining after cyclic loading stops. This
is the red line in Figure 4.
The relative excess pore pressure during cyclic
loading may be assessed from:

In which:
Ru = relative excess pore pressure or pore pressure
ratio (u/s'n0 ) [-],
N = elapsed number of cycles [-],
q= empirical constant [-].

Figure 7: CSSR versus Nliq for different relative densities

The following variables are important when
assessing cyclic soil behaviour at field conditions
and should be investigated before cyclic
laboratory tests are carried out:
• Expected cyclic shear stress ratio (CSSR [-]):
increase in CSSR leads to a decrease in Nliq .
• Relative density (ID , DR or Re [%]): increase in ID
leads to an increase in Nliq .
• Presence of initial shear stresses (contraction)
prior to cyclic loading (ta [kPa]): generally some
initial contraction due to ta leads to an increase
in Nliq .
At field conditions the following mechanisms may
also be present. These mechanisms, however,
prove difficult to implement in standard cyclic
laboratory tests:
• Effects from partial drainage during cyclic
loading (especially for small sized suction
caissons and/or short loading periods).
• Effects from compaction during cyclic loading.

Figure 8: Example of schematised wave distribution

Drainage time (consolidation time) may be
relatively long for large diameter suction
caissons. Moreover, due to the uncertainty in the
permeability of the silty sand layers, a cautious
approach for the Centrica F3FA project was
adopted, namely a fully undrained soil response.
Figure 6 shows the back-calculated pore pressure
build-up for some of the cyclic simple shear tests.
From determination of the liquefaction potential
(increase of Ru over N) one is able to produce a
diagram showing the relationship between the
CSSR and the total number of load cycles required
to achieve a relative pore pressure ratio Ru = 1.0.
By means of finite element calculations (in this
case using 3DFoundation) it should be verified
which CSSR values should be accounted for during
the 100 year design storm. This is done on the
basis of the stress distribution (Dτ / s’n ) resulting
from the series of cyclic loads; in this case a 6-hour
Hansteen wave distribution. Since standard
soil models, as available in 3DFoundation, are
not capable of predicting excess pore pressure
build-up, a method to assess pore pressures is
elaborated.
Assessment of pore pressure build-up:
1. per series of wave loads (F1, F2, F3, et cetera),
calculate the associated CSSR (in depth) for
applicable stress points (Figure 9 shows the
distribution of CSSR in depth for 25% - 100%

Figure 9: CSSR as function of depth for various stress levels (as a percentage of the maximum cyclic load)
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Soil type

Layer

Eref

Eincr.

c’ or cu

φ’

φ’reduced

(max.)

(min.)

Top

Bottom

[m] BML

[m] BML

[MPa]

[MPa/m]

[kPa]

[°]

[°]

Medium dense sand

0.0

9.0

0.4

7

0.01

35

26

Very dense sand

9.0

15.8

64

3

0.01

42

35

Stiff clay

15.8

18.8

26.5

0

105

0

0

Stiff clay

18.8

30.0

18.8

0

75

0

0

Table 1: Soil models parameters

2.

3.

4.

5.

6.

of the maximum cyclic load resulting from the
Plaxis analyses);
determine Nliq values for the applicable CSSR
values and relative densities for each soil cluster
(example Figure 7);
calculate the increase of relative pore pressure
ΔRu from N1 /Nliq , in which N1 represents the total
number of cycles for the first series of wave
loads F1 (example Figure 6);
for the new (increased) value of Ru , determine
the number of equivalent cycles represented by
the CSSR induced from the subsequent wave
load series (F2; i.e. the relative pore pressure ratio for 100 cycles of F1 may be equivalent to 60
cycles of F2; one starts the series of subsequent
wave loads at N2 = 60);
calculate the relative pore pressure increase
ΔRu for the total number of associated N2 cycles
(according to Figure 6);
repeat from step 4, et cetera.

The governing loading situation can either be the
foundation subjected to the largest load (in this
case F3 in Figure 8) or subjected to a smaller load
but with generally higher excess pore pressures
(F4 in Figure 8, et cetera). A simple way to model
pore pressure build-up (due to Ru ) is to reduce
the effective soil strength. Since the submerged
unit weight of sand is about the same as the unit
weight of water, this reduction can be reasonably
accounted for by applying the following formula:

φ reduced = atan( ( 1-Ru ) · tan φ initial )
In case Ru = 1.0 a fully liquefied state of the sand is
to be taken into account. On the basis of literature
review it was concluded that the shear strength of
liquefied sand is approximately 5% of the effective stress, see e.g. Stark and Mesri (1992), Olson
(2001).

Capacity calculations are therefore characterised
by pseudo-static loading.
Based on initial analyses, the first metre below
seafloor is the only location where considerable
relative excess pore water pressures are anticipated. This is the result of high shear stress levels
and low overburden pressure. Due to the short
drainage path length, however, the effect of this
excess pore water pressures is marginal and not
taken further into account.
The soil capacity for static loading is compared
to the cyclic loading case. For this cyclic loading
analysis the soil strength parameter φ ’ is reduced
to φ ’reduced for the applicable layers. Incorporating
reduced soil strength in the model effectively
reduces the capacity of the soil. Consequently,
the factor of safety decreases. Analyses show that,
compared to the static case, the factor of safety
for the cyclic load case reduces by approximately
10%.
Concluding Remarks
Cyclic axial and lateral loading may lead to a
reduction of soil strength. This may adversely
affect the suction caisson capacity. This paper
describes a method to incorporate pore pressure build-up under cyclic loading. Cyclic simple
shear laboratory tests were performed in order to
determine the number of cycles required to reach
liquefaction. For storm conditions (e.g. Hansteen),
excess pore pressures resulting from a series of
cyclic loads have been assessed. In conjunction
with 3DFoundation finite element analyses a soil
strength reduction has been determined which
was incorporated in the geotechnical foundation
design for the F3FA platform.

3DFoundation Capacity Analysis
The finite element ground model has four soil
layers. A surface 9 m thick medium dense sand
layer is underlain by 6.8 m of very dense slightly
silty sand. Below these sand layers, two stiff clay
layers are found, see also Table 1. The dilation
angle y equals φ – 30° and the Rinter value equals
0.75. The model is based on Mohr-Coulomb.
The total model depth is 30 m. Around the 12.0
m long, 15.0 m diameter 0.055 m wall thickness
caisson, the finite element mesh is locally refined.
Using 3DFoundation, soil parameter values can
be adapted if required, e.g. to accommodate the
reduced internal friction angle described above.
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Figure 10a: Excess pore pressure distribution for 100% of the cyclic load

Figure 10b: Example of deformed mesh for a moment load case
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