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Geotechnical Problems in Ocean Engineering

Problèmes Géotechniques dans les Travaux au Large (Off Shore)

B .McClelland President, McClelland Engineers, U.S.A.

INTRODUCTION

McClelland: Mr. Clausen and I have elected 
to conduct this Session in the form of a 
workshop. For this purpose, we have chosen 
from practice a single problem in ocean soil 
mechanics and have subdivided it into four 
subtopics, each of which has been assigned 
to one of our distinguished panel of experts. 
A brief background may be helpful before 
presenting the problem details.

Ocean construction occurs primarily on 
the continental shelves, the gently sloping 
margins of the continents that extend out 
beneath the sea to where the slope abruptly 
steepens. This occurs generally at around 
200 meters water depth, but sometimes at 
depths as great as 600 meters. The shelves 
thus formed range from zero to as much as 
900 miles wide, averaging about 50 miles.
The total area is impressively large, about
11,000,000 square miles, constituting some
7.5 percent of the ocean area. Construction 
that takes place on the shelf is predomi
nantly for the oil industry and consists 
primarily of platforms for the drilling or 
production of oil and gas. The workshop 
problem for this Session is concerned with 
foundation design for such a platform.

There are two principal types of plat
forms involved in this work. By far the 
dominant type is the steel platform consist
ing of a tubular substructure prefabricated 
on land and towed to the site. After the 
substructure is placed on the sea bottom, 
open-end steel pipe piles are driven through 
its columns or legs. After all piles have 
been driven to grade, a prefabricated deck 
structure is installed.

The other type, usually constructed of 
concrete, is the gravity platform. Construc
tion of its hollow foundation starts in a 
graving dock onshore, then moves offshore to 
deep sheltered water. Construction continues 
there until the platform is complete. It is 
then towed to the site and set on bottom by 
selective flooding of compartments in its 
base.

WORKSHOP PROBLEM

To test the wisdom and skill of our 
panel, Mr. Clausen and I have chosen the 
following hypothetical problem.

It is assumed that an oil well drilling 
platform is to be erected in the North Sea 
where water is 162 meters deep and that cer
tain data are available from a reconnaissance 
study of the site. Recognizing the major 
importance of the structure as well as the 
practical limitations imposed by the state- 
of-the-art, our panel is asked to describe 
what further geotechnical investigations can 
and should be carried out. In addition, 
they are to give their preliminary conclu
sions as to appropriate foundation elements 
for the structure and to discuss analytical 
methods that they would use in proceeding 
with design.

As part of our problem definition, two 
preliminary design concepts for the struc
ture have been established, one for a pile- 
supported steel platform and the other for a 
gravity structure. The steel structure,
Fig. 1, would utilize a four-legged tower, 
each leg having a 7° batter and supported by 
nine piles 1.347 meters in diameter. The 
piles are to be attached to the platform by 
grouting them in sleeves extending about 40 
meters above the seafloor. To have a factor 
of safety of 1.5 under maximum storm condi
tions each of the piles is to have an ulti
mate axial capacity of 34,700 kN.
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Figure 1 Proposed Pile-Supported Platform



The other conceptual design, as shown 
in Fig. 2, is a gravity platform with a 
hexagonal base supporting three tapered 
columns extending to the deck about 183 
meters above seafloor. Principal foundation 
dimensions and loads are given on Fig. 2.
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Figure 2 Proposed Gravity-Type Platform

The log of a reconnaissance boring at 
the site, made using a floating drilling rig 
and typical marine sampling techniques, is 
shown in generalized form on Fig. 3. The 
soil profile consists of very stiff Pleisto
cene clay interbedded with relatively dense 
sands. Of particular interest is the zone 
of somewhat softened material that occurs 
generally between 10 and 15 meters. This is 
a fairly typical occurrence in the overcon
solidated clays found in the North Sea. 
Additional reconnaissance data include four 
cone penetrometer tests obtained with a sea
floor jacking unit, remotely controlled from 
shipboard, and results of one of these tests 
are given in Fig. 4. The test extended 
through the surface crust and terminated in 
the softened zone at a depth of 12 meters.

UNDRAINED SHEAR 

STRENGTH kN/ m2

P4

<>

>

J;

Figure 4 Cone Penetrometer Test Results

Platform design is to include the 
effects of a design storm associated with 
the 100 year frequency. Selected wave and 
tide data are as follows:

Water depth at low tide 161.6 m
Highest astronomical tide 2.1 m
Storm tide 0.6 m
Height of maximum wave 2 8.5 m
Period of maximum wave 16.3 sec
Crest elevation of maximum wave 18.5 m
Length of maximum wave 424.8 m

Fig. 5 shows distribution of waves during a 
12-hour period of the 100-year storm. Note 
that the maximum (28.5 m) wave occurs only 
once. Waves of somewhat lesser height may 
occur as many as several hundred times.

Figure 5 Wave Distribution for 100-yr Storm

This sets the stage and allows us now 
to call upon our first panelist, Mr. de 
Ruiter. Our charge to him is "to describe 
the scope and procedures you would employ in 
a final exploration program at the site with 
the objectives of developing sufficient data 
to allow design consideration of both pile- 
supported and gravity-type platforms."

Figure 3 Reconnaissance Boring Log



SITE INVESTIGATION

de Ruiter: The following description of a 
detailed geotechnical exploration of the 
platform location presupposes that the loca
tion has been selected, but that no decision 
has been taken with respect to the type of 
structure. The procedures described are 
largely those developed in recent years for 
North Sea foundation studies.

Preliminary Investigation. The prelimi
nary site investigation should show whether 
particular portions of the area in which the 
reservoir engineer wants to place the plat
form deserve preference from a foundation 
standpoint. It should further indicate the 
feasibility of particular types of platforms 
and provide enough data for a preliminary 
design. A typical program would therefore be:

o Shallow seismic profiling 
o Bathymetric survey
o Seabed sampling (gravity or vibratory)
o One or two deep (100 to 150m) sampled 

borings for correlation with the 
acoustic profiles.

The deep boring(s) can be done from an ex
ploratory rig after it has completed an 
exploratory well, the other work can be done 
with a relatively light survey vessel. The 
acoustic profiling is an indispensable part 
of the preliminary survey. It is the only 
aspect in which the quality of a marine 
survey is definitely superior to a soil 
survey on land.

Final Investigation. The detailed 
final investigation can be commenced as soon 
as the exact platform site has been selected. 
For the example case studied in this Session 
it would have to cover both a possible steel 
jacket structure and a possible gravity 
structure.

For the final investigation two condi
tions must always be met:

o The position of boreholes and other 
tests must be exactly known relative 
to the future structure. This can be 
adequately achieved by installing 
transponders on the sea bed around the 
platform site.

o The investigated area must be large 
enough to allow for some positioning 
errors during platform installation.
A typical margin would be some 50m 
around the proposed structure location.

The maximum depth of the borings depends 
on the type of structure. Practice has been 
to go to 1.5 times the base diameter for 
gravities, and for piled structures to the 
pile tip elevation plus the diameter of the 
pile group.

Piled structures often require a larger 
number of deep boreholes with down-hole in- 
situ testing, since the deeper layers may 
govern both axial pile capacity and driving 
resistance. For the gravities, detailed 
knowledge of the upper layers is essential 
as they may govern the design of the struc
ture. Therefore, a relatively large number

of shallow borings and in-situ cone penetrom
eter tests will be needed to assess the 
nature and variability of the upper layers.

As one usually tries to complete the 
final survey in one campaign, a careful 
interpretation and evaluation of all results 
on board is indispensable. This calls for 
competent engineering supervision.

Boreholes. The deep and shallow borings 
normally form the first part of the survey. 
Samples are usually taken at intervals of
1.0 to 1.5m over the first 15m and then at 
increasing intervals to full penetration.

Because of the marine environment, the 
quality of the samples may be poor compared 
to on-land samples. It has therefore been 
necessary to supplement the samples by down- 
hole cone penetrometer tests (CPT's) and by 
down-hole vane tests in soft to stiff clays.

For the piled structure considered, 
down-hole CPT's need to be performed to 
check the shear strength of the various clay 
layers and to check the strength of the 
silty sand layer below 87m.

For the gravity structure, samples must 
be obtained from a number of shallow bore
holes down to about 3 7m depth. One deep 
borehole would be adequate for the gravity 
structure, provided enough samples are 
obtained from the different layers and the 
geophysical survey indicates uniform strati
fication over the area of the site.

Seabed Penetrometer Tests. Equipment 
has been in use in the North Sea for some 
years for performing a standard static cone 
penetration test from seabed level. The 
penetration depth is only limited by the 
available thrust and the soil resistance 
encountered. Typical penetrations range 
from 6m to 30m.

The CPT information is essential for a 
gravity structure foundation. Both the down- 
hole and the seabed CPT's are normally made 
with friction penetrometers which record both 
end resistance and side friction. The ratio 
of the two can be used for approximate clas
sification purposes. In addition, empirical 
relations between cone resistance and un
drained shear strength in clays permit a 
direct use of the results.

Laboratory Testing. It is common prac
tice to extrude all samples in the ship's 
laboratory immediately after they have been 
taken. This is desirable for an inspection 
of the quality of the samples and allows 
simple tests to be carried out on board. On
board testing may include classification, 
unconfined compression and undrained triaxial 
tests.

The immediate availability of test 
results on-board is helpful in evaluating the 
interim results of the investigation and thus 
in deciding on the further scope of the 
program.

Offshore samples are often of relatively 
poor quality. Efforts are continuing to im
prove sampling techniques, but much depends



still on the care and skill of the drill 
crew. Close supervision to know the history 
of a sample is essential in assessing the 
reliability of test results.

LABORATORY TESTING

McClelland: To continue our examination of 
the proposed site, we call upon Prof. Rowe 
with the following request: "Outline and 
discuss a laboratory testing program to pro
vide adequate information to guide selection 
of soil parameters for foundation design - 
especially for gravity structures."

Rowe: From the data provided for the Work
shop, a softer clay layer, undrained shear 
strength Cu = 100 kN/m , was chosen at 7 - 
12m depth with a firmer clay below of 200 
kN/m^ shear strength. Two conditions of 
surface clay were adopted, namely Cu = 140 
and 200 kN/m^. Using the laboratory cyclic 
loading test data supplied by Mr. McClelland 
and the N.G.I. (1975) method of adding strain 
increments for the given wave loading pro
gramme, one arrives at peak shear strains of
6.5 and 1.2%, respectively, on the upper 
layer, neglecting the presence of the softer 
layer. Since N.G.I. have previously con
sidered that a strain of 1.3% was acceptable, 
the cyclic stress ratio

H _ 425000 . . „
AC 6500 x 200 

u
would appear to represent a safe design ratio, 
neglecting the softer intercalated layer.

N.G.I. show such strains acting over a 
depth of 10m to predict movement. The answers 
to the following questions affect future 
developments in soil testing technique:

1. How do strains equate to displacement?

2. If peak storms repeat without prior 
consolidation, is there a limit to 
weakening after an infinite number 
of cycles?

3. How rapidly do foundations consolidate 
in the North Sea?

4. When is the softer layer significant?

5. Do elements in conventional tests 
remain uniform, i.e. remain elements?

Comments are listed below under the same num
bers :

1. Photographs of model clay beds after 
failure (Rowe, 1975) suggest that early shear 
strains, which must be larger just below the 
base than at depth, introduce a higher local 
weakening than at depth which in turn leads 
to a progressive development of high strain 
just under the base at failure. The shear 
strain and degree of weakening drops off very 
rapidly over a depth of less than 1% the dia
meter. The cyclic boundary horizontal move
ments progressively displace this thin layer 
of weak clay at the leading edges, causing 
the platform to go down while being shaken.
The description of this process was called 
"shakedown" but this term does not necessar
ily have the same meaning as in plasticity 
theory. Displacements can only be calculated 
by a finite element step process which takes

progressive weakening in depth into account. 
Notwithstanding the complicated change in 
stress paths for elements below the leading 
edges and centre respectively, the ultimate 
failure mode at typical bearing pressure/ 
strength ratios of unity is one of sliding 
over a thin weakening plane just below the 
skirts. This makes the direct shear apparatus 
attractive for element studies.

2. A minimum strength ratio, associated
with a given strain amplitude applicable 
after an infinite number of cycles, has been 
obtained by displacement controlled triaxial 
element tests. Fig. 6 shows that the minimum 
values, marked N = ” , increase linearly with 
the Clay Fraction and the P.I. The two 
large filled circles on the diagram refer to 
displacement controlled model tests in the 
centrifuge where the minimum values were 
above those for element tests. This is 
likely to be due to high pore pressure 
gradients beneath the platform and dissipa
tion by downward flow. Therefore, in choosing 
field specimens for test one should look 
carefully at the C.F. and P.I. values of 
materials within a few metres depth of the 
possible skirt level.

Figure 6

3. In one case history a platform 
founded on clays 7m thick between sand layers 
has stopped settling after 6 months. This 
fact, coupled with the high gradients below 
the base, indicates a need for more research 
into the effect of combinations of cyclic 
loading and drainage.

4. The Workshop platform was studied by 
means of centrifuge models, and one set of 
data, the settlement, is shown in Fig. 7 
alongside earlier tests in 1973 of the origi
nal prototype for the site. The models 
failed at „

AS“ = °'39'u
with F.O.S. = 1.2 against Cu = 200 kN/m^ 
under skirts 3m deep. The original, rejected 
design had F.O.S. = 2. The critical slip



surface was below the skirts and not through 
the softer layer, which could only begin to 
be critical if its static strength had been 
less than one third that of the upper layer. 
Plasticity solutions should not ignore the 
differential degree of clay weakening. The 
swings at deck level at peak storm were 
± 14cm for the Workshop platform, Area 6500 
m which is unacceptable and ± 4.2cm for the 
original prototype, Area = 17671 m . This 
latter order of deck swing at peak storm is 
consistent, pro rata, with field observations 
below peak. The centrifuge prediction is 
that the weak intercalated layer is not 
critical, the Workshop platform is unaccept
able and the original prototype would have 
been satisfactory despite the concern at the 
time in regard to the weak layer.
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Figure 7

5. Evidence is available to indicate 
that during conventional cyclic loading 
tests the pore pressure is not uniform and 
that the data are not strictly representative 
of uniform elements.

In conclusion the Manchester research, 
which is being supported financially by the 
Building Research Establishment, demonstrates 
the particular need in the case of gravity 
platforms for improved sampling and in-situ 
testing including mass permeability at levels 
close to the seabed surface, the very region 
where such improvements are the most readily 
made. Currently, continuous samples 260mm 
diameter x 4m long are under examination at 
Manchester. If skirts cut off mud and soft 
clay at the surface, internal base drainage 
is likely to assist prevention of excess 
pore pressures from the softer clay being 
jacked into the foundation just below the 
skirts. Where hard clay and stones lie at 
the surface, it would be better to syphon 
sand between the skirts than grout. Direct 
base drainage becomes more attractive once 
the critical soil-base interface situation is 
recognized.

ANALYSES FOR PILE FOUNDATIONS

McClelland: The charge for this part of the 
session was to "provide an estimate of pile 
penetration required to attain the indicated 
ultimate axial capacity and to describe the

this purpose, 
ion considera- 
design." The 
the above charge 
Robert G. Bea 
(197 7). However, 
the conference 

to substitute on

methods of analysis used for 
Also, discuss pile installat 
tions and their influence on 
preparation of a response to 
was initially assigned to Mr 
and Mr. Bea prepared a paper 
Mr. Bea was unable to attend 
and Dr. Reese kindly agreed 
short notice.

Reese: As a basis for'the following discus
sion, the paper prepared by Mr. Bea was con
sulted as was material prepared by Mr. McClel
land; however, the speaker accepts responsi
bility for the interpretation of those 
materials.

Installation of a Pile. Preliminary 
analysis indicated that the 54-in. (1.37m) 
diameter piles should have a wall thickness 
that was approximately 2 in. (5.1 cm). The 
wave equation method was employed in making 
drivability analysis with the pile being mod
eled by a series of masses and springs and 
the soil being modeled by a series of dash- 
pots and nonlinear mechanisms. The computer 
programs that are employed allow the modeling 
of hammer, cap block, and other components 
of the driving system.

The form of a typical result from the 
wave equation analysis is presented in 
Fig. 8. The results would represent the 
driving resistance for a particular depth 
and for a particular hammer in units of force 
as a function of the blows per unit of pene
tration. The geometry of the pile is speci
fied, along with the parameters defining the 
soil behavior. The curves for the plugged 
pile, Case 1 and Case 2, indicate results of 
varying the soil parameters through the 
range representing reasonable expectations. 
Such computations are made for several 
depths and data are compiled showing the 
driving resistance as a function of depth. 
Other data are developed giving the driving 
resistance that is developed from a consider
ation of bearing capacity. A comparison of 
the sets of data permits an estimate to be 
made of the depth to which the pile can be 
driven with the given hammer.

Figure 8 Results from Wave Equation Analyses



For the Workshop problem, Bea estimated 
that the piles could be driven to projected 
depth with a Menck 8000 hammer (rated energy 
of 868,000 ft-lb; 1,177,000 m-N). However, 
Mr. Bea recommended that equipment be brought 
to the construction site for drilling out the 
soil plug in case the piles refused to drive 
to the depth required. Neither the drilling 
procedure nor any other available alternative 
is attractive because the alternatives to 
driving are expensive and time-consuming. The 
drilling out of the interior soil plug is not 
always effective because the resistance to 
driving can increase with time because of the 
phenomenon known as "pile setup."

Required Pile Penetration. Analysis of 
behavior under lateral loading showed that 
the lateral deflection of the piles was large 
enough that the top 20 ft (9 m) of the piles 
should be ignored in computing the transfer 
of axial load.

Five methods were employed by Mr. Bea 
in computing the penetration necessary to 
sustain the axial loading. The computed 
point resistance was identical for each of 
the five methods; therefore, the variation 
in computed penetration is due to the differ
ences in the procedures for computing the 
side resistance. Table 1 is a summary of 
the results obtained by Mr. Bea using the 
referenced methods.

TABLE I. COMPARISON OF PREDICTIONS OF 
REQUIRED PILE PENETRATION

Method Computed Embedded Length
No. Name Ref. m ft

1. API RP 2A (1) 86.0 282
2. A-Method (9) 85.0 279
3. 3-Method (4) 46.9 154
4. Vesic (8) 46.9 154
5. CSSM Method (5) 52.1 171

While the theories for the methods can
not be presented because of limitations on 
space, it can be stated that each of the 
methods involves a considerable amount of 
empiricism. Method 1 has some stature be
cause of adoption by a committee of the 
American Petroleum Institute. Method 2 takes 
effective stress into account to some degree, 
and results from use of the method appear to 
correlate well with results from the limited 
number of experiments (most of them for shal
low depths). Methods 3, 4, and 5 are based 
to a large extent on the effective stress 
approach. Bea favored selecting a penetra
tion based on the computed results from 
Methods 3, 4 and 5, 52 m (171 ft) because he 
believes that the first two methods are 
overly conservative. The writer would pre
fer to use the results from the API method 
as confirmed by the A-method.

The fact that the piles are in a group 
appears to cause no reduction in the axial 
capacity that is computed for a single pile.

The spacing is great enough that the effici
ency of each of the piles is judged to be 
100%.

ANALYSES FOR GRAVITY FOUNDATIONS

McClelland: We turn now to the considera
tion of foundations for the other structural 
concept and direct these questions to Mr.
Foss: "What is the suitability of the site, 
based on presently available data, for a 
gravity-type structure as proposed? Also, 
what structural modifications or features of 
foundation design appear to be needed in 
adapting the structure to the site?"

Foss: According to the limit state method, 
the foundation will be analyzed for several 
limit states:

o The ultimate limit state (ULS): 
Stability against sliding, bear 
ing capacity, etc.

o The fatigue limit state (FLS):
Effects of repeated storm load 
ings which may lead to failure in 
cyclic loading, reduction in the 
shear strength applicable for the 
ULS, or reduction in deformation 
moduli applicable for the SLS.

o The serviceability limit state
(SLS): Long-term settlements and 
lateral displacements, dynamic 
motions under wave action.

The comments and results presented 
below only relate to stability and displace
ments of the structure. Other aspects like 
settlements, skirt penetration, etc., have 
been checked for the proposed structure and 
appear to be satisfactory.

Stability Conditions. The overall sta
bility of the structure has been checked for 
the ULS. It was assumed that the "low 
strength" clay layer at 8-12m depth an
undrained shear strength of 100 kN/m . The 
following results were obtained:

Original shear strength
profile: 1.95 to 1.60

Undrained shear strength 
reduced for effects of 
cyclic loading (see
below): 1.85 to 1.50

Statutory requirements: 1.50 to 1.30

The table shows calculated material factors 
when the load factor on wave loads range(s) 
from 1.0 to 1.3. The statutory requirements 
are those laid down by Dept, of Energy (UK), 
NPD (Norway), and Det norske Veritas. Obvi
ously, the structure fills these requirements.

Failure in Cyclic Loading. In the pre
sent case, good cyclic test data were not 
available. Instead, test results from Drammen 
clay, OCR = 4, have been used (see K.H. 
Andersen, 1976).
clay, OCR = 4, have been used (K.H. Andersen, 
1976) . This clay is in many respects similar 
to the clays at the North Sea location con
sidered in this Session.



Before considering the fatigue limit 
state (FLS) it is helpful to consider some of 
the basic concepts of soil behaviour in 
cyclic loading. Consider the effective 
stress diagram in Fig. 9, where the failure 
line represents failure in static as well as 
cyclic loading.

Figure 9

The effect of the cyclic shear stresses 
is to cause an increase of the pore water 
pressure and thereby a reduction of the nor
mal effective stress. The sample may fail 
under cyclic loading only, curve (3), or it 
may be sheared statically after a period of 
cyclic loading, curve (2). It is the possi
bility of failure under cyclic loading only, 
curve (3), that is our concern in the fatigue 
limit state.

Using the Drammen clay test results and 
the procedures proposed by K.H. Andersen 
(1976) , it was found that the cyclic shear 
strain caused by the largest wave at the end 
of the 100-year design storm would be ±0.7 
percent, and the associated reduction in un
drained shear strength in the order of 5 
percent. This reduced strength was then used 
in the ULS analysis above.

If the wave forces acting on the plat
form had been higher, or the strength of the 
soil lower, one would have found higher 
strains and higher strength reductions at the 
end of the 100-year storm. Let us define a 
nominal safety factor as the ratio of un
drained shear strength prior to storm loading 
divided by the highest shear stress during 
the design storm. From the Drammen clay test 
results it is then found that the platform 
would fail in cyclic loading if this nominal 
safety factor was 1.3. The actual safety 
factor against this failure mode is therefore 
1.95/1.3 = 1.5.

The safety requirements regarding fail
ure of foundations in cyclic loading are not 
explicitly expressed in the statutory re
quirements, and this failure mode was not 
considered when the partial safety factors 
were established. The normal requirements 
for the limit state, including a load factor 
of 1.0 and a materials factor of 1.3 on the 
undrained shear strength, may therefore not 
be applicable. A higher load factor would 
probably be more correct, and the actual

total safety factor of 1.5 calculated above 
may prove to be lower than desirable.

Dynamic Displacements. The dynamic 
motions of the foundation due to wave loading 
are part of the overall dynamic analysis of 
the platform. In this analysis the stress- 
strain relationship of the soil is the most 
important single factor.

Based on general empirical relation 
ships, such as those discussed by F.E.
Richart in the general report to Session 4 of 
this conference, an approximate analysis of 
horizontal movements of the platform was 
carried out.

Taking the effect of cyclic loading into 
account, it was found that the platform would 
move 23mm laterally when subjected to the 
design 100-year wave. This corresponds to an 
equivalent shear modulus G = 70 MN/m^ for an 
elastic half space. The small strain shear 
modulus is about 200 MN/m^, which illustrates 
the non-linearity of the problem.

Concluding Remarks. Based on a set of 
assumed soil properties and approximate meth
ods of analysis it was found that the plat
form is marginally acceptable. The critical 
failure mode of the foundation is expected to 
be failure in cyclic loading.

Additional site and laboratory investi
gations may justify less conservative design 
assumptions. If this proves not to be the 
case, modifications of the structure that 
will lead to lower stresses in the supporting 
soils should be considered.

DISCUSSION BY PANEL MEMBERS

Clausen: During the next twenty minutes our 
four panelists will have the opportunity to 
comment upon the topics presented by their 
fellow panelists, and to present additional 
information not included in their initial 
presentation. I will start by asking the 
members of the panel if Mr. de Ruiter's soil 
investigation program supplied them with what 
they needed.

Foss: I agree with Mr. de Ruiter that his 
proposal is accepted standard practice in 
the North Sea today. Provided we obtain a 
sufficient number of samples from the upper 
weaker clay layers, to be used to find shear 
strength and cyclic load properties, I would 
be satisfied. The proposed pattern of bor
ings gives only one hole underneath the 
structure itself. A closer spacing should be 
considered.

de Ruiter: The exact layout is flexible.
The point I would like to make is that you 
must allow for inaccuracy in the positioning 
of the platform itself. The proposed program 
assumes rather uniform soil conditions. I 
fully agree with Mr. Foss that it is essen
tial to obtain enough samples from the crit- 
itical zones. The decision on supplementary 
samples must be taken during the course of 
the investigation while the ship is still at 
the location.

Reese: The shear strength of the soils at 
the ground line and a few meters below is



quite important for laterally loaded piles. 
One also has to consider the resistance to 
scour of the surface soils. Are these 
points covered in Mr. de Ruiter's program?

de Ruiter: The in-situ cone penetrometer 
tests will indicate both soil type and un
drained shear strengths for the upper soil 
layers. Data collected in the North Sea show 
that undrained shear strengths can be back- 
figured from the cone test with a high 
degree of confidence. With respect to pos
sible scour, the cone test comes in very 
handy as it can distinguish between sand and 
clay. Sand may be subjected to scour, stiff 
clays not.

Clausen: We will now move on to the subject 
of piles, and I will first ask Prof. Reese to 
comment upon the large difference in required 
pile penetrations obtained by effective 
stress methods on one side and the API 
recommendations on the other side.

Reese: The largest difference between the 
two methods is found for clays. Let me first 
say something about what happens when one 
drives the pile into clay soil. There is an 
effect of large lengths of pile moving past 
the soils, some of the upper soils may be 
pulled down into the lower soils. High 
changes of pore water pressures are developed 
as a result of shearing and displacement of 
the soils.

After driving has ceased there is a re
consolidation with lateral movement of water, 
and I would for normally consolidated clays 
expect a very sharp decrease in water content 
next to the pile wall. There are indications 
from test loading of piles that failure oc
curs not at the interface but in the soil.

We thus have a very complex system. We 
have made some measurements of the develop
ment of pore water pressures and their dissi
pation, and we have made some measurements of 
total stresses. Even so, the state-of-the- 
art is such that we cannot, in my opinion, 
comfortably predict the effective stresses 
along the pile wall at the present time. We 
need more data.

On the other hand, the so called API 
method has been successful in terms of re
sisting failures at the site. I think it is 
partly a matter of conservatism.

At present it is a routine procedure to 
instrument gravity structures. I would 
strongly recommend that we instrument some of 
our piles, even though it is a complicated 
job.

Foss: Fig. 10 shows a plot of shear strength 
and pile skin friction versus depth. The 
shear strength profile is assumed constant 
with depth, with a value of 17 5 kN/m^. Using 
the API method, one finds a constant skin 
friction of 88 kN/M2, corresponding to Alpha 
= 0.5, and a required pile penetration of 
85m.

The effective stress methods result in 
pile penetrations in the order of 50m only, 
but they involve unit skin frictions up to 
about 300 kN/m2, which in my opinion is a 
very high value.

When using an "Alpha-method" such as 
API, it is probably better to relate the 
Alpha-value to OCR rather than to the actual 
undrained shear strength, since Alpha-values 
have been obtained empirically from piles 
mostly less than 20m long. If such an ap
proach is used, one finds a required pile 
penetration of about 80m, similar to that 
advocated by Prof. Reese.

K N /m ^
S h e a r S tress  

S h e a r S tre n g th

0  1 00  2 0 0  3 00

D e p th

(m)

A C T U A L  

S H E A R  S T R E N G T H  

P R O F IL E

0  E FF. S T R E S S  

M E T H O D S

S H E A R  S T R E N G T H  

O F  N  C  C L A Y

R E V IS E D  

C A L C .  

• ( 7 )  A P I R P  2A

T O T A L  S K IN  F R IC T IO N , C A S E  ( T )  , @  , &  ®  : 3 2 3 0 0  K N

Figure 10

In principle I agree that the effective 
stress methods are more correct than total 
stress methods. However, any method must be 
calibrated against the results of relevant 
full scale load tests. The use of effective 
stress methods looks promising, but until 
more evidence is available, caution must be 
used when introducing new methods for calcu
lating bearing capacity.

Rowe: I think that one should use the effec
tive stress method wherever possible. Load 
tests at West Sole in the Southern North Sea 
indicate K0-values in excess of 2.0 after 
pile set-up. Under such conditions you may 
find that the piles cannot be driven to the 
planned penetration without use of time- 
consuming drilling out. I am very concerned 
to think that piled structures in the North 
Sea may have ended up with piles installed to 
much larger depths than really necessary. 
Anything that could be done in the future to 
measure in advance the at-rest in-situ 
stresses would, I believe, be of extreme help 
in selecting the required pile penetrations.

de Ruiter: It is common practice in the 
North Sea in design of piles in clays to take 
the normally consolidated strengths as the 
lower bound for the adhesion between pile and 
soil. By using the API method and applying 
an Alpha factor of 0.5 to shear strengths 
over 150 kN/M^, you end up with very low 
adhesion values for the deep penetrations we 
are talking about here. This was clearly 
demonstrated on Mr. Foss' figure. My opinion 
is that the API method vastly underestimates



the actual pile capacity for these pene
trations. It may be that 50m is a bit shal
low, and if you can drive the piles without 
much trouble to a deeper penetration, I would 
personally do it.

Experience over the last few years has 
shown that with the improved capacity of the 
driving hammers the jacket can be installed 
very quickly and therefore at very low cost.
A lot of the cost of the structure is not in 
the manufacturing, rather in the installa
tion. With long delays in installation, the 
cost can escalate. But with the present 
capability of driving hammers, much of the 
uncertainty a few years ago with respect to 
drivability of the piles has been removed.

McClelland: Let me add a comment, if I may, 
that supports de Ruiter, particularly with 
reference to the site that is the subject of 
the discussion here. Prof. Rowe referred to 
a structure near this site which was studied 
some four years ago, and for which very long 
piles were installed in drilled and grouted 
holes. At that time, the largest available 
hammer was the Vulcan 560, and this was 
judged to have a driving capability for the 
54-inch piles to only about 40m below 
seabed - not sufficient to carry the design 
load. In today's practice with a Menck 8000, 
strong indications are of drivability to 75- 
85m. In fact, structures in that area are 
today being planned for that approach. The 
piles for the structure mentioned above did 
include a 54-inch primary pile driven to a 
design penetration of 35m before grouting 
took place. Using the Vulcan 560 hammer most 
piles drove to 35m, but a few piles encoun
tered refusal at 30m -confirming the driva
bility studies.

Clausen: We will now continue with the mate
rial that was presented on gravity struc
tures. I was personally surprised to learn 
that Prof. Rowe and Mr. Foss, dealing with 
the same structure and the same soil condi
tions, found safety factors as different as
1.2 and 1.9. What is the explanation?

Foss : Prof. Rowe and I sorted out at least 
part of this difference during the intermis
sion. My safety factor of 1.9 is a nominal 
safety factor with respect to the 100 year 
wave loading. However, from the cyclic 
laboratory tests we know that the samples 
will fail under cyclic loading if this nomi
nal safety factor is in the order of 1.3 or 
less. My safety factor of 1.9 should thus be 
divided by 1.3 before comparing it to Prof. 
Rowe's value of 1.2.

I think there are other differences too. 
The most important difference as I see it is 
in the failure mode. Prof. Rowe finds in 
his model test a very shallow failure mode at 
the tip of the skirts or perhaps even in 
between the skirts, whereas I from the outset 
said that one should design the skirts in 
such a manner that a deeper failure into the 
softer clay is the critical one. I think we 
would have to go quite thoroughly into the 
details of the analysis and of the model 
testing in order to see which one is the more 
representative. Centrifuge modeling of the

upper 3 to 5 meters and of the skirts will 
have a profound influence on the result for 
that type of test.

Rowe : I would note that Mr. Foss mentioned 
something like 5% reduction in undrained 
shear strength due to cyclic loading. Now I 
modeled the whole program that I was given, 
which included a very large number of cycles, 
and there was considerably more than 5% re
duction in strength. This occurs every time
I do a model, or an element test for that 
matter, for that type of loading. Inciden
tally, there is some reasonable comparison 
between the G modulus that Mr. Foss uses of 
75, and the overall value for my model of the 
workshop design which was about 50. The 
model value is for the whole mass, after 
allowing for boundary effects, yet the actual 
mudline displacement that I observed was 
60 mm against Mr. Foss' 25 mm. I would say 
that, on these major structures, there is 
surely some merit in having both analytical 
and physical models run.

OPEN DISCUSSION

McClelland: We now open the discussion to a 
number of people in our audience who have 
asked to comment or to raise questions.

E. Franke, West Germany, described a simple 
shear device for measuring the pore pressure 
accumulation under cyclic loading in un
drained tests, simulating the effect of wave 
action on a gravity structure. A special 
technique, consisting of spreading a liquid 
rubber on the membrane enclosing the sand 
sample, was used to avoid errors in pore 
pressure measurements caused by membrane 
penetration into voids.

E. Pi Biagio, Norway, stated that instrumen
tation is a very important part of gravity 
structure design and installation for two 
main reasons. First, to install the struc
ture safely without damaging the structure or 
foundation, and second, to obtain badly 
needed performance data. On the Condeep 
gravity structures, between 100 and 150 in
struments are being used for measuring pres
sures, stresses, deformations and other 
related performance factors. Five Condeep 
structures have been installed safely, and 
key decisions during installation were based 
largely on instrumentation results. Although 
instrumentation costs are high, construction 
costs saved have more than offset the instru
mentation costs.

L. Reese said that he might have left a wrong 
impression about the API method of design of 
axially loaded piles. He said that he pro
poses its continued use because we do not 
have the instrumentation as yet to prove out 
another method. Although the API method has 
served satisfactorily, it probably is too 
conservative, and instrumentation of driven 
piles is needed to improve the situation.

S. Shiraishi, Japan, commented that the stand 
ard design criteria established by interna
tionally recognized institutions like 
American Petroleum Institute have strong 
binding power over consulting engineers all



around the world. For instance, soil parame
ters specified by API regarding pile capaci
ties were determined from the data gained in 
older continental shelves in the Atlantic 
Ocean or in the North Sea where still soils 
prevail. When these parameters are applied 
to younger, soft sediments in the Western 
Pacific, resulting pile design may be overly 
conservative. An organization of soil 
experts should work out recommendations for 
regional codes, say, in different ocean 
areas, and recommend these tc international 
institutions.

McClelland: To correct a misunderstanding, 
probably the greatest bulk of information 
supporting the API RP2A code originated in 
the younger sediments of the Gulf of Mexico 
rather than those of the North Sea or Atlan
tic coast. Driving piles into very soft 
soils probably represents the greatest mass 
of experience that exists. Certainly, the 
idea or concept of seeking shorter and more 
economical piles will be readily endorsed by 
all of us.

0. Eide, Norway, described filter drains 
installed within the skirt system on Condeep 
gravity structures, supplemented in some 
cases by drainage wells extending as deep as 
25 meters below the base. Maintaining a 
fluid pressure in this system at 10 meters 
less than hydrostatic pressure results in an 
increase in effective stress in the soil 
below the base. More tolerance to excess 
pore pressure development during cyclic 
loading is the objective. Should not this 
sort of improvement be appreciated in the 
required safety factors?

P. Rowe stated that his model tests have dem
onstrated that a surface sand layer benefits 
stability by reduction of local clay inter
face strain. He continued with a suggestion 
that fine gravel, rather than cement grout, 
be used to fill the space between seabottom 
and the underside of gravity structures.

K. Andersen, Norway, reported that instrumen
tation results from existing gravity plat
forms lead to the general conclusion that the 
design principles which have been used have 
led to safe foundation solutions. So far, 
the storms have been relatively small, with 
wave forces only 40 to 50 percent of the 100- 
year design storm, and pore pressure in
creases have also been small, in the order of
1 to 2 meters. The 4-year settlement record 
for the Eckofisk oil storage tank is in 
reasonable agreement with calculated con
solidation settlements. The same data reveal 
that additional settlements may occur during 
or after periods of heavy storm loading. 
Significant long-term horizontal displace
ments have not been observed.

Shun Ling, USA, raised a question concerning 
the pile design technique using the wave 
equation versus pile capacity based on soils 
data. If the blows per foot at design pene
tration is less than predicted by the wave 
equation, should one rely on the blows per 
foot, which implies a weaker soil than initi
ally expected from the soil exploration, or 
should one rely more on the pile capacity

analysis based on soil properties from the 
site investigation? Similarly, if refusal 
occurs prior to achieving design penetration, 
even with plug removal and predrilling, what 
action should be taken? Do you rely on the 
wave equation or the static pile capacity?

Reese: First, while the wave equation is 
solidly based in theory, it remains essen
tially an empirical method. We do not have 
sufficient data as yet to predict accurately 
the soil response along the length of the 
pile. I would propose to use a blow count to 
compare the driving resistance of one pile 
with another, and if for some reason the blow 
count is quite low at one pile position in 
the structure, I would be concerned about a 
change in soil conditions. I would not pro
pose to use a wave equation as a design tool 
except in some special cases.

J. Rigden, U.K.: I think you probably have 
seen our major problem this afternoon, which 
is the experts who can't agree. In driving 
large pipe piles during the past few years, 
we have reached a few conclusions which may 
be of interest to you. First, when such 
piles are driven through clay soils, they 
rarely if ever plug during driving. This 
year we drove some 1 meter and 1.2 meter 
piles some 25 meters into a very hard clay. 
The plug levels finished up between 1 meter 
above the original mudline and 1.5 meters 
below.

With regard to the panel's discussion 
on drilling out, no installation scheme will 
be considered by BP that relies on drilling 
out the plug as a means of installation. In 
the North Sea, setup would almost certainly 
assure that the pile could not be driven 
further, and the net result would be a pile 
of less capacity. If you can't drive the 
pile, you've got the wrong pile, or the wrong 
hammer.

McClelland: This is all of the time avail
able for the discussion, and we will turn to 
Mr. Clausen for a closing statement.

CLOSURE

Clausen: Rather than attempt to summarize 
the presentations and discussions of the last 
2-1/2 hrs., I will use the remaining few 
minutes to discuss possible future develop
ments that will improve our ability to design 
and to predict the behavior of fixed offshore 
installations.

If we start with the first group of 
problems discussed today, soil investiga
tions, it is important to recognize that the 
development and the us^ of the cone pene
trometer tests for offshore investigations is 
perhaps the single most important achievement 
within this field during the last five 
years. Equipment like the self-boring 
pressuremeter may prove to be of great help 
once the necessary calibrations and experi
ence have been obtained. The present sam
pling methods really have to be changed and 
improved. The methods that we use offshore 
today, were found 25 years ago to give so 
poor results on land that the equipment was 
discarded, and the fixed piston sampler was



developed; it is time we start to do the same 
thing offshore.

The second group of problems discussed 
here today was related to laboratory testing, 
and, with respect to testing of small soil 
elements, the shortcomings and the needs for 
developments are the same within marine soil 
mechanics as in any other branch. We should 
continue to do cyclic tests on a wide range 
of soil types in order to improve our under
standing of the basic behavior of material. 
The centrifuge model tests do obviously give 
us a lot of valuable additional information 
with respect to how an assemblage of soil 
elements will behave under the given boundary 
conditions and loading. I am personally 
convinced that in the near future we shall 
find that element tests and finite element 
calculations, calibrated against centrifuge 
model test results, will very much improve 
our understanding of how this complex system 
responds when subjected to cyclic loads.

Concerning pile design, we should con
tinue field observations in order to cali
brate drivability analyses. Field tests are 
needed to study how the vertical and horizon
tal stiffness of the pile soil system is 
being changed as the pile is subjected to cy
clic loads, and we should start to instrument 
our long offshore piles to see how loads are 
being distributed with depth.

Regarding gravity foundation design, the 
single most important thing is that measure
ments on the first ten gravity platforms in 
the North Sea indicate that foundation design 
has basically been sound. We should continue 
to observe the behavior of such structures, 
keeping in mind that most of them have only 
been subjected to one-half of design load 
values and that very little other relevant 
information exists. We should measure waves, 
wave heights and wave periods; settlements; 
short-term displacements under wave loading; 
and pore water pressures in the supporting 
soils. We should continue to develop our 
abilities to predict the behavior of the en
tire system when subjected to cyclic horizon
tal loads. As we make complicated analyses 
on cyclic loads, we should never forget that 
basically the only two answers we really want 
are: first, "what are the stresses within the 
structure itself?" and, second, "what are the 
stresses in wells and pipelines connected to 
the structure?"

In conclusion I would like to present 
the personal opinion that marine soil mechan
ics as of today is in a decent state, par
tially because of the developments within 
this field during the last few years and 
mainly because we have been able to draw on

the vast amount of experience from related 
fields within soil mechanics. In particular,
I would like to mention the cone penetrometer 
development in Holland, the excellent re
search carried out in Britain on properties 
of stiff clays, and earthquake studies done 
in the United States, in Canada, and here in 
Japan. This being the case, I feel that a 
soil mechanics engineer should devote more 
and more time to insure that present knowl
edge is made proper use of as early as pos
sible when a new structure is being planned. 
With these remarks, ladies and gentlemen, 
Specialty Session No. 7 is closed.
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