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Analysis of Offshore Foundations Subjected to Storm Loading
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Summary: The potential for liquefaction of seabed sand underneath an offshore founda
i . A semi-

analytical approach has been adopted
consolidation analysis. The effects of densification due to

1 INTRODUCTION

The stability of foundations for offshore structures can be
strongly affected if the seabed sediments have the potential to
liquefy under wave-induced cyclic loading. The potential for
liquefaction of seabed soils, particularly loose sands, is
therefore a major issue that should be considered by the
designers of offshore facilities on granular materials.

Foundations of marine structures are generally subjected to
two kinds of loadings; ambient loads due to submerged
weight and cyclic loads due to waves applied during a storm.
Cyclic loads include a large number of cycles of short to
medium periods (5 to 15sec.). Laboratory tests on sands have
shown that the application of a large number of cyclic loads
with moderate amplitude could produce a progressive
degradation of the soil resistance and buildup of pore water
pressures, which can alter the stability of marine structures
founded on such soil. The Ppore pressure at various places
within the soil profile may build up to a stage where it
becomes equal to the mean effective stress resulting in cyclic
liquefaction and leading to possible instability.

1.1 Liquefaction phenomena

The most important feature of cyclic loading on sands is the
Cumulative densification which Is responsible for such
phenomena as liquefaction and loss of strength. Numerous
eXperiments on various sands show that cyclic stresses or
Strains cause slip at grain to grain contacts. This inter-
granular slip, in dry sands, would lead to volumetric
ompaction. In saturated sands where the drainage path is

drain instantaneously to accommodate the volume change.
Consequently, the sand skeleton transfers some of its inter-
Sranular or effective stresses to the pore water and the pore
Water pressures increase. Reduction in effective stresses leads
Y a structural rebound in the sand skeleton and reduces
Shﬂin'ng resistance of the soil. In extreme cases, the pore
Water pressure developed during cyclic loading may increase

137

tion subjected to cyclic storm loading is

until all the inter-granular or effective stresses acting on the
soil skeleton are eliminated from the system. In this case the
soil flows like a viscous liquid and liquefaction is said to
have occurred (Finn ez al, 1976).

1.2 Experimental studies of liquefaction

In laboratory undrained tests, liquefaction is characterized by
a rse in pore water pressure to a value equal to the
consolidation pressure in triaxial tests or to the initial
vertical stress in simple shear tests. Excessive strains
accompany the high pore water pressure rise and the sample
collapses within a few Cycles after the pore pressure becomes
equal to the initial consolidation stress.

The knowledge of Pore pressure response to a cyclic loading
and its interaction with the soil skeleton is an important
feature for a liquefaction analysis. The results of
experimental tests on saturated sand are usually expressed in
term of the number of cycles required for liquefaction, N,
under various levels of cyclic stress ratio, 9oc/p’ Where g,
is the cyclic deviatoric stress applied to the sample and p’is
the mean consolidation stress. Typical results of
experimental studies which were conducted on samples of
calcareous sand under cyclic loading and undrained
conditions (Kaggwa, 1988) are presented in Fig. 1.

0.0 1

1 10 100
Number of cycles, N,

Fig. 1 : Number of cycles required for liquefaction versus cyclic
stress ratio
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The rate of pore pressure generation is usually related to the
cyclic ratio, N/N;, by a pore pressure generation function
(Seed and Idriss, 1982). The rate of pore pressure generation
can be expressed as :

" g ¥ V26
£ == Arc su{—)
p N,

where ug is the pore pressure developed due to cyclic loading,

N is the number of stress cycles applied to the sample, and &

is a factor related to the type of material and the magnitude

of initial deviatoric stress, g. A value of @ was proposed by

Kaggwa (1988) for calcareous sands as:
6=1.68 7%

@

@

A family of curves which represent the pore pressure
generation function with different values of 6 is plotted in
Fig. 2.
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Fig. 2 : Rate of pore pressure generation for various 8
1.3 Evaluation of liquefaction of soils under
foundations

Application of cyclic loading to a foundation will also
generate pore pressures in the soil. However, the net increase
in pore pressure will be the resultant of the pore pressure
generation due to cyclic loading, the diffusion of pore
pressure within the soil, and the dissipation of the pore
pressure through drainage boundaries.

Development of pore pressures and strains resulting from
cyclic loading can be predicted mainly by two numerical
approaches. The first one is an incremental analysis in which
the whole stress path is followed for every individual load
cycle by using a hysteritic stress-strain relationship.
Application of this method for evaluation of liquefaction in
the field is not practical since it requires a large
computational effort. In the second approach, the tendency to
accumulate strain and its subsequent effects on pore pressure
generation are considered at the end of one or more cycles.
The results of physical experiments are used to correlate the
accumulation of strain and pore pressure due to cyclic
loading. Depending on the availability and level of
sophistication of experimental and numerical tools, various
methods for liquefaction analysis have been developed. Most
of the studies on liquefaction potential of offshore
foundations are based on the second approach, some of them
are summarized below.
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One of the earliest evaluations of the possibility of
liquefaction was performed by Bjerrum (1973). Based on
results of undrained simple shear tests, he estimated the
excess pore pressure increment of every single wave and
determined the excess pore pressure at the end of a storm by
summing up the pore pressure increments. The effect of
dissipation of pore water pressure during the storm was
ignored. Lee and Focht (1975) consider the effect of pore
pressure dissipation in a pragmatic manner by modifying the
experimental procedure.

Rahman et al (1977) presented a more rigorous solution to
the problem by considering the effects of stress distribution
in the soil profile and dissipation of pore pressure using a
finite element analysis based on Darcy’s Law. Chugh and
Thun (1985) used the same procedure for one dimensional
dynamic analysis of a liquefiable soil. In both methods, the
stress distribution in the soil profile was obtained from
independent sources.

Reese er al (1988) analysed a pile subjected to lateral load
generated by storm waves. The results of strain-control cyclic
tests on sand samples were used to calculate the pore
pressure. The deflection of the pile due to lateral load was
obtained using the p-y method. The strain field was
calculated by employing a “hybrid, finite-element-type
formulation”. The dissipation of pore pressure was then
evaluated using an axi-symmetric finite element model.

14 Procedure for analysis of liquefaction

A procedure for the analysis of liquefaction based on the
second approach is used in this study. The procedure
incorporates the generation of pore water pressure due to
cyclic loading under undrained conditions, followed by an
analysis of pore pressure dissipation both during and after a
storm event. Experimental test data on the sand are used to
evaluate the pore water pressure generated at any point in the
soil during cyclic loading.

The analysis includes a number of steps, viz.

1-definition of storm and the resulting loads that act on the
foundation,

2-computation of initial and cyclic stresses within the soil,
3-estimation of excess pore water pressures resulting from
the cyclic loading under undrained conditions,
4-incorporation of the cyclic load effects in a finite element
program and solving for dissipation of pore water pressures.

2 NUMERICAL FORMULATION

The three dimensional nature of the stress and strain fields*
the soil under a foundation subjected to lateral cyclic loadi’s
is one of the main difficulties in a liquefaction analysis.
numerical tool is required, capable of performing 2 three
dimensional consolidation analysis. The numerical 100l
should be efficient and quick, because in a ﬁquef?"“on
analysis, the whole process of generation and dissipatio? °
pore water pressure must be followed thousands of 8%
during a storm.
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In the present paper, the procedure described in section 14is
used to analyse the possibility of liquefaction in soil. A
unique feature of the analysis is that the effect of €Xcess pore
pressure is explicitly taken into account. An efficient finite
element program has been developed based on a semi-
analytical approach (Zienkiewicz and Taylor, 1989). The
method presented originally by Zienkiewicz ef g/ (1982) has
been used to include an additional accumulation of strain due
to cyclic loading into the finite element formulation.

2.1 Effects of cyclic loads

The cyclic loading on saturated sands can be viewed as an
agency that causes a reorientation and repositioning of sand
particles, which leads to a reduction in void Spaces. As a
consequence, inan undrained test, water pressure in the voids
rises and in a drained test, displacement and volumetric strain
increase. The change in the void Spaces due to cyclic loading
cante considered asa change in strain, def, within the samples.

A reasonable approximation to the cyclic strain generated by
cyclic load, d¢, is to consider it to be isotropic, i.e.:

de=e.dg/3 3)
where dgf is the change in the volumetric strain due to the
change in the voids volume, and e=(1,1,1,0,0,0)".

The total strain, d¢, can be regarded as the sum of strain
changes related directly to stresses, de, and strain changes
which are generated by cyclic loads, dg, ie.
dé=de +dgf
The general stress-strain relationship can be given as:
do=D(d¢- d¢)
in which D is the stiffness matrix of the solid skeleton.

C)
®

The definitions of effective and total stresses and their link
with pore pressure gives:

. do=do*e.du ©)
where do denotes the change in total stress in the soil, and «
is the excess pore water pressure.,

Substituting equations (3) and (6) into equation (5) yields:

dé'=e.de/3+D" (do-e.dy) ©)
For an undrained test, ¢”. de'=0, and in such tests where the
average stress level is held constant, do=0, the pore water
Pressure will rises to du, due to Cyclic loading. Therefore
quation (7) gives:

de’=e’. D' e.dy, ®)
Where dug Trepresents the POT€ pressure generated by cyclic
loading alone.

Equation (8) relates the pore pressure generated in an
Undrained cyclic test to the volumetric strain in a drained
cyclic test. By this expression the volumetric strain and the
Pore water pressure can interchangeably be used in all
“mputations (provided the inverse of D can be evaluated).

€ use of the latter is convenient as it represents the most
direct  connection between the experimental data and
Subsequent calculations.
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Substituting equation (8) in (7) results in a general stress-
strain relationship that can be used in the formulation of
finite element method, i.e.

dé = e.eT.D'I.e.dug/3 +D? (do-e.du)

%)
or in a more general form:

do-e.du= D.d¢ -D. d¢f (10)
in which:

de" =e.e’. D" e.du,/3 (11)

Computationally, the term dg (or D.d¢%) in equation (11) can
be regarded as an initia] strain (or initial stress) in the
standard finite element formulation. This term can be

included in the right hand side force vector, f, in the coupled
finite element equations.

2.2 Coupled finite element formulation

The fully coupled finite analysis of consolidation has been
described previously in the literature (see for example, Small
etal, 1976). The governing system of equation may be written as:

5 el
-L -Arpo)\av) \f,
where & represents the nodal displacements, v denotes the nodal
pore pressures, Kisthesﬁﬁn&ssmatdx,L istheooup]jngmatxix,
Fis an integration constant, @ is the flow matrix, f, are the flow

terms, and f; is the vector of body forces and surface tractions,
which includes the initial strains due to cyclic loading.

(12)

It is assumed that the process of application of wave loads on
the system is so slow that the associated dynamic effects do
not change the results of analysis significantly and thus may
be ignored.

23 Finite element program

A semi-analytical approach in finite element method has
been used to develop a quick and efficient finite element
program. The program has the capability of three
dimensional consolidation analysis. The formulation of the
finite element program is based on the assumption that the
field quantities such as displacements and pore pressure can
be given by their discrete Fourier representation. In this
method advantage is taken of the axi-symmetric nature of the
problem geometry, and only one wedge from a cylinder of the
soil-foundation media is modelled (Fig. 3). Instead of solving
a very large number of algebraic €quations, a smaller number
of equations arising from a substitute problem will be solved
(Taiebat, 1998). This method reduces the computational time
below 5% of the time required for a standard three
dimensional finite element analysis (Lai and Booker, 1991).

3 STEPS IN THE LIQUEFACTION ANALYSIS

In the liquefaction analysis, the duration of the storm is
divided into a number of wave parcels. Within each parcel,
the waves are assumed to be of equal height and the cyclic
loads they induce to the foundation have the same amplitude.
Each parcel is further divided into small time steps, of length
A4t, which may include one wave or several waves.
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Typical wedge

N\
\\’/

Fig. 3 : Finite element idealization

At the beginning of each time step, the pore pressure
generated by the cyclic loads acting during the time interval
At is calculated. This can be achieved by the knowledge of the
number of cyclic loads applied to the foundation during the time
interval, the cyclic stress ratio, g,/ and the experimental data
such as those presented in Fig. 1 and equations (1) and (2). The
effects of cyclic loads are then incorporated in the finite element
program, using equation (10). The problem is then solved by
computing the dissipation of pore pressure that is generated
within the time increment being considered. The analysis is
continued by marching forward in time, computing the pore
pressure generated by cyclic loading and the dissipation by
soil consolidation, until all parcels of wave loading have been
considered and the end of storm is reached.

The initial mean and deviatoric stresses, p”and ¢, and cyclic
deviatoric stress, g.,., are evaluated by the program whenever
any change in loading occurs during the storm.

4 ILLUSTRATIVE EXAMPLE

Prediction of the liquefaction potential of the seabed soil
around a single pile subjected to cyclic loading was
investigated as an illustration of the proposed method. The
finite element program and the procedure described in the
previous section have been used in the analysis.

4.1 Definition of the problem

A single pile with a length of 80m and a diameter of 2m
embedded in calcareous sand was considered. The Young’s
modulus of the pile is 200GPa. The soil layer was assumed to
be essentially elastic. The soil Young’s modulus was defined
as £=1.0 z (MPa), where z is the depth in metres below the
mudline. The soil has a coefficient of permeability of
k=5.4x10°m/sec, a submerged unit weight of s=7kN/m’,
and a coefficient of in situ lateral pressure of K,=0.3. The
cyclic properties of the calcareous soil are described by Fig.1,
equations (1) and (2).
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The magnitude of the ambient axial and lateral loads on tt
pile are 25,000 kN and 2,000 kN, respectively. Also
mudmat with a radius of 4m exerts a uniform pressure
100kPa on the surface of the soil. It is assumed that tt
ambient loads remain constant during the storm.

The storm loading considered in this analysis has bee
generated for cyclones with /00 and 10,000 year retwr
periods. The wave composition and their duration are show
in Table 1. The storm was assumed to have a simple way
load composition, increasing in magnitude from zero to i
maximum value at the peak of the storm, and reducin
gradually to zero after the peak. Fig. 4 shows the stort
histogram adopted in this analysis. The peak of storm for /0
and 70,000 year return period is 24hrs and 20hrs after th
start of the storms, respectively.

It was assumed that the storms generate only a lateral cyclic loa
on the pile. The cyclic loads, A, is a function of wave heigh
i.e. H,.=0.268h"° (kN), where 4 is the wave height in metres.

Table 1 : Composition of wave heights for storms

Wave Period No. of waves
Height (m)| (sec.) 100 yr. 10,000 yr.
0-1 4.6 4254 4227
1-2 5.8 3480 3196
2-3 7.0 3054 2012
3-4 8.2 22380 1514
4-5 9.4 1964 1125
5-6 10.6 1310 931
6-7 10.7 982 717
7-8 10.9 796 680
8-9 11.1 644 525
9-10 11.3 436 467
10 - 11 15 306 363
11-12 11.7 208 381
12-13 11.9 142 284
13-14 12.1 88 228
14 -15 123 54 140
15-16 12.5 34 118
16-17 12.7 20 120
17-18 12.9 10 66
18-19 13.1 6 34
19-20 13.4 4 20
20-21 13.6 2 17
21-22 13.6 0 19
21.8 13.8 1 0
2-23 14.0 0 13
23-24 14.2 0 7
24-25 14.4 0 4
25- 26 14.6 0 4
26 - 27 14.8 0 1
28.4 15.0 0 1

4.2 Results of the analysis

Excess pore pressures were predicted around the pile during
the storm. For the storm with 700 year return period, 1
magnitude of the pore water pressure is not siglliﬁmnt
during the first /3 hours of the storm. Application of 127
waves generates increasing excess pore pressures up 0 °
peak of the storm, after which the excess pore pressures
reduce to zero. Similar trends can be observed during "
analysis for 10,000yr. storm. The variations of the mﬂ’“m“ﬂi
values of the excess pore pressures generated durifs
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storms are shown in Fig. 5. The maximum pore pressure in
the soil is not sustained for more than 30 minutes.

-

Feb. 1 998, Melbourne, Australiq.

Wave height(m)
&
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===10,000 yr. storm
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Time (hr) -20m -1Qm 0 10m m
Fig. 4 : Storm histogram Fig. 7 : Distribution of excess ptzre pressure for the storm with
10,000 year return period at the storm peak
e j Representative values of pore pressure have been obtained by
~120 4 — 100 yr. storm averaging the pore pressures in a region adjacent to the pile
© . . .
. —— 10,000 yr. storm to a distance of four diameters from the pile and over the
g horizontal angular range from the direction of applied lateral
§ 80 1 load to 90° from this direction. The variation of these average
& el values with depth at the peak of the storm is shown in Fig, §.
o
Q
§ of
S Average pore pressure u (kPa)
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Fig. 5: Variations of the maximum excess pore pressure during S+

the storms

The distribution of predicted excess pore pressure in the
vertical plane containing the applied lateral load, at the peak

0.0

o e .
Fig. 6 : Distribution of excess
100 year return pe
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Fig. 8 : Variation of the average excess pore pressure with
depth at the strom peak

If liquefaction is deemed to occur when the value of pore

pressure reaches the same Mmagnitude as the mean initia]
stress, then the results of analyses for both storms indicate

2m applied lateral load is shown in Fig. 9. It can be seen that the

pore pressure for the storm with liquefied zones in this section extend to a depth of 72.5m for

riod at the storm peak

the /00yr. storm and ] 7m for the 70, 000yr. storm.
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The variation of the average excess pore pressure ratio, w/p’,
with depth, corresponding to the peak of the storm, is shown
in Fig. 10. The same averaging procedure as explained
before has been used. Fig. 10 indicates that a general zone of
liquefaction covers the top layer of the soil, which has a
thickness of about 8 for the 100yr. storm and 13m for the
10,000yr. storm.

F 0.0 :
- tom

7

20m 7 :

7 :

% ?

% 2
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—30m ? H
-20m -10m Q0 10m 20m

Fig. 9 : Liquefied zone at the storm peak
Average pore pressure ratio, u/p’
0 02 08 1 12

04 06

10 +

20 +

25 1

30

Fig. 10 : Variation of the average excess pore pressure ratio
with depth at the storm peak

5 CONCLUSION

A method of analysis was presented which can be used for
three dimensional liquefaction analysis of offshore
foundations subjected to cyclic wave loading. The method
was used to analyse a hypothetical single pile subjected to
cyclic loading. The results of study on the pile show that the
possibility of liquefaction of the soil around the top section of
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the pile is high. Therefore, the resistance of that part of the
soil should be ignored in the design procedures.
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