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Abstract

The dissertation presents a probabilistic investigation into the safety of marine clay foun-

dations against failure in cyclic loading. This failure mode is associated with the develonment
of large cumulative shear strain amplitudes in the clays that support such foundations. This
applies when the foundations are subjected to cyclic shear loading caused by wave action in
storms. The following aspects are therefore inluded in the probabilistic investigation, namely,
strain analysis in single storms, strain analysis in multiple storms, wave climate modelling, and
reliability analysis over uncertain properties. Current practice for dealing with these aspects
forms the basis for the performed investigation and is extended by novel contributions as out-
lined in the following.
Single-Storm Strain Analysis. The strain accumulation method is the standard procedure
used for prediction of cumulative shear strain amplitudes in clay and provides state-of-the-art
for execution of strain analysis in single storms. Application to strain analysis in multiple
storms is possible, but has shortcomings, e.g., because consolidation effects in calm periods
between the storms will not be included.

The strain accumulation method involves calculation of an immediate strain whenever the

loading shifts from one stress level to annther, as well as calculation of a strain increment
caused by the number of stress cycles applied at this new stress level. The concept of a stress-
response diagram is introduced here. This diagram gives the strain amplitude of a clay sub-
jected to cyclic shear loading as a function of the stress level and the current pore pressure
ratio. The strain-response diagram can be used to predict the immediate strain and represents
an improvement of the strain accumulation method because state-of-the-art for this method
does not recognize the dependency on the pore pressure ratio in its immediate strain predic-
tions.
Multiple-Storm Strain Analysis. The new strain-response diagram also allows for conversion
from predicted cumulativc shear strain to pore pressure ratio at any time. Based on this, the
pore pressure ratio process in a clay is studied over all storms that occur during the lifetime of
a foundation on the clay. This process is governed by the strain accumulation due to the cyclic
loading in these storms and by the consolidation of the clay in the calm periods in between.

Under certain conditions, the pore pressure ratio process can be represented as a Markov

chain. This is used to formulate a new method for analysis of the safety against first-passage
failure in cyclic loading in the course of all storms that occur in the lifetime of the foundation.



This becomes a computer-intensive nested application of first-order reliability analyses, which
is dependent on Markovian results for the pore pressure ratio process. This new method con-
trasts the standard approach to analysis of this safety, which is a direct first-order reliability
analysis of failure in the single most severe storm in the lifetime of the foundation.

Wave Climate Modelling, To appropriately represent the cyclic loading that governs the
accumulation. of pore pressures and strains in these analyses. a new stochactic storm profile is
developed, based on Slepian model process theory. The storm profile gives the temporal evolu-
tion of the significant wave height during a storm, e.g., the expected significant wave height
profile while it remains above a threshold level of engineering interest. Current practice is res-
tricted to use of idealized envelope profiles or average profiles based on lengthy wave records.
In the new stochastic storm profile, an arbitrary non-Gaussian marginal distribution of the
significant wave height process is accommodated through a functional transformation, and
lengthy wave records are not required for its prediction. The stochastic storm profile is used in
conjunction with linear wave theory and load transfer functions to establish the stress history in
the clay that supports the foundation. Although developed for this particular use in the context
of strain accumulation analyses, the stochastic storm profile has an important potential for
engineering applications beyond the field of marine geotechnics.

Reliability Analyses and Findings. Reliability analyses are carried out for an example foun-
dation. Based on available data, a gravity-based foundation for Troll Field conditions in the
North Sea is used as an example and analyzed with respect to failure in the single most severe
storm in its lifetime as well as with respect to first-passage failure in the sequence of all storms
that occur during this lifetime.

The example analyses are carried out for a variety of foundation geometries and indicate
that when the foundation geometry is sufficiently large with relatively low shear mobilization
of the clay, then the pore pressure which is built up by the storms will stabilize at a low
enough level that it will not have any influence on the strain response. The consequence of
this is that there will be no significant multiple-storm effect, and it suffices to analyze the foun-
dation only for the single most severe storm in its lifetime.

For a reduced geometry with correspondingly higher shear mobilization of the clay, the
built-up pore pressure will stabilize at a higher level which may be large enough that it will
influence the strain response. A first-passage failure in all storms over the lifetime will then
become more likely than a failure in the single most severe storm in this lifetime. Hence, for
such a geometry the multiple-storm effect is significant, and it becomes necessary that a full
first-passage failure analysis is carried out.



For the performed example for Troll Field conditions, the transition between geometries
for which the multiple-storm effects are significant and those for which they are not is found to
be at a safety level which is less than the one typically required in design, such that for this
case it suffices to base a design on an analysis of the single most severe storm in the lifetime
alone.

The example is extended to demonstrate a number of advanced applications of the
developed methods to foundation design. A reliability-based optimization of a foundation
design under minimization of cost is outlined, and an example of reliability-based calibration of
partiai safety factors for use in deterministic design is given. The significance of the latter is
that it leads to a quantification of partial safety factors which are not specified in current regu-
lations for design of foundations for the North Sea, but which are necessary in order to comply
with the requirements of these regulations.
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Chapter 1

Introduction

1.1 BACKGROUND AND MOTIVATION

Satisfactory foundation behavior is essential for proper operation of fixed offshore plat-
forms. Current trends toward platform installation in deeper waters, harsher environments, and
poorer soils make this even more important. A prime purpose of foundation design is therefore
to ensure that the foundation behavior will be satisfactory with some high probability. Tradi-
tionally, this is achieved by carrying out the foundation design in accordance with past experi-
ence, which is known to be sufficiently reliable, and which even may be refiected in building
codes, see Nordic Committee for Building Structures (1978).

Reliability methods are often used to achieve a rational and uniform safety design, and
the target safety level used for this purpose may then be calibrated to past practice, see Madsen
et al. (1986). Facing the design and construction of foundations for structures for the unusually
large water depths and very soft soil conditions offered by prospective platform locations in the
Norwegian Trench, for which there is no past design experience to rely on, it is therefore
natural to use reliability methods as an adequate means to achieve sufficiently reliable designs.

An unsatisfactory foundation behavior is characterized by a matperformance or instability
of a foundation in question. Such a malperformance or instability can occur as the result of a
failure of the foundation and its supporting soils in one of several possible failure modes. One
such failure mode is that associated with excessive settlements in the serviceability limit state.
Another failure mode is that associated with excessive shear stresses or excessive shear strains
in the ultimate limit state. Finally, a third failure mode is that associated with excessive cyclic
shear strain amplitudes in cyclic loading. This failure mode could equally well be associated
with excessive cyclic shear stresses, as it merely is a matter of definition whether a failure is
caused by excessive shear stresses or by excessive shear strains.

The third of these failure modes is an important failure mode for offshore structures
founded on clay and arises from cumulative shear strain amplitudes in the clay under cyclic
loads. The cumulative behavior of the shear strain amplitude as a function of time is the result
of a softening of the clay associated with a simultaneously ongoing cyclic accumulation of pore
pressure in the clay as the cyclic loading proceeds. The major contribution to this cyclic strain



-2-

accumulation comes from wave loads in sea states of high intensities, i.e., in storms, and the
soil will fail and cause instability of the foundation it supports when the cyclic shear strain
amplitude becomes large.

Failure in cyclic loading resembles failure in ultimate loading in the sense that the
involved large strain amplitude is most likely to occur when the stress level of the loading is at
its most intense, because the cumulative shear strain amplitude has a stress-dependent part that
increases with increasing stress level. Yet, it deviates from failure in ultimate loading and
resembles fatigue failure in the sense that it is the result of many load cycles over some time
span and takes place at a usually much lower stress level than a quasi-static failure in ultimate
loading, i.e., it occurs at a stress level well below the undrained shear strength of the clay, see
Foss et al. (1978). Therefore, it is important to recognize failure of clay in cyclic loading as a
distinct failure mode of its own which is not adequately represented by any of the failure
modes traditionally considered within the frameworks of structural codes, which are, typically,
failures in the serviceability, ultimate, fatigue and progressive limit states. For an example,
reference is made to rules by Det Norske Veritas (1977).

For offshore platforms on clay, the cyclic loading that eventually leads to a cumulative
shear strain failure in the clay is created by ocean waves in storms. A failure in cyclic loading
can occur in the course of one single storm, but it can also occur as the result of a sequence of
consecutive storms with calm periods in between.

For foundations on medium-to-highly permeable clays with moderate-length drainage
paths, the cyclically built-up pore pressure in one storm will dissipate before the next storm
arrives, i.e., the soil will recover and the cyclic build-up of a shear strain amplitude in this new
storm will then start ’from scratch’ as it did in the previous storm. For these foundations it is
therefore sufficient to study what happens in one storm only, when they are to be designed
against this failure mode. The most severe storm in a design lifetime is usually considered for
this purpose. This has been studied in the papers by Ronold and Madsen (1987) and Ronold
and Haver (1991) which represent the most recent works for probabilistic analysis of this
failure mode.

For foundations on low-permeable clays with long drainage paths, the cyclically built-up
pore pressure in one storm might not have dissipated completely when the next storm arrives,
so the cyclic build-up of a shear strain amplitude in the new stormn does not start 'from
scratch’, but is rather a continuation of the build-up in the previous storm, or of whatever
remains of that build-up. This leads to the possibility of a foundation failure in cyclic loading
in multiple storms rather than in just one single storm, depending on how much the soil is
allowed to recover in the calm periods between the storms when the soil can consolidate and
dissipate some of the pore pressure accumulated during previous storms. This is a problem






