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ABSTRACT

BEHAVIOUR OF FOOTINGS FOR OFFSHORE STRUCTURES UNDER COMBINED LOADS

A thesis submitted for the degree of Doctor of Philosophy

P.E.L. de Santa Maria
Magdalen College, Oxford
Trinity Term, 1988

The lack of knowledge about the behaviour of footings for jack-up rigs under
storm loads poses a design problem which can be tackled by model testing.
The areas of prime concern are the ultimate loads on footings under combined
loading, which affects the safety of the rig, and the rotational stiffness,
wvhich affects the interaction between the foundation and the structure.

A programme of loading tests was performed on model footings on clay, and
wvas divided into two stages: monotonic loading and cyclic loading. The clay
samples wvere obtained by consolidating Speswhite kaolin slurry in
cylindrical tanks 450 mm in diameter. The strength and compressibility
characteristics of the samples were verified by means of standard laboratory
tests.

The model footings were 50 mm and 100 mm in diameter and several shapes were
tested: circular flat plate, cones of various angles and model spud-cans.
Loads and displacements were meonitored using appropriate instrumentation and

o 1 2
a data logger.

A series of central vertical loading tests provided data for comparison with
existing bearing capacity theories. Combined loading tests were performed
applying a displacement controlled horizontal load at a fixed height above
the footing which was also subjected to a fixed vertical load. The main
series of tests 1involved a parametric study of the relevant variables.
Special tests allowed the assessment of the effect of embedment of the
footing and the interaction of a flexible leg with the foundation.

Cyclic loading tests were carried out using a load controlled system which
applied a sinusoidal load simulating wave action. Effects of currents were
investigated by introducing an offset to the loading cycle. The influence of
amplitude and period of loading as well as the influence of vertical load
were also investigated. Special tests were carried out to cover some
peculiarities of real loading conditions.

Fitting of a three-parameter hyperbola to the test results provided a
systematic and accurate method of analysis of monotonic loading tests,
leading to valuable information involving stiffness and ultimate loads.

Analysis of cyclic loading tests yielded useful qualitative information
regarding the progress of settlement and the variation of rotational
stiffness and damping ratio with the number of cycles.



"The outcome of any serious research can only be to
make two questions grow where only one grew before”

T.B. Veblen (1857-1929)
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LIST OF SYMBOLS

cross-sectional area of a footing

= MaAG/8 (see figure 9.7)

Skempton’s pore pressure parameter
width of a footing

diameter of a circular footing
Young’s modulus

Young’s modulus for undrained loading in terms of total stresses

index related to the amount of clay displaced during a cyclic
loading model test

elastic shear modulus
specific gravity of soil particles

secant shear modulus corresponding to a third of the failure

stress on the stress-strain curve

secant shear modulus corresponding to a half of the failure

stress on the stress-strain curve

horizontal load

2nd moment of area

= G/su (rigidity index)

bulk modulus

coefficient of lateral earth pressure at rest
liquid limit

moment loading

slope of critical state line in p’:g space
peak-to-peak amplitude of cyclic moment loading
failure moment

offset of cyclic moment loading

geometric scale of a model



N number of cycles of loading

OCR overconsolidation ratio for one dimensional compression

PI plasticity index

PL plastic limit

R overconsolidation ratio for isotropic compression

R radius of a circular footing

T period of cyeclic loading

v vertical load

Vf vertical central failure load

W rotational energy dissipated during a complete cycle of loading

a,b,c hyperbola parameters

a, undrained adhesion of a clay to a surface

c, coefficient of consolidation

d initial depth of installation of a model footing in a clay sample
(embedment)

e eccentricity of vertical load

e voids ratio

(e>\)1_D voids ratio at p’ = 1 kPa

h height of application of horizontal load
k coefficient of permeability

k non-dimensional stiffness

k1 non-dimensional initial stiffness

k2 non-dimensional plastic stiffness

k3 non-dimensional unloading stiffness

1 length of a model leg

p contact pressure for a rigid footing

p’ mean normal effective stress
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mean normal effective stress at the beginning of a triaxial test

deviator stress
correlation coefficient
radial coordinate

spacing ratio

ratio between the average values of the undrained shear strength

at the depths of 140 mm and 60 mm (in the present research)

undrained shear strength at the soil surface
undrained shear strength

thickness of a model leg

time

specific volume

ground heave

wvater content

horizontal displacement of a rigid footing
depth

vertical displacement of a rigid footing

= au/su (roughness of a footing surface)

cone apex angle or enveloping angle for spud-cans

exXcess pore pressure

variation of rotation angle corresponding to peak-to-peak
amplitude of moment loading

deflection of a model leg when subjected to a bending moment

strain
damping ratio (see figure 9.7)
rotation angle of a rigid footing

cumulative rotation angle

slope of swelling line in e:ln p’ space



plastic volumetric strain ratio

= vV/EI

slope of consolidation line in e:ln p’ space
Poisson’s ratio

Poisson’s ratio for undrained loading

gradient of a linearly increasing undrained shear strength with
depth

principal stresses
consolidation pressure
vertical effective stress at the beginning of a triaxial test

angle of shearing resistance (triaxial compression)
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CHAPTER 1

INTRODUCTION

About sixty percent of the world’s offshore o0il and gas exploration is
accomplished by about 440 jack-up mobile drilling platforms, some of which
can operate in water depths in excess of 100 m and under severe weather

conditions involving extreme wave heights of the order of 30 m.

These rigs are floatable drilling units provided with legs (usually 3 or 4)
which can be jacked up and down. This feature introduces great mobility to
the rig as it can be propelled or towed from one 1location to another,
although dry transportation employing heavy lift vessels has recently become

a common practice.

After arriving at the exploration site, the legs of the jack-up are lowered
until contact and a slight penetration into the seabed is obtained just to
prevent horizontal movements. The rig is termed "pinned" and is kept at that
position wuntil the location 1is confirmed and accepted. Then, before

beginning drilling, a three stage operation must be carried out:
* jacking the hull clear of the water;
* adding a surcharge weight or preload;

* jacking the platform to the required airgap for operation.

Jack-up rig foundations can be classified into two categories: (i)

individual circular or polygonal footings called "spud-cans" and (ii) a
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single large mat. The present research concerns only the former type of

foundation.

Unlike offshore production wunits (fixed platforms or gravity structures)
jack-up rigs are not designed for a specific site and therefore the footings
must penetrate 1into the seabed wuntil a safe foundation is achieved.
Sometimes, however, the foundation is unstable and the structure collapses
during a severe loading condition. According to Young, Remmes, and Meyer
(1984), among all types of mobile offshore drilling wunits, jack-up rigs
experienced the worst accident rate during the period from 1955 to 1982, one

third of which is believed to be related to foundation misbehaviour.

In contrast with most onshore foundation design problems, where generally
the footing depth is fixed and the dimensions calculated, one of the basic
aims of the geotechnical study for a jack-up rig foundation 1is the
assessment of the footing penetration into the seabed. The importance of
this analysis is easily understood if one bears in mind that the sum of the
airgap below the hull, the water depth and the footing penetration must not
exceed the maximum available leg length. Usually this analysis is performed
by means of charts of bearing capacity versus penetration prepared for the

relevant geometry of footing and the soil profile.

Although the loads on jack-up foundations include a dynamic component, the
footing penetration analysis 1is normally carried out as if the loading
condition were solely static. In fact, cyclic loads are mainly caused by
storm waves and tend to cause additional footing penetrations. The amount of
additional penetration depends on the magnitude of the fixed load, the

magnitude of the cyclic load and the number of cycles.
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Besides the problem concerning the stability and penetration of the spud-can
into the seabed, foundation fixity also requires attention. Foundation
fixity is defined as the ability of the so0il to restrain the rotational

movement of a footing due to a moment loading.

When a jack-up rig experiences a storm loading, the footings have to respond
to combined vertical loads, horizontal loads and moments. The conventional
procedure in the design of the legs is based on the assumption that the
footing offers no restraint to moment loading and therefore behaves as a
pinned support, disregarding any moment fixity. Under this assumption the
maximum bending moment occurs at the top of the leg. This bending moment
proves to be critical in many designs. This approach is clearly conservative
and, if any restraint actually can be accounted for (Figure 1.1), the
ultimate load capacity of the whole structure under wave loading may
increase substantially. In particular, any moment at the footing reduces the
moment at the top of the leg. This would allow the utilization of the rig
under more severe loading conditions than those assumed formerly and,
consequently, the operational area could be extended with commercial
benefits. Also, the fixity reduces the structural stress range, resulting in

a lengthening of the fatigue life of the rig.

The trend of design of larger jack-up rigs to reach greater depths results
in their natural periods of oscillation approaching the excitation period of
the waves. An additional benefit of fixity would be the reduction of the

natural period of the rig.

The mechanisms related to collapse loads of circular flat and conical

footings on clay under vertical central loading are quite well wunderstood.

However, only a little is known about bearing capacity of these footings
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Figure 1.1 Bending moment distribution along a jack-up leg with no fixity

(a) and partial fixity (b) at the footing
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when subjected to combined loading. Such a knowledge is essential if fixity

of jack-up foundation is to be assessed.

Another area requiring research concerns the rotational behaviour before
failure of axisymmetric footings on clay under combined loading. For reasons
already stated, a knowledge regarding the rotational stiffness of conical
shaped footings 1is of paramount importance in the design and operation of

jack-up rigs.

Although the understanding of the behaviour of footings under monotonic
loading is unmistakably an important step in the analysis of this problem,
it 1is also necessary to take account of the fact that a train of waves

reaches the rig under storm conditions, causing cyclic loading.

The economic importance of the above problems motivated this research
project, the purpose of which is the investigation of the behaviour of
circular footings on <clay under combined loading by means of physical
models. As far as the loading is concerned, the study is divided into two

stages:

* monotonic loading;

* cyclic loading.

In the first stage, involving monotonic loading and undrained behaviour, the
modelling 1is believed to be quite realistic. The second stage involves some
unavoidable scaling imperfections and therefore the results must be treated

carefully and with good sense.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents a brief review of previous works related to this
research. A survey of the properties of the kaolin clay is initially
presented, including results obtained in recent research works carried out

at Oxford University. The value rigidity index G/su is then reviewed. This

parameter is believed to be of major importance in the analysis of the
behaviour and design of foundations, and some of its peculiarities are
sometimes misunderstood. Considerable use of this quantity will be made

later in this thesis.

The behaviour of circular footings on clay under monotonic loading has been
extensively studied for many years and is presented in this chapter under
two distinct headings: elastic behaviour and bearing capacity. Recent and
important contributions related to limit analysis of footings with axial
symmetry are believed to be of importance in offshore engineering

applications.

Although much attention has been given to soils under cyclic loading, most
of the works available in the literature are related to the fundamental
behaviour of soils, either theoretical (constitutive models of various
formulations and their numerical treatment) or experimental (triaxial tests,

simple shear tests, etc.). Unfortunately only a small number of analytical
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and experimental studies dealing with the overall behaviour of foundations

under slow cyclic loading have been carried out.

2.2 Kaolin Clay

Kaolin clay has been extensively and successfully used as a model clay soil
for both fundamental and applied soil mechanics research. Spestone Kaolin,
now unavailable, was used for about twenty years in experimental works at
Cambridge University. Speswhite Kaolin 1is now 1in current use by soil
mechanics researchers and fortunately its geotechnical properties are
similar to those of the Spestone Kaolin, as reported by Steenfelt, Randolph
and Wroth (1981). This clay has been employed at Oxford University for the
last seven years by several investigators, namely Love (1984), Gue (1984),

Fannin (1986) and May (1987).

Table 2.1 shows the mechanical properties of the Speswhite Kaolin as

obtained by Steenfelt, Randolph and Wroth (1981), Martins (1983), Gue (1984)

Table 2.1 Mechanical properties of the Speswhite Kaolin

property symbol value
(1) (2) (3) (4)

plasticity index PI 31 30 31 31

plastic limit PL 38 32 34 31

liquid limit LL 69 62 65 62
specific gravity

of solids G 2.61 - 2.60 2.61
Notes

(1) Steenfelt, Randolph and Wroth (1981)
(2) Martins (1983)

(3) Gue (1984)

(4) Fannin (1986)
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and Fannin (1986). The consolidation and strength properties reported by
Steenfelt, Randolph and Wroth (1981), Martins (1983) and Fannin (1986) are

indicated in Table 2.2.

Martins (1983) found that the slope of the virgin consolidation line varied

with In p’ in e (voids ratio):1n p’ (logarithm of the mean effective stress)

Table 2.2 Consolidation and strength properties of the Speswhite Kaolin

property symbol values
(D (2) (3)
slope of critical
state line (tc) M 0.9 0.9 0.88
angle of shearing
resistance (tc) ¢ =23° =23° 22.6°
0.23 to 0.25
(p’=5 to 50kPa)
0.21 to 0.23
slope of consolidation 0.25 (p’=50 to 200kPa) 0.247
line A
0.18 to 0.21

(p’'=200 to 350kPa)

slope of swelling
line K 0.05 0.04 0.04
(p’=10 to 350kPa)

voids ratio at

p’ =1 kPa (e>\)1_D 2.58 2.52 2.51

(p’=50 to 100kPa)

coefficient of "at
rest" earth pressure K - 0.65+0.01 0.64+0.05

Notes

(1) Steenfelt, Randolph and Wroth (1981)
(2) Martins (1983)

(3) Fannin (1986)

(4) tc = triaxial compression
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space, the value decreasing slightly with increasing p’. Butterfield (1979),
calling attention to this problem, proposes an alternative approach
suggesting a linear relationship between log v and log p’ where v is the

specific volume.

2.3 Rigidity Index

The elastic deformation analysis of soils requires the knowledge of any two
out of the four constants from linear isotropic elasticity, namely Young's
modulus E, Poisson’s ratio v, shear modulus G and bulk modulus K. Since G is
the only deformation modulus which is not affected by the type of analysis
being undertaken (total stress or effective stress), either the pair G,v or

G,K is preferable as representative of the soil elastic behaviour.

In the case of saturated clays under undrained loading conditions, the only

modulus required is G (since v, = 1/2 and K » =), This parameter can be
conveniently related to the wundrained shear strength of the clay s ,

u

resulting in a dimensionless ratio called rigidity index Ir:

I.=G/s, - [2.1]

Wroth, Randolph, Houlsby and Fahey (1984) present a number of important

considerations associated with the evaluation and behaviour of G/Su’

summarized as follows:

(i) As G (secant modulus) obviously varies with the amplitude of strain,
then it 1is necessary to decide over which range of strain the
stiffness must be determined. This range varies significantly among

many practical problems in Soil Mechanics.
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(ii)

(1i1)

(iv)

where:

It is very difficult to determine the ratio G/sU accurately because it

involves the measurement of the modulus G, notoriously difficult to

measure with accuracy, and the undrained shear strength Sy vhich is

by no means a unique property of a particular soil. As pointed out by
Wroth (1984), the latter parameter is dependent on the type of test

and on the intermediate principal stress Ty which is not taken into

account in its detinition.

For normally consolidated clays, the rigidity index corresponding to

50 % of the shear strength of the clay (GSO/SU) decreases with

increasing plasticity index, confirming a similar trend previously

observed by D’Appolonia, Poulos and Ladd (1971) for the ratio Eu/su'

For the same type of test and consolidation (isotropic or
one~dimensional), there is a well defined pattern of behaviour between
the rigidity index and the overconsolidation ratio OCR for samples
originally consolidated to the same maximum stress level, described by

the following semi-empirical expression:

- (1 +C 1n OCR) OCR™ N, [2.2]

(G/SU)HC: rigidity index for normally consolidated clay;

C = a soil constant, in the range between 0 and about 2;

li

OCR overconsolidation ratio;

A= A ; K (plastic volumetric strain ratio).
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(v) The values of the rigidity index obtained from triaxial tests are
significantly lower than those produced by in-situ tests such as the

pressuremeter or plate loading test.

Houlsby and Wroth (1985) present an alternative expression relating the

rigidity index to the isotropic overconsolidation ratio R:

uz gAY [2.3]

wvhere n is a constant that should lie between 0 and 1. The above expression
[2.3] comes from a proposed equation, supported by experimental data,
involving the quantity G/p’, the value of this quantity for a normally
consolidated soil and the overconsolidation ratio. It also assumes that
isotropic elasticity is applicable during the initial stages of an undrained
shear test. The authors conclude that values of n may typically be about 0.5
and, considering the value of A as being about 0.75, the exponent (n-A) may

be around -0.25.

2.4 Circular Footings on Clay under Monotonic Loading

2.4.1 Elastic Behaviour

The analysis of the elastic behaviour of circular footings resting on the

ground level of an isotropic elastic continuum can be subdivided into two

different approaches:

* analysis of flexible footings;

* analysis of rigid footings.
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The first approach is normally adopted for structural design of footings and
also for stress and strain analysis in the soil medium if the stiffness of

the foundation body is comparable to the soil stiffness.

The second approach, assuming that the plate is infinitely rigid, 1is a
particular simplified case of the first one. It is appropriate for many

design problems.

For the <case of rigid footings, the general solution can be formulated in
terms of Airy’s strain potential function Y¥(r,z) which satisfies the

biharmonic equation:

VZVZY(r,z) -0, [2.4]

where:

V2= Laplace operator referred to a system of c¢ylindrical polar

coordinates;

r,z = cylindrical coordinates.

The contact pressure p(r) can be evaluated from (Poulos and Davis, 1974):

p(r) = 2Gz 1
=R D (e/R)?)

, [2.5]

where:
G = shear modulus of the soil mass;
v = Poisson’s ratio of the soil mass;
z = settlement of the footing;
R = radius of the footing;
r = radial coordinate.
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The total load V can be represented by the following expression:

[2.6]

Poulos and Davis (1974) record a number of elastic solutions for particular
cases of rigid loaded circular area of radius R or circular area subjected

to uniform displacements, derived by various authors:

(i) Bycroft obtained the following expression relating the horizontal
displacement y to the horizontal load H applied to a rigid circular

footing:

032G (1 - V) Ry
H - — . [2.7]

(ii) Gerrard and Harrison derived the following equation for the same

problem:

H=5 ) [2.8]

where H is the lateral load applied.

It is worth pointing out that there is an inconsistency between the
two solutions {2.7) and [2.8]. The ratio between the displacements
evaluated from equations {2.7] and [2.8], for the same horizontal
force, the same elastic soil medium and the same circular area varies

from 1.00, for v = 0.5, to 0.88, for v = 0.
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(iii) Borowicka obtained the expression relating the rotation angle 6 of a

circular rigid footing to the loading moment M:

8GR-6

Moo R (2.9]

The formula [2.9] is referenced in API RPZA (AMERICAN PETROLEUM INSTITUTE,
1984, "API Recommended Practice for Planning, Designing and Constructing

Fixed Offshore Platforms").

Sneddon (1965) derived expressions for the load-deflection response and
contact pressure distribution beneath rigid foundations of arbitrary

axisymmetric profiles. The general form of the load-deflection expression

is:

V- 4GR Jlxz fr(x) dx

e N B

’ {2.10]

by means of which the total load V necessary to produce the vertical
displacement z of a rigid footing whose profile is defined by the function f

can be calculated. In the special case of cones, expression [2.10] becomes:

_ 4G cot(B/2) Z2

v T V) , {2.11]
for Z __R____
= tan(B/2) °

where:

Ror]
1

angle of the cone;

=3
I

maximum radius of the cone.
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The results of a finite element study carried out to analyse the elastic
rotational behaviour of cones and spud-cans can be found in Noble Denton &
Associates (1987). In this study, the rotational stiffness M/6 of a rigid

cone on a no-tension elastic soil is established in the form:
M 3 e
é: GR f1(87 ‘Ry \’) ’ [2‘12]

where:
R = radius of the cone at the soil surface;
B = cone angle;

e = eccentricity of vertical load.

The form of function f1 depends on the adhesion between the soil and the
cone surface. Figure 2.1 shows the variation of f1 with cone angle, when

v = 0.495, for both perfectly smooth and perfectly rough cones. It is worth

mentioning that rotational stiffness of circular plates (B = 1800) is about

the same for either a smooth or a rough surface.

The results for elastic behaviour of the spud-can represented in Figure 2.2

Table 2.3 Values of non-dimensional stiffnesses of a spud-can and its
limiting cones (after Noble Denton and Associates, 1987)

v = 0.495 spud-can cones surface
B = 150° | B8 = 137.5°
5.431 5.417 5.486 rough
M
oGR>
3.613 1.347 1.459 smooth
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Figure 2.1 Variation of the elastic rotational function fl(B, e/R, v) with

cone angle (after Noble Denton and Associates, 1987)

Figure 2.2 Spud-can geometry (after Noble Denton and Associates, 1987)

are shown in Table 2.3 for both fully smooth and fully rough cases and

v = 0.495. The values of M/GGR3 for the bounding cones (Figure 2.2) are also

presented for comparison. It can be seen that the rough spud-can has
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approximately the same rotational stiffness as the rough bounding cones
while the smooth spud-can is on average 2.6 times stiffer than the smooth

bounding cones.

2.4.2 Bearing Capacity

The first closed form solution to a bearing capacity problem was achieved by
Prandtl in 1920, using plasticity theory, for an infinitely long smooth flat
strip on the surface of a weightless medium. Since then, only a few exact
solutions for particular cases of loading and geometry have been obtained,
vhile a significant number of approximate formulae have become available in
the technical 1literature, among which Terzaghi’s formula (1943) stands out
for its pioneering and historical value. Apart from Terzaghi, the following
authors have also provided relevant contributions to this subject: Brinch
Hansen (1961 and 1970), Meyerhof (1951, 1953, 1961 and 1963), Skempton

(1951) and Vesic (1973 and 1975).

The approximate solutions proved to be very attractive to the foundation
engineer, mostly because of their intrinsic simplicity and versatility. In
many cases, correction factors were introduced to extend the formulae to
cover almost any conceivable situation of design involving the geometry of
the footing, its position with respect to the ground surface and the
combination of loads applied. Obviously, for some of these cases the
assumptions regarding the theoretically based part of the formulae become

unrealistic.

Meyerhof (1961) presents an extension of his previous theory to wedge-shaped

bases and cones, providing charts for bearing capacity factors for perfectly
smooth and perfectly rough cones (cone angles varying from about 10°  to

1800) and for wvarious angles of internal friction of the soil. For
g
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intermediate roughness Meyerhof recommends linear interpolation.

Cox, Eason and Bopkins (1961), using the method of the characteristics,
obtained the exact solution for the maximum load applied to a semi-infinite
region of soil, bounded by a plane surface, by means of a flat-ended,
smooth, rigid, «circular <cylinder for both frictionless and frictional

materials. The bearing capacity factor for the former case of soil is 5.69.

Houlsby and Wroth (1983), also employing the method of the characteristics,
studied the problem of shallow penetration of cones into a cohesive soil.
They presented the results (Figure 2.3) in terms of wvariation of bearing

capacity factor NC with cone angle B and roughness o« (defined as au/su wvhere
a, is the undrained adhesion of the clay to the cone surface). For perfectly
smooth cones the bearing capacity factor is 5.69 when B = 180° (the same
value previously obtained by Cox et al), decreasing then with 8 up to a
minimum value of about 4.44 at B of about 540, slightly increasing when B8
decreases to 30°. For perfectly rough cones the bearing capacity factor 1is
6.05 for «circular plates (B = 1800), slightly increasing with decreasing 8

until approximately 90°. Then, for sharper cones, the bearing capacity

factor increases abruptly.

One of the most common cases of non-homogeneity observed in normally
consolidated deposits of clay is an increasing undrained shear strength with
depth. This variation can often be satisfactorily assumed as linear and may
have a gignificant effect on the bearing capacity of large footings. As
seabed soils frequently exhibit this kind of non-homogeneity, such a problem
cannot be ignored in the analysis and design of foundations of offshore

structures.
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Figure 2.3 Theoretical variation of bearing capacity factor NC with cone

angle B and cone roughness o (after Houlsby and Wroth, 1983)
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Davis and Booker (1973) achieved solutions to the problem of bearing
capacity of clay which is non-homogeneous in the vertical direction, for the

case of smooth and rough footings in plane strain.

Houlsby and Wroth (1983), using the same technique of integration along
characteristics previously mentioned, obtained bearing capacity factors for
smooth and rough circular flat footings on the surface of a clay soil with

strength increasing with depth in the form:

S,= St P2 [2.13]

wvhere:

S .= undrained shear strength at the soil surface;

a soil constant;

Re]
Il

N
i

depth.

One of the interesting conclusions brought about by this work is that the

ratio between the bearing capacity factors N and N (defined as V/s A
cas cps o

where V is the load and A the area of the footing) for axially symmetric and
plane strain footings respectively, usually referred to as shape factor, is
not equal to the conventional value of 1.2 even for homogeneous material, as

shown in Figure 2.4. For values of pB/SO (B represents the width of a plane

strain footing or diameter of a circular footing) higher than about 2 this

ratio is less than 1 for both smooth and rough footings.

The Noble Denton & Associates (1987) shows the results of a finite element
analysis carried out to study the failure conditions of perfectly rough

cones on clay under combined loading. Figure 2.5 shows the ultimate loads of
120° cone, 150° cone and circular plate (B = 1800) by means of two sections
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Figure 2.4 Variation of the ratio between the bearing capacity factors for
axially symmetric and plane strain footings with the quantity
pB/sO (data from Houlsby and Wroth, 1983)

in the V/sUA:H/sUA:M/sUAR space, one corresponding to M/SUAR = 0 (a) and the

other to V/SUA = 3.6 (b), where:

V = vertical load;
H = horizontal load;
M = moment;

A = cross-sectional area of the footing at soil surface.
The results obtained demonstrate that the horizontal 1load does not

significantly affect the ability of the footing to resist moment loading

until that load approaches its ultimate value.
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Associates, 1987)
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2.5 Footings on Clay Under Cyclic Loading

Andersen (1976) sets out a method for predicting clay behaviour under storm
loading producing varying shear stresses. This method has been successfully
used in design of offshore gravity platforms and is based on data
corresponding to cyclic shear strain and pore pressures versus number of
cycles, acquired from laboratory tests with constant two-way cyclic shear
stress. By means of plots produced with laboratory data, cyclic shear strain
and permanent pore pressure can be obtained at the end of a storm loading.
In the case of clays the procedure must be repeated for a series of
consecutive storms, when the reduction in undrained shear strength (and

safety) may then be evaluated.

Pande (1982) proposes the use of the shakedown theorems to determine the
upper and lower bound on the shakedown 1load for ideal elasto/plastic
materials. These theorems, of which the collapse theorems are particular
cases, have been neglected in the Soil Mechanics literature until recently.
The first shakedown theorem was proved by Melan in 1936 and the second by
Koiter in 1956. Pande emphasises that precise determination of shakedown
loads leads to mathematical programming problems of great magnitude,
involving excessive computing costs, and suggests alternative and simplified
rules for analysis of situations related to geotechnical engineering,

assuming the material as linear elastic and ideally plastic.

Rowe (Rowe and Smith, 1982) reports that a gravity platform model placed on
saturated uniform overconsolidated clay and subjected to an increasing
oscillatory lateral force OH, having no static component, exhibits an
amplitude of lateral displacement increasing to an unacceptably large value.
It was observed that the layer of weakened clay just below the model was

progressively displaced, causing settlement.
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Smith (Rowe and Smith, 1982), using finite element analysis, modelled Rowe’s
model gravity platforms on overconsolidated clay and obtained a correlation
between vertical displacement and horizontal load in good agreement with the
experimental data, although the magnitudes of the settlements vere
overpredicted. Also, the shape of the curve of vertical displacement versus
number of cycles, predicted at various values of vertical load,
qualitatively agreed with the test data, but the number of cycles was two

orders of magnitude less than in the test.
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CHAPTER 3

EQUIPMENT

3.1 Introduction

Except for the consolidation apparatus, which already existed in the Soil
Mechanics Laboratory before the beginning of this work, all the mechanical
equipment wused in the tests was conceived, designed and built or ordered
specially for this research. A microcomputer equipped with a data 1logging

system was also acquired, in cooperation with another project being carried

out in the laboratory.

Most of the equipment used in the first stage of this research, dealing with
monotonic loading, was also employed in the second stage, when cyclic
loading was applied. Although the loading system was initially designed for
use in the first stage, it was also designed to apply cyclic 1loading with

only minor alteration required.

3.2 Consolidation Apparatus

There are three consolidation frames, all connected to the same
pressurization system, allowing simultaneous preparation of three clay

samples, as illustrated in Figures 3.1 and 3.2.

Each apparatus, designed by Gue (1984), consists of a reaction frame and a
double action hydraulic ram attached to the top of the frame. A loading

platen is bolted to the lower end of the piston and the sealing between the
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Figure 3.1 Consolidation apparatus
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platen and the tank wall is achieved by means of a flexible rubber hose

placed into a groove around the platen.

The slurry tank consists of 2 cylinders and a circular base plate, all
bolted together and sealed by rubber gaskets. The cylinders are 450 mm in
inner diameter, 450 mm in height and 6 mm in wall thickness, provided with 2

flanges 10 mm thick and 50 mm wide.

Inside the lower cylinder and lying on the base plate is set a piston
designed to push part of the clay block out of the cylinder, allowing a
second testing stage. The same sealing method adopted for the loading platen
was repeated for the 1lower piston. In order to push the piston up, four
20 mm diameter and 275 mm long rods are attached to it through four holes in
the base plate. A 20 mm thick 318 mm square plate fixes the lower ends of
the rods in their respective positions. Four 20 mm thick and four 15 mm
thick triangular plates are used to separate the square plate from the

circular base plate. Figure 3.3 shows the accessories employed in the

pushing up operation.

During the consolidation process, the circular base and the piston are fixed
together by four plugs, fitted with "O" rings, attached to the piston,

closing and sealing the holes in the base plate.

The apparatus allows both top and bottom drainage. Top drainage occurs
through two holes in the loading platen and bottom drainage is carried out
through grooves and channels existing in the piston plate and in the
circular base. A small tap attached to the bottom outlet, providing control
to the bottom drainage, is connected to a plastic hose leading to the top

cylinder. Two porous discs are placed at the top and bottom of the slurry

tank.
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A = triangular plates
B = square plate

C = piston

D = rods

Figure 3.3 Accessories employed in the pushing up operation

The pressure needed to consolidate the c¢lay samples is supplied by an
hydraulic system, which 1is represented in the diagram of Figure 3.2.
Pressurized nitrogen gas, controlled by a regulator, transmits an input gas
pressure to an accumulator, which acts as a gas-oil interface, producing the
same output o0il pressure. A set of eight valves are arranged so that the
system can be operated in different ways. A pneumatic pump is used to raise
or lower the platen by pumping oil from the reservoir into one or other
section of the ram and to fill the accumulator before it 1is pressurized.
This pump can also be used to apply small pressures in the system. An
adjustable maximum pressure safety valve, placed in the o0il circuit,
prevents any overpressure on the clay under consolidation in case a fault

occurs in the gas regulator.
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The main structure of the consolidation apparatus is made of mild steel
channels, while the loading platen, cylinders, base plates and the lowver
pistons are of duralumin, a nonferrous alloy which has the same mechanical
strength as the mild steel and good corrosion resistance. It 1is also
convenient for handling since its unit weight is about a third that of mild

steel.

The three hydraulic rams were calibrated against a 199.3 kN (20 tonf)
capacity load cell and the loads obtained were on average 99.2 % and 97.5 %
of the 1loads inferred from the cross-sectional area of the pistons, in

loading and unloading respectively.

3.3 Loading Device

The loading device, shown in Figure 3.4 and illustrated in Figure 3.5, was
designed to produce axial linear displacements either at a pre-set constant
speed or at a pre-defined function of time. The whole system is assembled on

a rectangular duralumin plate 335 mm x 200 mm x 9.5 mm and weighs 39.1 N.

To provide support for the motor, another rectangular plate 200 mm x 60 mm x
9.5 mm is firmly attached to the rear of the first one, forming a right
angle. The power unit is a geared d.c. servo tacho motor, which transmits a
rotary motion to a ballscrew. Two motors with different specifications were
used during the research so that the best performance of the loading system

could be achieved in each stage:

monotonic loading, when torque was an important feature for the

system to reach the maximum load without dropping the pre-set speed:

motor GM1562/T24 (full load speed: 10 rpm; full load torque: 45 Ncm);
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Figure 3.5 Photograph of the loading device

cyclic loading, when loads were only a fraction of the maximum value

required in the previous stage, but swiftness was imperative to allow
the system to follow loading and unloading patterns in a short period
of time: motor GM1552/T24 (full load speed: 30 rpm; full load torque:

40 Ncm).

The nut fitted to the screw is fixed to two linear bearing shafts supported
by four ball bushings so that it cannot rotate and so a linear movement is
provided. A thrust ball bearing and a single row radial ball bearing support
the ballscrew on each extremity. Two housings accommodate the ball bearings

and the ball bushings.

The motor is assisted by a servo amplifier system allowing the device to be

operated in three different modes of interest:
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(a) manual velocity control;
(b) pre-set load control;

(c) pre-set displacement control.

The diagrams in Figure 3.6 show the connections for (a) manual velocity
control mode and (b) pre-set load controlled mode, used in monotonic and

cyclic loading stages respectively.

When motor GM1562/T24 is installed, the maximum load capacity of the system
is 1000 N, with a 1limit 1linear speed of + 20 mm/minute. Otherwise, with
motor GM1552/T24, the maximum load reduces to 850 N while the speed may
reach + 60 mm/minute. In both cases, the maximum stroke is 165 mm. The
device can be easily fixed to the reaction frame by means of four bolts

placed through four slots 12 mm wide and 150 mm long existing in the

assembling plate.

3.4 Reaction Frame

The reaction frame is the structure to which the loading device is attached.
It also provides support for part of the instrumentation and any additional
accessories needed during the test. It consists of two columns and one beam
made from 8" x 3" x 5/16" x 1/2" duralumin channel (Figure 3.7). The columns
are 1638 mm long and each one has two 16 mm thick and 409 mm long duralumin
bars welded to it at the bottom, provided with oval holes, to fix it to the
flanges of the testing tanks. There are also pairs of slots 100 mm long and
12 mm wide (except for one pair which is only 50 mm long) along the length.
Through these holes the loading device is attached to the columns. The
arrangement of slots 1is different on the two columns so that the loading

device can be located horizontally at any position along the frame.
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Figure 3.6 Diagrams showing the connections for manual velocity control

mode and pre-set load controlled mode
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The beam can be positioned at any height from the top of the tank up to a
maximum clearance of 1093 mm. It is also provided with pairs of slots so
that the loading device can be fixed vertically on it at some positions. The
double slot bolting attachment allows rotation of the 1loading direction

relative to the frame member axis (Figure 3.7).

3.5 Model Footings and Model Legs

Two sets of duralumin model footings were employed in this work: one set
50 mm in diameter including a flat circular plate, a 150° cone, a 120° cone,
a 90° cone, a 60° cone, a 120° spud-can and a 130° spud-can, and another
100 mm in diameter including a flat circular plate, a 120° cone, a 60° cone,

a 120° spud-can and a 130° spud-can (Figure 3.8). Each model footing is
provided with a threaded hole in the centre of the upper face through which
the loading arm (vertical loading tests), a bar (combined loading tests) or

a leg (leg tests ) can be screwed to it.

The 100 mm diameter model footings also have hemi-spherical depressions
diametrically located at 37.5 mm distance from the centre, to position the
two identical (but smaller in radius) spherical tips of the hanger used to

apply vertical dead loads.

The leg models, shown in Figure 3.8, are basically duralumin rectangular
bars 665 mm long and 20 mm wide with a threaded pin at one end and a
spherical depression at the other. In order to prevent any rotation at its
top during the horizontal loading, the leg was held between two stiff
duralumin plates which the loading device moves by means of two parallel

arms. Two legs were available for testing: 9.0 mm and 14.3 mm in thickness.
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Figure 3.9 Photograph of the model footings and model legs

They were machined from a wider bar and special precautions were taken to
guarantee their straightnesses. Figure 3.9 illustrates the model footings

and the model legs.

3.6 Test Accessories

All the accessories used in this work are described in the following

sections and displayed in Figure 3.10.

(a) LVDT Holders

The LVDTs were attached to the fixed parts of the test assembling by means
of holders. There are two kinds of LVDT holder: one consisting of a

duralumin bar provided with a slot at one end and a hole with a plastic
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screw at the other, where the LVDT’s body is attached, and another which is
a duralumin plate provided with two slots and bolted at right angles to a
small bar having also a hole with a plastic screw to fix the instrument. The
first type was used to set up LVDTs in a vertical positions and was attached
to the tank flange, and the second for the horizontal LVDT and was usually

bolted to the columns of the reaction frame.

(b) Hanger

The hanger 1is used to apply vertical dead loads to model footings or legs.
It is made of duralumin and the 1load can be transmitted either by two
parallel rods symmetrically disposed, for combined loading tests, or by a
shorter central rod, for leg tests. In both cases the rods have a ball

bearing attached at the end.

(c¢) Hanger Winch

A small hand-operated winch is provided to allow the hanger to be lowered
gently onto the model footing or model leg. It is bolted to the horizontal

beam of the reaction frame and the hanger is suspended from it by a 1.5 mm

diameter wire.

(d) Loading Arms

The loading arms are used to link the loading device and the model footing
or model 1leg. The load cell forms part of the arm. There are two different

types of loading arms:

* for vertical central loading tests, with both ends threaded for

fixing to the loading device and to the model footing;
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Figure 3.10 Test accessories

* for combined loading and leg tests, with forked ends to allow
pinned joints with the loading device and with the rod of the model

footing or the head plate of the model leg;
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(e) Leg Test Guide

In order to avoid lateral instability during leg tests, a guide consisting
of two duralumin 1.5" x 1.5" angles separated by a 48 mm gap and welded to
supporting plates at their ends, was fixed to the reaction frame. Two smooth
perspex strips were stuck to the inner faces of the guide so that the

friction between it and the head plate was minimized.

3.7 Instrumentation and Data Logging

Linear Variable Differential Transformers (LVDTs) were used to measure all
the relevant displacements during the tests as well as to monitor the
consolidation process. Five LVDTs type D5/1000A (Figure 3.11), with captive
spring return armature, and one D5/2000, with free unguided armature, were
used to compute the model footing displacements. Three LVDTs type D5/100H,
with free unguided armature, were used to measure the ground heave 1in the
first test carried out while one LVDT type D5/10000C, with captive guided
armature and monitored by a chart recorder, was used to register the clay
sample height during the consolidation. The LVDTs have infinite resolution
and the rated accuracies are 0.1 % of the full stroke for the D5/100H and
lower than 0.3 % for the other types employed. The specifications of the

LVDTs are shown in Table 3.1.

All the LVDTs used in this work are a.c. devices and therefore require some
special electronics, consisting of signal conditioning modules (one for each
LVDT), which are self contained, d.c. energised carrier amplifier with a

transducer energisation output of 5 volts r.m.s. at 5 kHz.

Load <cells of different ranges (TCLZ-10KA, TCLZ-20KA and TCLZ-100KA) were

employed to measure the loads applied to the model footings (Figure 3.11).
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A = load cells
B = D5/1000A LVDTs

Figure 3.11 Load cells and some LVDTs employed

Two amplifiers were used in connection with these load cells to provide the
necessary amplification of the output signals and also to deliver the
transducer excitation voltage of 10 volts. The accuracy of these transducers

is 0.3 % of the full range. Table 3.2 shows the load cells specifications.

All the transducers were calibrated before first use and their calibration
constants checked regularly. It was observed that their values remained

practically the same over the duration of the research.
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The short stroke LVDTs were calibrated using a micrometer while a vernier

caliper was employed in the calibration of the long stroke LVDT.

Because of the low capacity of load cells TCLZ-10KA and TCLZ-20KA, their
calibration could be performed using a set of weights. Load cell TCLZ-100KA,

however, had to be calibrated against a proving ring of 1 kN capacity.

The data logging system consists of an IBM XT -equipped with a DASH-8
datalogger, which is an 8 channel 12 bit high speed A/D converter and
counter/timer board. The full scale input of each channel is + 5 volts with
a resolution of 0.00244 volts. A machine language I/0 driver (DASH8.BIN)
software is provided for control of A/D, timer and digital 1I/0 channel
functions via BASIC CALLs. Using the facility of the CALL routine, seven
programs were written in BASIC to monitor the tests, four for monotonic
loading and three for cyclic loading, and also to store the channel voltages

read in every scanning.

A second microcomputer, an Olivetti M19 also equipped with a DASH-8
datalogger, was used in the cyclic loading tests. In these tests the IBM XT
was employed to generate a sinusoidal output voltage as a reference for the
driving system. For this purpose a D/A converter, consisting of 2 separate
double buffered 12 bit multiplying channels, was installed and a BASIC

program written.

Table 3.1 LVDTs specifications

type working range linearity typical sensitivity
(mm) (mV/V/mm)
D5/100H + 2.5 B.S.I. Grade Al 70.0
D5/1000A + 25.0 B.S.I. Grade A 35.0
D5/2000 + 50.0 B.S.I. Grade A 35.0
D5/10000C + 250.0 B.S.I. Grade A 7.0




Table 3.2 Load cells specifications

type wvorking range rated output non-linearity hysteresis
(N) (uv/Vv) (% of RO) (% of RO)
TCLZ-10KA + 98 1499.9 (c) 0.03 0.03
1499.9 (t)
TCLZ-20KA 4 196 1501.2 (c) 0.03 0.03
1501.4 (t)
TCLZ-100KA + 980 2000.9 (c) 0.03 0.03
2001.2 (t)
Notes

(1) RO = rated output

(2) ¢
(3) t

compression
tension

3-20




CHAPTER 4

SAMPLE PREPARATION AND CLAY PROPERTIES

4.1 Introduction

Modelling a soil is always the most difficult part in a programme of model
tests in foundation engineering. In this work a clay soil model was produced
to allow the testing of circular model footings under various loading
configurations. For monotonic loading tests, when undrained conditions hold,
the modelling is quite realistic, while for cyeclic loading tests, performed
over much longer intervals of time, the results must be understood with

attention to the possibility of drainage.

As clay generally takes a long time to reach a steady state during
consolidation or swelling processes, the testing programme had to be a
compromise between a minimum time required for sample preparation and the
necessary number of tests to be carried out to accomplish a parametric study

in a limited period of time.

Monitoring of consolidation of the clay samples was carried out for all the
fourteen series. A total of 698 vane tests, 2 consolidation tests and 9

triaxial tests provided data for analysis of the clay model.

The consolidation tests were to compare with the compressibility parameters

found in the literature and for comparison with data obtained from

preparation of the clay samples in the consolidometers.
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Because the index properties of Speswhite kaolin clay are reasonably

well-known, no index tests were performed in this research.

4.2 Preparation of the Clay Sample

4.2.1 Kaolin Clay

The choice of the Speswhite Kaolin for the clay samples was made mainly

because of the following reasons:

(a) It is easily obtainable.

(b) It has been extensively used in research and therefore its

geotechnical properties are well known.

(c) For a clay, it has a high permeability, allowing consolidation of
large clay samples in a relatively short period of time. However,
this is disadvantageous when undrained behaviour it sought and

long intervals of loading are required.

4.2.2 Setting up the Consolidometers

For each consolidometer the first step was to attach loosely the base plate
to the piston plate using the plugs designed for this purpose so that the
plates could move relatively a few millimetres. The bottom cylinder was then
bolted to the base plate with the piston inserted in it and with greased
rubber gasket between its flange and the base. At this stage the plugs were
fastened and the top cylinder bolted to the bottom one with another greased

rubber gasket placed between them.
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Silicon grease was spread all over the inner surface of the tanks’ walls
(approximately 0.10 1 of grease per consolidometer) to minimize friction
between them and the clay during consolidation. In each consolidometer a
plastic hose was attached to the tap in the base plate and fixed to the top
cylinder so that the water coming from the bottom drainage could be

collected and transferred to the free surface of water.

After being assembled, the consolidation tanks were carefully centred with

respect to the apparatus rams and filled up with water to check for leaks.

Because double drainage was allowed during consolidation, two porous discs
were used at the top and bottom of the consolidometers. They were made up by
cutting discs 449 mm in diameter from a sheet of 4.75 mm thick porous
plastic (Vyon "F"). They were chamfered to reduce friction when placed at
the top and always positioned with the smooth face in contact with the
slurry. To guarantee complete saturation, they were soaked in clean water

for at least 24 hours before they were used.

4.2.3 Mixing the Slurry

The clay samples were prepared by consolidating from a kaolin slurry
obtained through continuous mixing of water and kaolin powder in a
mechanical mixer powered by a 2 H.P. geared motor. The mixer operates under

vacuum and 1is equipped with a slurry pump and a vacuum gauge. Gue (1984)

describes the mixer in more detail.

The output valve of the mixer, placed between it and the slurry pump, was
initially closed and a volume of about 67 1 of water was poured into the
trough. A weight of kaolin powder was then added to the water to produce

about 88 1 of slurry at 120 % water content (about twice the liquid 1limit).
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At this stage special attention had to be paid to ensure that there was no
free powder on the surface of the water or dry kaolin cakes stuck to the

trough wall. The lid was closed, a vacuum of about 90 kPa (about 30 ft HZO)

applied by means of a vacuum pump and the mixing started. Although the 1lid
wvas firmly fastened using "G" clamps, some problems were experienced with

sealing. A minimum vacuum of 80 kPa (about 27 ft H20) was maintained. The

mixing was carried out for 2 hours and in the last 15 minutes the vacuum was
slowly released. At the end of the mixing the motor was switched off, the
1id was opened and water content specimens were collected for control
purposes. The slurry was then pumped into the tanks in each consolidation
apparatus until a pre-set height was met. This height was derived from the
compressibility characteristics of the clay so that the upper face of the

sample was about 15 mm below the top of the bottom tank at the end of the

consolidation process.

4.2.4 Consolidation and Swelling

Having filled the three consolidometers, the porous discs were placed in
their respective positions, the loading platens lowered and a small pressure
applied to check any leak of slurry past the sealing tubing existing around
them. The slurry under pressure squeezes up if the platen is not accurately

centred with respect to the cylinder.

With the long stroke LVDT installed in tank 1 and connected to a chart
recorder through a signal conditioning module, and the bottom drainage tap
open, the clay was then consolidated up to the maximum pressure of 200 kPa
in four stages of loading (25 kPa, 50 kPa, 100 kPa and 200 kPa). The excess
pore pressure was not allowed to dissipate entirely during the two initial
stages, the next stage being applied when displacement rate dropped to about
1 mm/hour. The 1last two stages were allowed to reach the end of primary
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consolidation, which was found to correspond approximately to the rate of

settlement of 0.1 mm/day.

Tt usually took three to three and a half weeks to consolidate a batch of
clay samples. After the end of consolidation, the pressure on the samples
was released in three stages of unloading (100 kPa, 50 kPa and O kPa) with
the bottom drainage closed to prevent air entering the clay sample.
Unloading stages larger than 100 kPa must be avoided because it induces
cavitation, affecting the clay strength, as reported by Mair (1979). The two
first stages lasted one day each, approximately, and the last one the
minimum period of one and a half days before starting testing. This timing
was initially thought to be enough to allow full dissipation of the suction
inside the c¢lay sample. Gue (1984), wusing the same clay, the same
consolidometers and the same procedures observed by means of pore pressure
transducers installed near the bottom of the tank that the suction developed
when the clay sample was unloaded from 200 kPa to 100 kPa dissipated in
about 3 hours, and on wunloading from 100 kPa to 33.3 kPa dissipation

occurred within a period of 17 hours.

4.3 Miniature Site Investigation

A miniature site investigation was carried out on the clay sample after the
end of every test performed. It consisted of eight laboratory shear vane
tests and water content measurements. The vane tests were performed using a
miniature Pilcon vane with 33 mm by 50 mm vane in four different locations
on the surface, 70 mm from the tank’s wall and on two perpendicular lines
passing through the centre of the sample (Figure 4.1). The strength was
measured at two depths, 60 mm and 140 mm, measured from the surface of the

clay to the mid height of the blades.
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The vane was slowly and carefully inserted into the sample up to the first
level and then a torque was applied by manually rotating the handle at a
rate of approximately one revolution per minute, as recommended by the
manufacturer. When the four tests at the level of 60 mm had been completed,
four 80 mm deep holes were augered at these locations so that the second
level wvane tests could be carried out with the same shaft embedment as in
the first level. The tests at the depth of 140 mm were performed following

the same procedures as before.

Water content specimens were collected from a vertical diametrical section
of the sample, 70 mm from each side and at depths of 60 mm and 140 mm,
approximately, and determined in accordance with B.S. 1377. In order to cut
the sample and obtain the specimens (Figure 4.1), the clay block had to be
removed from the cylinder either by being pushed up (first half) or
disassembling the tank set-up (second half). In both cases the operation

took a few hours, and these samples were wusually not taken until 3 to

12 hours after the end of testing.

4.4 Standard Laboratory Tests

Batch 14 was wused for standard laboratory tests. Initially a volume of
slurry was collected from the mixer, at the time of the mixing, for two
oedometer tests. After consolidation and swelling, five half samples were
used for strength and water content measurements in accordance with the plan

represented in Figure 4.2,

(a) Oedometer Tests

Oedometer tests were done using a standard consolidation cell with a fixed

ring, as specified in B.S. 1377, extended by a cylinder of perspex with the
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same inner diameter as the cell and 90 mm high. Silicone grease was spread
over the inner surface of the cell to minimize friction. Porous discs were
placed at the bottom and at the top of the consolidometer so that double
drainage could be allowed. To avoid the slurry squeezing up when loaded, a
perspex disc with a number of tiny holes (to allow drainage) and an "O" ring
laterally fitted was placed between the porous disc and the loading plate.
The cell was set up in a consolidation press and an LVDT type D5/10004

installed to measure the vertical displacement.

The initial height of the sample was carefully measured before the beginning
of each test and later checked through back calculation using the values of
initial and final voids ratios and the total settlement. The loads were
applied in four stages of loading (12 kPa, 36 kPa, 90 kPa and 190 kPa) and
removed in three stages of unloading (112 kPa, 60 kPa and 12 kPa).

Before each test the compressibility of the assembling was determined and

the friction between cell wall and perspex disc measured. A quite good

repeatability was observed. The pressures were corrected for the friction.

The final water content specimen was weighed no longer than two minutes

after the end of the test.

(b) Vane Tests and Water Content Measurements

The aim of these tests was to supplement the strength and water content data
obtained during the model testing. Vane shear tests were carried out along a
diameter to define a horizontal profile of strength, and also at depths of
100 mm and 180 mm in addition to the standard 60 mm and 140 mm. Vater

content specimens were also taken at these depths (Figure 4.2).
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Vane tests were performed following the same procedure as in Section 4.3 and
wvater content specimens were taken about 2 hours after the vanes and weighed
within the period of 1 to 2 minutes after collection. Remoulded shear
strength was obtained by shearing the sample at normal rate after it had

been sheared for three revolutions at a much faster rate.

(¢) Triaxial Tests

A group of undrained triaxial tests with measurement of pore pressure were

carried out as part of the investigation programme on batch 14.

The samples were taken from tank 2, first half, and tank 3, first half, as
shown in Figure 4.2, using cylindrical brass samplers 38 mm in diameter and
1 mm wall thickness, slightly oiled to reduce friction and minimize
disturbance. With the «c¢lay surface covered with a layer of water, the
samplers were carefully driven into the clay until the top reached the water
level. At this point the water enclosed by the sampler wall was replaced by
a layer of silicon grease overlain with a coating of wax. After the vane
tests and collection of water content specimens, the block of clay was taken
apart so that the samplers could be freed without any disturbance. The other
extremity of each sampler was covered with layers of grease and wax and
finally they were individually wrapped in cling film. The tests were carried
out in an ELE Tritest 50 triaxial apparatus equipped with a proving ring to
measure axial loads, an LVDT to measure vertical displacements and a pore
pressure transducer. Specimens 38 mm in diameter were prepared with a height
of 76 mm, accurately measured and weighed, placed on the pedestal and then,
very carefully, fitted with a rubber membrane. Precautions were taken at
this stage to ensure that the base porous stone and the paper filter to be
placed between it and the specimen were fully saturated with de-aired water

and no air bubbles were entrapped either inside the specimen or in the
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system that measures the pore water pressure at its bottom.

A cell pressure of 400 kPa was applied in four stages (100 kPa, 200 kPa,
300 kPa and 400 kPa), each stage being held for about 1 hour and the pore
pressure read at intervals. The ratio between the increments of pore
pressure and cell pressure (Skempton’s parameter B) was always higher than
0.90 in the second stage and higher than 0.95 in the third and fourth

stages.

The tests were undrained and were run at a constant vertical displacement
rate of 0.08 mm/minute. This value was derived using the method introduced
by Bishop and Henkel (1962) assuming 95 % of equalization of pore pressure

throughout the specimen and the coefficient of consolidation c, of

14 mz/year.

4.5 Compressibility of the Kaolin Clay

Results of oedometer tests 1 and 2 are plotted in Figure 4.3 as voids ratio
versus vertical pressure in logarithmic scale. In the same figure are shown
points obtained from consolidation of batches 5, 7, 9, 13, and 14 (two final
stages), Gue’s results (1984) and Fannin’s results (1986). Despite the

scatter, the agreement is good.

Considering only the points corresponding to oedometer tests, the best fit
for the slope of the compression line X is 0.22 and for the swelling line K
is 0.03. The plastic volumetric strain ratio A calculated is 0.85. Assuming

KO = 0.64 (Fannin, 1986), the value of (e>\)1_D is 2.34, which 1is slightly

lover than the values obtained from the literature review (Table 2.2).
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It can be noticed, however, that the compression line is not absolutely
straight, as previously reported by Butterfield (1979) and Martins (1983).
If two straight lines are fitted through the points obtained, the slopes are
0.23, for vertical pressures up to 50 kPa, and 0.21, for higher pressures,

being in good agreement with the literature reviewed.

Figure 4.4 shows the variation of the coefficient of consolidation c,

calculated for each increment of pressure, with vertical pressure in a
logarithmic scale. The figure includes results of oedometer tests 1 and 2,
the last two stages of consolidation of batches 5, 7, 9, 13 and 14 as well

as points obtained by Gue (1984), Love (1984) and Fannin (1986).

A good agreement between the existing and new data is observed with a little
scatter. Results from oedometer tests seem to confirm an approximately

linear relationship between c, and the logarithm of the vertical pressure.

Using the c, values obtained in each stage of loading for oedometer tests

and from the last two stages for consolidation of batches 5, 7, 9, 13 and
14, the coefficient of permeability could be derived for each increment of
pressure, as presented in Figure 4.5. For the increment from about 100 kPa

to about 200 kPa , the coefficient of permeability is of the order of

3.0 x 1077 m/s.

4.6 Strength of the Clay Sample

4.6.1 Vane Tests

A total of 84 model tests were performed on 76 half clay samples in fourteen

batches. 1In each half sample eight vane shear tests were carried out at two
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depths: four at 60 mm and four at 140 mm. The average value of the undrained

shear strength Sy for each level is plotted in Figure 4.6 against the time
elapsed from the beginning of the last stage of swelling (oV = 0 kPa) up to

the moment of the test. Different symbols are used for first and second

halves of the clay sample.

The scatter observed can be explained by the fact that the friction between
the top platen and the surface of the cylinder may vary between
consolidometers and even between batches in the same consolidometer, the
internal friction of each ram is also a contributory factor. Although the
former may not be significant in affecting consolidation, it certainly has

some restraining influence on the swelling of the clay. The reduction of Su

with time is due to a continued gradual swelling process.

Another feature observed is the increasing strength with depth for both
halves. Figure 4.7 shows a frequency analysis of the ratio between the

average values of Su at 140 mm and at 60 mm , represented by e and Table

4.1 presents the values of some statistical parameters from the analysis. It

is noticeable that the ratio of strengths is smaller for second-half blocks

than for first-half ones.

In batch 14 five half samples were allocated to miniature site investigation
and to collect samples for triaxial tests (see Figure 4.2). The results are
presented in Tables 4.2 (a), 4.2 (b) and 4.2 (¢). The sixth sample, the

first half of tank 1, was used for a repeated model test.

The diagram of Figure 4.8 shows, for each tank, the time elapsed since the
piston pressure was released to O kPa until the moment the investigation was

initiated.
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Table 4.1 Statistical parameters from the analysis of r

r
S
set of
samples
. . standard
milinimum maximum mean R R
deviation
first 1.067 1.313 1.198 0.054
halves
second 1.017 1.314 1.171 0.072
halves

The vertical profiles of strength are shown in Figure 4.9, where the mean
values are indicated for each level. Tank 3, having been tested after tank
2, reveals a weaker profile both for first and second halves. Tank 1,
however, is the strongest second half sample in spite of being the last one
to be investigated. Bearing in mind that this sample was tested immediately
after the upper block had been removed, this apparent inconsistency may
suggest that the friction between the upper block of clay and the cylinder
is enough to restrain partially the swelling of the lower block, acting as a

"plug" that, once removed, frees the clay to resume swelling.

The water content (w) profiles, illustrated in Figure 4.10, are consistent

with the strength profiles, showing a pattern of higher water content at

lower strength.

Looking at the horizontal strength profiles in Figure 4.11 from results of
vane tests carried out along a diameter of the clay sample, it 1is evident

for first half samples that ry is smaller at the centre than at 70 mm from

the wall.

The second half profiles show clearly for tanks 2 and 3 that at the depth of
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Table 4.2

(a) Batch 14 - values of the undrained shear strength

S, (kPa)
sample test depth (mm) (im)
60 100 140 180

12.2 14.5 70.0
12.4 12.4 147.5
11.9 12.4 225.0
11.7 12.8 147.5
vane 11.7 13.2 70.0
tank 2 11.9 14.9 70.0
12.3 13.7 70.0
1st half 12.6 13.7 70.0
12.5 14.2 70.0

triaxial
T3B-1 25.7 70.0
T4A-1 19.0 70.0
T4B-1 22.3 70.0
11.6 12.2 70.0
10.9 11.2 147.5
11.5 11.4 225.0
11.1 11.5 147.5
vane 11.7 12.3 70.0
12.3 11.9 70.0
12.3 12.8 70.0
12.1 12.2 70.0
tank 3 12.0 12.0 70.0

1st half triaxial
T2A-2 10.4 70.0
T2B-2 13.5 70.0
T3A-2 17.3 70.0
T3B-2 18.5 70.0
T4A-2 16.3 70.0
T4B-2 19.9 70.0

Note

(1) d = distance from tank wall
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Table 4.2 (b) Batch 14 - values of the undrained shear strength
s, (kPa)

depth (mm) d
(mm)

sample test

60 100 140 180

9.
10.
10.
10.
10.

70.
147.
225.
147.

70.

70.

70.

70.

70.

tank 2

O 0O 0O
W~ O oW
O WL O WO

vane
2nd half 10.
10.
11.

10.

loNeNeRoRo R, RNV, )

O WO O O
W N Oy n
O = OO

70.
147.
225.
147.

70.

70.

70.

70.

70.

tank 3

~N N NN
O 0w o b
—
O O vwo
N O N~

vane
2nd half

QOO OOoOWLMOWLO

0 oo
w L O
O O O O
ANO W W

11.
12.
12.
11.
10.

70.
147.
225.
147.

70.

70.

70.

70.

70.

10.
10.
tank 1 10.
vane 9.
2nd half 10.
10.
10.
10.

NN LT Oy
WO W &~

10.
10.
11.
10.

OO O OO WLOWLO

W O ~
[o=JNUSIN SRRV ]

Note

(1) d = distance from tank wall

60 mm S, is smaller at the centre than near the edges, the ratio between

these values being approximately 0.96 for tank 2 and 0.90 for tank 3. At the
depth of 140 mm, however, an entirely different pattern can be observed,

with Sy larger at the centre, leading to ratios of 1.09 and 1.18 for tanks 2

and 3 respectively. For both tanks the curves are similar and if the one

corresponding to tank 3 is shifted about 1 kPa upwards they become
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Table 4.2 (c) Batch 14 - values of the water content w (%)

sample depth (mm) (im)
60 100 140 180

tank 2 52.6 52.5 52.2 52.0 70.0
1st half 52.6 52.3 52.9 52.9 70.0

tank 2 54.9 54.4 54.2 53.9 70.0
2nd half 54.7 54,2 54.5 54.2 70.0

tank 3 54.5 53.9 54.2 53.6 70.0
1st half 53.6 53.7 54.0 53.4 70.0

tank 3 * 55.8 55.4 54.8 70.0
2nd half 55.8 55.5 55.2 54.5 70.0

tank 1 54.5 53.8 54.4 54.1 70.0
2nd half 54.5 53.9 54.0 54.5 70.0
Notes

(1) d = distance from tank wall

(2) * = specimen contaminated

practically coincident. Tank 1, however, exhibits a rather different
pattern: the «clay 1is stronger at the centre than near the edges at both

depths. It is also stronger than any other second half sample.

The small inhomogeneity in strength observed along a diameter in the three
second half clay blocks suggests that the lower part of the samples is
affected by lateral friction on the upper part, despite the layer of grease
between clay and inner face of the tanks. The friction would reduce the
vertical effective pressure 1in zones near the tank wall, producing then a
sample stiffer in the centre and becoming slightly weaker at larger radii.
After the first half is trimmed off, the clay restarts swelling freely in
the centre and with some frictional restraint near the edges. From
observation of Figures 4.8 and 4.11 (b), it can be concluded that a few

hours of free swelling were not long enough to reverse the initial
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Figure 4.8 Batch 14 - diagram showing the time elapsed since the beginning
of the last stage of swelling until the moment of the miniature
site investigation

configuration (centre stiffer) at both depths, and approximately 1.5 days

could only reverse the situation at a depth of 60 mm.

The range of variation of the ratio between peak and remoulded strength
obtained from results of wvane tests in five half samples of batch 14 is
represented in Figure 4.12. It clearly decreases with depth and,

consequently, increases with the OCR.

4.6.2 Triaxial Tests

Preparing and setting up samples of soft clay in a triaxial apparatus is
always a difficult task. Any minor disturbance that might occur during the

preparation of the sample can damage soft clay samples. In this work, any
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Batch 14 - horizontal profile of undrained shear strength
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Figure 4.12 Batch 14 - variation of the ratio between peak and remoulded
shear strength with depth

sample that for one reason or another was thought not to be of good quality

wvas therefore abandoned.

Nine unconsolidated wundrained triaxial tests with measurement of pore
pressure were performed altogether and the results plotted in p’ (mean
normal principal effective stress) :q (deviator stress) space, shown in
Figure 4.13. Seven out of nine tests led to undrained shear strength

considerably higher than those obtained by vane tests. The ratio between
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triaxial and vane results ranges from 0.89 to 1.95. The reasons for this are

not clear but some observations can be made:

(1)

(i)

(iii)

(iv)

The tests are completely different and thus may be differently
affected by local disturbance inflicted by the measurement
hardware. For instance, the driving of the vane into the clay
introduces an increase in the pore pressure near the region to
be sheared, decreasing the mean effective pressure and
therefore affecting somehow the strength, while the triaxial
tests carried out with fixed ends samples suffer end restraint
leading to non-uniformities in stresses and strains inside the

sample.

In some tests the stress path in p’:q space has an initial
slope of about 1:3. This observation might indicate incomplete
saturation in spite of all the precautions taken to prevent it.
It must be pointed out, however, that test T4B-2, leading to a
very high shear strength shows a stress path starting
vertically and then slightly curving to the 1left, while test
T2B-2, indicating a much lower strength, shows the initial 1:3
slope. Both tests were carried out on specimens from the same

tank and taken from the same depth of 140 mm.

The same apparent inconsistency was observed by Love (1984) and

May (1987), although to a lesser extent.

There is no fundamental reason why different tests should give

the same Sy value (Wroth, 1984).
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Figure 4.14 shovs the curves corresponding to vertical strain € versus q and
€ versus excess pore pressure Au for all the tests. Comparing these curves
with the stress paths presented in Figure 4.13 it is clear that the tests
are consistent among themselves. Table 4.3 shows the critical state
parameters derived from the test results. The values of the spacing ratio r
and the undrained strength ratio for 1-D normally consolidated <clay

(su/u\’/o)nC were calculated using the following expressions, respectively:

A

[%] and [4.1]

|
Il

=l

=
o~

A
vo_ _ rM [4.2]
s
u
{o’ ]
vo’nc
wvhere:
S undrained shear strength of the clay;
p’ = mean effective stress at the beginning of the test;
0

M = slope of the critical state line in p’:q space;

— 7 4 3 3 3 .
R = pmax/po (overconsolidation ratio);

r = spacing ratio;
A = plastic volumetric strain ratio;
o/ = vertical effective stress at the beginning of the test

(equal to pé).

and assuming:

M =0.9, from revised literature (Steenfelt, Randolph and Wroth,
1981 and Martins, 1983);
A = 0.85, from oedometer tests.
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Figure 4.13 Effective stress paths for undrained triaxial compression tests

Table 4.3 Critical state parameters obtained from triaxial tests

test P6(= %o Su R t (s4/ %0 ne
(kPa) (kPa)

T3B-1 37.73 25.67 4.03 2.5 0.21
T4A-1 15.28 18.97 9.95 3.0 0.18
T4B-1 34.38 22.27 4.42 2.9 0.18
T2A-2 0.00 10.40 © - -
T2B-2 1.52 13.53 100.00 3.0 0.18
T3B-2 17.50 18.55 8.69 3.2 0.17
T3A-2 14.03 17.31 10.83 3.3 0.16
T4A-2 11.78 16.27 12.90 3.4 0.16
T4B-2 26.55 19.91 5.73 3.1 0.17
Notes

(1) A corresponds to depth of 60 mm

(2) B corresponds to depth of 140 mm

(3) 1 corresponds to first group of triaxial tests
(tank 2 - 1st half)

(4) 2 corresponds to second group of triaxial tests
(tank 3 - 1st half)
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Although R varies within a significant range, the values of r and (su/o\'lo)nc

only slightly change from test to test. The latter quantity agrees fairly

well with the wvalue 0.21 &+ 0.01 obtained by Steenfelt, Randolph and Wroth

(1981).

The initial rigidity index, defined as the ratio between the secant modulus

G33 at the point on the stress-strain curve corresponding to a third of the
failure stress and the undrained shear strength, G33/Su’ was calculated for
each test. The values of G33/Su are plotted in Figure 4.15, together with

the values previously obtained by Davidson (1980) and Fannin (1986) in a
similar way. The results of this study seem to agree very well with the

trend of decreasing G33/sU with increasing overconsolidation ratio, in

400
633
S ~ O DAVIDSON (1980)
¢ + FANNIN (1986)
300 - ¢ THIS STUDY
+
200 N
N +
4 +
o ¢
wod o B,
0O p
o 4 o ¢ ¢ .
| R ) A
Y T T T T T T T T T T 1 T
s 2 4 6 8 10 12 14

OVERCONSOLIDATION RATIO (R}

Figure 4.15 Variation of initial rigidity index (corresponding to G33) with

overconsolidation ratio
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accordance with Wroth, Randolph, Houlsby and Fahey (1979) and Houlsby and

Wroth (1985).

4.6.3 Index Strength

Because of the very good repeatability observed in each group of four tests
corresponding to a particular depth in a half sample, the shear vane tests
were considered reliable enough to define the undrained strength of the
clay. Figure 4.16 shows the frequency distribution of the ratio between the
maximum and the minimum strength observed in each group of four vane tests

performed at the same depth.

The index strength for 100 mm diameter model footing tests was therefore

defined as the average of the results of the vane tests carried out:

(a) at the depth of 60 mm for model tests performed at the clay

surface;

(b) at the depths of 60 mm and 140 mm for deep model tests performed

at the depth of 0.35 D (D = diameter of the footing);

(c) at the depth of 140 mm for deep model tests performed at the depth

of 0.70 D.

For 50 mm diameter model footing tests, the index strength was assumed to be
the value corresponding to 30 mm depth, derived from linear extrapolation of
the average of the vane results at the depths of 60 mm and 140 mm

respectively.
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From the strength profiles on horizontal planes presented in Section 4.6.1
it is observed that, in 90 % of the results, the strength at the centre of

the sample was within + 12 7 of the average strength at 70 mm from the tank

boundary.
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Figure 4.16 Frequency distribution of the ratio between the maximum and the
minimum shear strength observed at the same depth
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CHAPTER 5

MODEL TESTING PROCEDURES

5.1 Introduction

This chapter describes in detail all the procedures employed during the
testing phase of this research. The most relevant aspects of both monotonic

loading and cyclic loading tests are highlighted.

5.2 Monotonic Loading Tests

The analysis of the behaviour of footings on clay under combined loads is
believed to be realistically achieved by means of physical modelling as long
as boundary effects are insignificant and loading can be treated as

undrained.

When the clay sample was ready for testing, the bottom tank together with
the square base were taken out of the consolidation apparatus and the
reaction frame was set up around the former. An approximately 15 mm deep
wvater layer was maintained on the «clay surface to guarantee complete

saturation of the clay.

After the test on the first level had been carried out, the reaction frame
wvas taken away and the tank lifted about 800 mm so that the plugs on the
circular base plate could be removed and the rods attached to the piston
plate and to their pedestal plate. The assembly was then lowered to rest on

the square base and a vertical load of about 800 N to 1000 N was applied on
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the tank to displace it downwards the length of 220 mm. Using a thin wire
the extruded clay block was cut in four pieces, to allow the collection of
wvater content specimens, and then trimmed off. The tank was then lifted
about 15 mm to allow a water layer on the new clay surface and the
triangular plates set between it and the square base. No more than three
minutes elapsed from the time the new surface was exposed until the moment
water was poured on it. Figure 5.1 represents schematically the procedure

described above while Figure 5.2 shows two steps of the operation.

5.2.1 Vertical Central Loading Tests

These tests involved purely vertical central loading and were 1intended
simply as calibration tests to check that the behaviour of the models was as

would be predicted by conventional soil mechanics theories.

For this kind of tests the loading device was vertically attached to the
horizontal beam of the reaction frame and the loading arm, fitted with load
cell TCLZ-100KA, was screwved to the model footing. Two D5/1000A LVDTs were
vertically fixed to two holders, having their armatures supported on the
upper face of the model footing and symmetrically located in respect to its
centre. The footing was then placed at an initial position, which was gently

touching the clay surface in each case.

In order to assess the significance of boundary effects it was decided to
perform tests on footings of two different sizes, 50 mm and 100 mm in
diameter, and also to monitor the ground heave during one 100 mm flat
circular footing test. In this test three D5/100H LVDTs were used at 98 mm,
122 mm and 146 mm away from the edge of the footing, in the radial direction
and having the armatures resting on the clay surface. Small plastic discs

were stuck on the tips of the armatures to prevent any relative displacement
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between them and the clay surface.

Tests were carried out on flat circular plate, 150° cone, 120° cone,
0 0 0 0 . .
90" cone, 60" cone, 1207 spud-can and 1307 spud-can 50 mm in diameter and

flat circular plate, 120° spud-can and 130° spud-can 100 mm in diameter, as
shown in Figure 5.3. The vertical displacement rate was 20 mm/min, which was
understood to lead to undrained behaviour and the tests went on until any

instrument (LVDT or load cell) reached its range limit.

5.2.2 Combined Loading Tests

(a) Standard Tests

These combined loading tests were carried out by applying an initially
horizontal constant displacement rate load to a point at a particular height
(the loading point) on a bar provided with holes (the loading bar) firmly
attached to the model footing. A fixed vertical load was also applied by
using a hanger and weights. This configuration of loading was a compromise
between a realistic representation of the prototype, a jack-up rig leg
subjected to combined vertical and horizontal loading at the contraflexure
point, and a modelling allowing a parametric study involving the most
relevant variables believed to control the problem: geometry of footing,

height of application of horizontal load and vertical load (Figure 5.4).

The set of footings used comprised a flat circular plate, a 120° cone, a

60° cone and a model of a real spud-can (1300 spud-can), all 100 mm in
diameter. The choice of the larger footing size resulted from the

realization of no significant boundary effect detected in the preliminary
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Figure 5.3 Programme of vertical central loading tests
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LOADING BAR

/ LOADING POINT

Figure 5.4 Combined loading tests - loading configuration

tests for this case combined with the fact that it provides a more accurate

response of the instrumentation.

In a jack-up rig the ratio between the height of the contraflexure point and
the footing diameter, h/D, varies typically between 0 and 2.5, the former
value representing pin joint behaviour of the footing and the latter full
fixity for a typical 1leg length of 5 diameters. These extreme cases
certainly do not occur and must be seen as lower and upper bounds. In this
study two values of the height of application of horizontal loads were
assumed, approximately 50 mm and 150 mm, leading to ratios h/D of 0.5 and

1.5.
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Two values of the fixed vertical load were chosen in this research: the high
one corresponding to 75 % of the theoretical collapse load of the flat
circular model footing under vertical central loading, i.e. about 330 N, and

the low one about 30 % of that value.

The first step in combined loading tests was to screw the loading bar to the
model footing and accurately measure the height of the loading point. The
next step was the installation of the model footing on the clay sample. In
the case of flat circular footings, this was attained simply by placing the
model footing on the clay surface. For cones and spud-cans it was achieved
by driving the model into the clay until the footing was just penetrated up
to its maximum diameter. In the latter case, a load cell TCLZ-100KA and a
D5/2000 LVDT were used to register the load and displacement data. In this
case, unlike vertical central loading tests set-up, the footing already had
the loading bar screwed to 1its centre and the loading device had to be
pinned to the highest hole in the bar (Figure 5.5). The upper face of the
model footings remained, at this stage, about 10 mm above the mud line. The
loading device was then attached to the reaction frame so that the loading
arm was horizontal, as shown in Figure 5.6. The loading arm included a load

cell to measure horizontal load.

Four LVDTs D5/10004 were set vertically on the footing at the edges of a
56.6 mm side square. A fifth LVDT D5/1000A was installed horizontally,

aligned with the loading arm axis and opposite to it.

The instrumentation lay-out described allowed an absolute knowledge of the

model footing load and displacement components on the loading plane at any

time during the test.
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Figure 5.5 Installation of the model footing in the clay sample

At this stage the microcomputer vas switched on and the data
logging/monitoring software initialized. The vertical dead load was then
applied by carefully 1lowering the hanger with weights wuntil the ball
bearings at the tips of its vertical double support were resting on the
spherical depressions on the footing (Figure 5.7). As a precaution to reduce
friction, some grease was spread on the footing depressions before

application of vertical load.

The motor was then switched on and the test continued with the loading arm

going forth and back, in a few manually controlled cycles and at a
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Figure 5.6 Combined loading tests - testing assembly
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Figure 5.7 Detail of the hanger supports resting on the model footing

Figure 5.8 View of a typical combined loading standard test set-up
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displacement rate of about Ao/min, vhich was a compromise between undrained
behaviour and the speed through which the system was able to acquire data to
define relevant parts of the moment versus rotation curve. The test
proceeded until it was not possible to work any more within the linear range
of the LVDTs. Figure 5.8 displays a typical combined loading standard test

set-up.

(b) Deep Tests

Combined loading deep tests were conceived to study the influence of the
embedment depth on the behaviour of circular footings. They were similar to
standard tests except for the position at which the model footing was placed
into the clay sample before the test started: approximately 35 mm and 70 mm

deeper than standard tests.

The tests vere carried out on 130° spud-can and the four vertical LVDTs were
in this case set up on an auxiliary duralumin disc attached between the
loading bar and an extension rod screwed to the footing. The height of
application of the horizontal 1load had to be increased to approximately
200 mm because of physical limitations in the assembly and the vertical dead
load was applied onto the auxiliary disc. Figure 5.9 illustrates a deep test

set-up.

5.2.3 Leg Tests

Leg tests were designed to provide information about the interacting
behaviour of a jack-up leg and its foundation through a physically similar
model. The purpose is to apply a horizontal deflection to the top of a model

jack-up leg, whilst preventing rotation of the top of the leg.
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Figure 5.9 Combined loading deep test set-up

The 1leg model consists of a slender bar fixed to a bipartite stiff plate

along its upper part and having a 130° spud-can model footing attached to

its lower end (Figure 5.10).

The first step was to bolt the lateral guide to the reaction frame and to
spread some light o0il on the surface of the perspex strips to reduce
friction. The next step was to place the model leg in the starting position
by penetrating the footing into the clay by pushing the plate-leg-footing
assembly down through the lateral guide. As in the combined loading tests,
load and displacement data were collected during this phase. In order to
avoid any disturbance during the subsequent set-up operation, the model leg
was temporarily fastened to the guide by a "G"-clamp, after its verticality

had been checked. The loading device was then bolted horizontally to the
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Figure 5.10 Model leg attached to the model footing and to the bipartite
stiff plate

reaction frame and two loading arms, fitted with load cells TCLZ-10KA and
TCLZ-20KA, were pinned horizontally between it and the plate holding the

model leg.

The vertical D5/1000A LVDTs were placed on the model footing in the same way
as in standard combined loading tests, and the horizontal one was set a few
millimetres above the leg tip. A sixth LVDT (D5/2000) was also placed
horizontally near the loading device to measure the horizontal displacement

of the loading arms, as shown in Figure 5.11.
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Before the test started, a vertical dead load was applied to the top of the
leg. This load produces an additional moment on the model footing when the

leg deflected, besides the moment induced by the horizontal loading.

The leg test set-up (Figure 5.11) allowed vertical and horizontal
displacements of the top of the leg, but restrained any rotation at this
point, as is approximately true for real jack-up rigs. The instrumentation
provided complete information about load and displacement components on the
loading plane at both leg extremities. The displacement ratio was the same

as in combined loading tests.

The pertinent data logging/monitoring program displayed, among other
numerical information, the moment at the top of the leg throughout the test.
This data was important to avoid overloading the leg, causing plastic
deformation and therefore permanent bend. The Young modulus and the maximum
bending moment in the fully elastic range were derived from a cantilever

test performed on a beam cut from the same bar used to make the model legs.

Two legs were used in the tests, 9.0 mm and 14.3 mm in thickness, both 20 mm

wide and having a free 1length of 500 mm. Two vertical dead loads, about

130 N and 330 N, were studied. Only one kind of model footing (the 130°

spud-can) was employed.

5.2.4 Data Logging and Control

Programs in BASIC were written to log the data and monitor monotonic loading

tests using a microcomputer. A number of programs were developed to meet the

particular requirements of different types of tests.

All the programs started with the input of necessary data concerning the
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test, followed by continuous scanning of all channels. At this stage the
voltages read on each channel were displayed on the screen so that a general
check could be performed on the instrumentation output, allowing also any
positional adjustment of the LVDTs. If everything was in order, a keyboard
command triggered an initial read-out of all channels and the test was
started. As the testing went on the channels were repeatedly scanned and the
increment of a particular component of displacement (vertical or rotation,
depending on the type of test) was computed and compared with a pre-defined
limit. If this 1limit was reached, the readings were stored 1in array
variables and, wusing the calibration coefficients of the instruments, the
software displayed on the computer screen essential numerical information
about the test. For combined 1loading and leg tests, the moment versus
rotation curve was plotted to allow a better appreciation of the test
progress. As a precaution, ail the programs triggered an alarm on the
microcomputer whenever any transducer was about to reach the 1limit of its

linear range.

The tests were all displacement controlled and operated by means of a
control box provided with an on-off switch (Figure 3.6 (a), A) and a
potentiometer (Figure 3.6 (a), B) to set the rate and direction of
displacement in the loading device. An approximately fixed rate was achieved
by manually tuning the potentiometer as the computer displayed the

calculated rate within each increment of displacement.

5.3 Cyclic Loading Tests

The problems of modelling cyclic loading are considerably more difficult
than those of monotonic loading because of the importance of time. Time can
be modelled in many different ways, depending on which time-dependent effect

is the mosgt relevant for the phenomenon modelled. If N is the geometric
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scale of the model, the interval of time At between two events in the

prototype would correspond in the model to:

*x At/VN for gravity/inertia controlled movements;

* At/N  when body forces are to be considered;

* At/N2 when consolidation of a clayey soil is involved.

In this research, consolidation was obviously the only time-dependent effect
that should be accounted for when modelling time. However, bearing in mind
that the geometric scale is about 200, the period of a horizontal cyclic

load to be applied to the model footing simulating the action of oceanic

wvaves of 30 seconds period would be of the magnitude of 7.5 x 10—4 seconds.
As analysis of foundations under cyclic loading requires a clear definition
of loading and unloading branches in each loading versus displacement loop,
meaning the acquisition of a number of data points during a cycle of
loading, the correct modelling of time was therefore not possible in this
study. Instead, it was decided to adopt the smallest period compatible with
the acquisition of a minimum number of data points to have the loops
reasonably well defined. To study how the frequency affects the results,
another period about four times as large as the first was also used. This

procedure led to periods of 8 seconds and 30 seconds.

5.3.1 Standard Tests

Standard cyclic loading tests were performed using the same set-up as in
monotonic loading tests, but replacing the displacement controlled 1loading
system with a more sophisticated load controlled system, which applied a

sinusoidal load simulating wave action. Effects of oceanic currents were
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investigated by introducing an offset to the loading cycle.

Having understood from the first stage of the research that the height of
application of horizontal loads affects only slightly the rotational
behaviour of footings, and bearing in mind that the real shape of jack-up
footings are 1like the model spud-cans, it was decided to vary only the
period, amplitude and offset of moment loading (Figure 5.12) and the

vertical load, as below:

period: 8 seconds and 30 seconds;

offset: no offset was the first studying case and the other value,
0.5 Nm, was derived so that the ratio between the maximum and the
minimum moment for high amplitude loading was consistent with those
obtained for real rigs under storm loads and subjected to dragging

tforces resulting from high velocity ocean currents;

amplitude: two values were chosen for peak-to-peak amplitude, the
higher one corresponding to about twice the value of the average
failure moment obtained from monotonic tests minus the offset,

leading to 4.0 Nm, and the lower one half of this value, 2.0 Nm;

vertical load: 134 N and 330 N approximately as in monotonic loading

tests.

As the rotational behaviour of footings 1is very 1little affected by the
height of application of the horizontal loads, and therefore this parameter
was not included in the parametric study, a value of 100 mm (midway between

the values used in the monotonic tests) was adopted.
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Figure 5.12 Amplitudes and offsets for cyclic moment loading

5.3.2 Special Tests

Special tests were designed to cover some peculiarities of real loading

conditions:

(i) double amplitude tests, intended to study the effects of high

amplitude cyclic loading after a sequence of low amplitude
cycles of load had been applied. This procedure approximately

simulates the action of a storm increasing in intensity;

(ii) tests with bursts of cycling, 1intended to evaluate how the

repeated application of a number of cycles of load followed by a
resting time affects the rotational behaviour of the footing.
These simulate a sequence of storms followed by calm weather.
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These tests were conducted under vertical load of about 330 N, 8 seconds
period and either with or without offset of moment loading. Double amplitude
tests were carried out with a moment amplitude of 2.0 Nm for 300/400 cycles
followed then by a second amplitude of 4.0 Nm. Bursts of cycling tests wvere

performed by applying series of 50 cycles of 4.0 Nm amplitude moment loading

followed by a resting time.

The definition of the resting time in the context of special tests (ii) was
a compromise between an interval long enough to guarantee dissipation of
most of the pore pressures built up during cyclic loading and the minimum
duration of the whole test. In order to provide an approximate assessment of
the most appropriate interval, two footing settlement tests were carried out
on clay samples on the day after standard cyclic tests had been performed.
The procedure consisted simply of applying and removing a fixed vertical
load on a spud-can model footing placed in the clay sample and monitoring
the settlements using four vertical LVDTs. A program written for this
purpose datalogged the tests and displayed the settlement versus time curve

on the microcomputer screen.

A fixed vertical load of 330 N was applied in the two tests and the results
suggest that after about 60 minutes more than 90 % of the pore pressure

built up has been dissipated, as illustrated in Figure 5.13.

5.3.3 Data Logging and Control

The data logging/monitoring software for cyclic loading tests was similar to

the programs employed in monotonic loading tests. The scans of the data

were, however, triggered by pre-set intervals of time instead of intervals

of displacement.
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Figure 5.13 Results of two settlement tests on a 130° spud-can model
footing

A program was written to allow manual control of the loading device through
the keyboard of the microcomputer, an indispensable facility for the set-up

operation. Switch B in Figure 3.6 (b) changes the operational mode of the

system from automatic to manual and vice versa.

The flow chart of the loading control and data logging system is represented
in Figure 5.14. The heart of the system is a servo amplifier, which is
basically a feedback system that drives the d.c. tacho-motor of the loading
device. It compares the "command" voltage, a sinusoidal wave function
generated by microcomputer A, with the "slave" voltage, an amplified signal

coming from the load cell.
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Figure 5.14 Flow chart of the cyclic 1loading control and data logging
system
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As the command voltage rises, the servo amplifier detects a difference
between this and the slave voltage. It therefore drives the motor 1in the
right direction to cause compression of the load cell so that the slave
voltage coming from this rises to the same level as the command voltage. As
this continues to rise and eventually fall, the motor follows the varying
input, turning then the command voltage into a sinusoidal compression and
tension profile. Figure 5.15 shows typical data points obtained from the
load cell (corresponding to the slave voltage) compared with the sinusoidal

loading function generated (corresponding to the command voltage).

The loading arm, set horizontally before any load is applied to the footing,

becomes inclined as the footing settles during the test. To keep a constant

amplitude of horizontal loading and therefore a constant moment amplitude,

30

LIEST WA3OH-56C-O§1

20

LOAD (N)

-10 o

20 -

B LOAD CELL READINGS

SINUSCIDAL LOADING FUNCTION

-30 T T T ! T T T T
0 20 40 60 80

TIME (seconds)

Figure 5.15 Data points obtained from the load cell compared with the
sinusoidal loading function generated
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the command voltage must be adjusted (Figure 5.16 (a)). The rotation of the
footing also introduces a small eccentricity in the fixed vertical load
which, for large angles and loads, represents a significant variation in the
offset of loading and must be accounted for if a constant offset is required

(Figure 5.16 (b)).

The above mentioned corrections are achieved through microcomputer B which,
data logging the test, performs necessary calculations for monitoring
purposes and also updates the sinusoidal function parameters, sending this
information to microcomputer A through a communication channel linking both

machines.

/
/

=

g

+f+—-——— ______/ /: ___:I

S

(a) (b)

Figure 5.16 Deviations from initial set-up considered by the control
system to keep a constant amplitude (a) and offset (b) of
cyclic moment loading
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CHAPTER 6

EXPERTMENTAL RESULTS - MONOTONIC LOADING

6.1 Introduction

After the end of each test, the files containing the raw data (i.e. the
voltages corresponding for every channel in every scan), stored on 5 1/4%
floppy disks, were sent to the departmental mainframe computer, a VAX
11/780. These data were then processed through FORTRAN programs written for
this purpose for each kind of test. Using the voltages corresponding to each
transducer, their respective calibration coefficients and the particular
parameters concerning the test, the software calculated the loads and
displacements throughout the test, introducing all the necessary corrections
such as eccentricity of vertical load, inclination of the loading arm and

the force induced by the spring of the horizontal LVDT.

There is an arbitrary choice of the point on the footing to which the
loading system (vertical load, horizontal load and moment) 1is reduced,
although the definition must be geometrically consistent among the various
shapes used in the study. Other definitions could have been adopted but, for
the sake of simplicity, the loading system was reduced to the point
corresponding to the centre of the lowest maximum circumference of the
footing (Figure 6.1). In the following sections this point is always

referred to as the "centre" of the model footing.

Figure 6.2 shows the numbering system used to identify the main features of

each test.
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FLAT CIRCULAR PLATE CONE SPUD-CAN

Figure 6.1 Definition of footing centre (point C)

A few cycles of loading and unloading were used for combined loading tests
and special tests. This procedure was not intended to simulate cyclic
loading but to acquire as much data as possible for analysis, bearing in

mind that it takes from three to four weeks to prepare a batch of samples.

Three tests were lost for reasons involving malfunction of the electronics,
excessive disturbance during set-up or anomalous results observed during
analysis. This total represented only about 6 ¥ of the tests. Among the
curves presented in this chapter, a few have one or more small missing
segments, corresponding to points out of the linear range of the LVDTs,

while the irregularities in some of them are due to datalogging

inaccuracies.

The test results are presented by using a combination of tables and curves.
The former are intended to indicate the values of fixed parameters related
to each test and the latter to show the test progress in terms of
non-dimensional variables. The following symbols define the properties of

the «clay sample as well as the geometry, loads and displacements on the

model footing:
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s = index strength of the clay;

w = ground heave;
D = diameter of the model footing;

A = %4,

B = cone apex angle or enveloping angle for spud-cans;
V = vertical load;

M = moment applied;

O = rotation angle;

y = horizontal displacement;

z = vertical displacement;

h = height of application of horizontal loading;

d = initial depth of the model footing.

FOOTING DIAMETER (mm) B

TEST NUMBER ]

m
¥ M — W %K

* W
s i
BATCH NUMBER J

FLAT CIRCULAR PLATE

F =
C = CONE
S = SPUD- CAN

VC = VERTICAL CENTRAL LOADING

H = COMBINED LOADING (STANDARD TEST)
HD = COMBINED LOADING (DEEP TEST)

LT = LEG TEST

Figure 6.2 Numbering system used to identify the main features of each test
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6.2 Vertical Central Loading Tests

Table 6.1 shows the characteristics of each of the 12 tests performed,
excluding test VC.100F.02-01 which was lost. Figure 5.3, in Chapter 5,

illustrates the lay-out of this programme.

Figure 6.3 shows the results of two tests on flat circular footings 50 mm
and 100 mm in diameter. The curves are very close to each other, suggesting
no significant scale effect, and exhibit the same pattern of behaviour. No
definite bearing capacity can be inferred from these tests since the upper
branches of the curves indicate a plastic stiffness, reflecting the
increasing strength of the clay with depth and possibly, to some extent, the

influence of the embedment of the footing on the failure load.

Table 6.1 Vertical central loading tests

test footing D (mm) Sy, (kPa)

VC.100F.01-01 circular plate 100 10.7
VC.50F.03-01 circular plate 50 10.8
VC.50C.04-01 | 150° cone 50 10.8
VC.50C.05-01 120° cone 50 10.8
VC.50C.06-01 90° cone 50 10.8
VC.50C.07-01 60° cone 50 10.8
VC.100S.08-01 | 130° spud-can 100 8.5
VC.1005.09-01 | 120° spud-can 100 8.8
VC.505.10-01 | 130° spud-can 50 9.7
VC.50S.11-01 130° spud-can 50 9.7
VC.50S.12-01 120° spud-can 50 9.7
VC.50S8.13-01 120° spud-can 50 9.7
Notes

(1) test VC.100F.02-01 was lost
(2) D = diameter of the model footing
(3) S,= index strength of the clay sample
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D=100mm

FLAT CIRCULAR PLATES

O TEST VC. 100 F.0O1 -0l
+ TEST VC. 50 F.O03 -0l

0.6 0.8

o~

Figure 6.3 Dimensionless load versus displacement curves for flat circular
plates

Figure 6.4 shows the variation of the derivative of the load with respect to

the displacement, A(V/SUA)/A(Z/D), with the displacement, z/D, for the two

tests mentioned above. The curves therefore represent the variation of the
tangent stiffness with the displacement. The agreement between the curves is
good and they 1lead to a constant dimensionless plastic stiffness of the

order of 3.

During test VC.100F.01-01 the ground heave was measured at three positions:
approximately 1.0D, 1.2D and 1.5D distance from the edge of the model
footing, in the radial direction, and the results are presented in Figure
6.5. It can be noticed that the ground heave 1is almost negligible at a
distance of more than 1.0D and is less than 1 % of the footing displacement

at a distance of 1.5D. This result confirms that tests on 100 mm diameter
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180 w
FLAT CIRCULAR PLATES

- =}
8 (V/s A) D=100 mm O TEST VC. 100 FOI-01
A(z/0)

160 4 + TEST VC. 50 F.03-01

140 — T

— D=50mm

1204 |

100

0.6 o8

Figure 6.4 Dimensionless derivative of the load versus displacement curves
for flat circular plates
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Figure 6.5 Dimensionless ground heave versus footing displacement curves
for test VC.100F.01-01

models can be carried out satisfactorily in the 450 mm diameter tank.

Figure 6.6 shows the results of five tests carried out on 50 mm diameter
model footings: a flat circular plate, 150° cone, 120° cone, 90° cone and

60° cone. The vertical displacements were measured from the moment the tip
of the cones touched the clay surface. The "S" shape of the curves for the
cones reflects the increase in the bearing area until the maximum value was
reached, at which stage the cone shoulder just touched the clay surface.
This pattern can be predicted purely from dimensional analysis and must be
accordingly a branch of a parabola. The corresponding derivative curves
presented in Figure 6.7 confirm this pattern as the initial part of each
curve is approximately a straight line. Although theoretically all the lines

for the cones should pass through the origin, it can be observed that some
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Figure 6.6 Dimensionless

- o o
B 2 52900 4

FLAT PLATE AND CONES

0O TEST VC.50F.03-0i
+ TEST VC.50C. 04-0!
¢ TEST VC.50C.05-0I
A TEST VC.50C.06-0l
X TEST vC.50C .07-0l

—
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06 0.8

Z
D

load versus displacement

flat
circular plate and various cones

curves for a

80—

A(V/sy A)
A (z/0)

60 —

FLAT PLATE AND CONES
O TEST VC.50F. 03-0lI

50 C. 04-0I
50C.05-0l
50C.06-0I
.50C .07-01

flat

circular

TEST VC.

TEST VC.
VC.

Ve

TEST

TEST

x D <O+

Figure 6.7

o~

Dimensionless derivative of the load versus displacement curves

for a flat circular plate and various cones
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of them exhibit an intercept. This indicates an inaccuracy in the initial
position of the footing owing to the physical difficulty in setting up small
size footings. The displacements corresponding to the points where the cone
shoulders touch the clay can be easily derived from the curves and are

obviously represented by their maxima. From the geometry of the cones these
displacements would be 0.87D for 60° cone, 0.5D for 90° cone, 0.29D for

120° cone and 0.13D for 150° cone, if no ground heave occurred. The
difference between these values and those experimentally observed is

therefore accounted for by the average ground heave around the footing,
which is 0.34D, 0.15D, 0.03D and 0.01D for 60° cone, 90° cone, 120° cone and

150° cone respectively. This result is very consistent since the larger the

volume of clay displaced, the higher the ground heave induced.

The dimensionless plastic stiffness in these cases varies from 3 to 7.

Figures 6.8 and 6.9 show the load versus displacement curves for

120° spud-can and 130° spud-can models respectively. Results of tests on two
50 mm and one 100 mm diameter models are included in each figure. The "S"
shape 1in this case is noticeably much sharper than in the case of cones and
this is due to the geometrical design of these footings. For each type of
spud-can the curves are satisfactorily consistent among themselves,
confirming once again no significant scale effect. The derivative curves,
represented in Figures 6.10 and 6.11, show again inaccuracies in initial
positioning of the footings. In each curve the double cone of the spud-can

is reflected by two straight lines in the section corresponding to the
increasing slope. For the 120° spud-can the first straight 1line 1is longer

than for 130° spud-can, corresponding to a longer tip section. Spud-can

models exhibited dimensionless plastic stiffness varying from 4 to 8.
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Figure 6.8 Dimensionless load versus displacement curves for 120° spud-cans

130° SPUD-CANS

O TEST VC.100S.08-0I
4+ TEST VC.508.10-0I
O TEST VC.50S.11-0I

Z
D

Figure 6.9 Dimensionless load versus displacement curves for 130° spud-cans
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Figure 6.10 Dimensionless derivative of the load versus displacement curves

for 120° spud-cans

130° SPUD -CANS
80
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] + TEST vC. 508 .10 -0l
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40
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0 ~ T T
0.6 08
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D
Figure 6.11 Dimensionless derivative of the load versus displacement curves

for 130° spud-cans
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6.3 Main Series of Combined Loading Tests

The fixed quantities for the main series of combined loading tests are

presented in Table 6.2. In this table Vmax represents the maximum load

observed during the driving operation to set the footing at 1its initial
position (see Section 5.2.2 (a)), this load being immediately removed after
that. The fixed vertical load V is later applied immediately before the

beginning of the test.

The tests are grouped by the type of footing, each group comprises four
tests and each test involves a particular combination of a height of
application of horizontal loading, either 0.5D or 1.5D, and a fixed vertical

load, either a low value (l.7sUA to 2.3suA) or a high value (4.OSUA to

5.4suA), as displayed in Tables 6.3 and 6.4.

An exception is the first test in this series (test H.100F.14-02) which was
carried out with h/D = 1.0. The results of this test were not included in

the analysis.

Some of the tests in the main series were intentionally repeated to check
repeatability. Those considered of best quality, whenever such judgment
could be unmistakably made, were chosen for further analysis of groups of
tests. Repeated tests are further presented in Section 6.3.2.

6.3.1 A Representative Group of Tests

(a) Flat Circular Plate

Figures 6.12 and 6.13 show the moment versus rotation curves for a flat
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circular footing with h/D = 0.5 and different vertical loads.

central loading tests,

tests exhibiting an initial

stiff

there is no definite

failure

value

As in vertical

observed,

both

behaviour, gradually decreasing up to

Table 6.2 Main series of combined loading tests

test footing Sy (kPa) Vv (N) h (mm) vmax (N)
H.100F.14-02 circular plate 9.3 133.3 101.0 0
H.100F.15-02 circular plate 8.5 133.1 51.0 0
H.100F.16-02 circular plate 9.7 133.2 151.0 0
H.100F.18-02 circular plate 10.5 329.1 151.0 0
H.100C.20-03 120° cone 9.2 135.3 151.6 270.1
H.100C.21-03 120° cone 9.3 135.4 51.6 360. 4
H.100C.22-03 120° cone 9.3 332.0 151.6 315.4
H.100C.23-03 120° cone 9.1 330.6 51.6 340.3
H.100C.24-03 60° cone 8.3 335.0 151.4 328.5
H.100C.25-03 60° cone 8.7 334.8 51.4 337.8
H.100C.26-04 60° cone 8.6 139.8 151.4 299.9
H.100C.27-04 60° cone 7.6 139.5 51.4 355.5
H.100S.28-04 130° spud-can 8.4 134.2 151.5 247.8
H.100S.29-04 130° spud-can 8.3 134.3 51.5 346.2
H.100S.30-04 130° spud-can 8.9 329.6 151.5 362.4
H.100S.31-04 | 130° spud-can 7.7 329.5 51.5 279.1
H.100S.32-05 130° spud-can 8.3 134.2 51.5 242.8
H.100F.33-05 circular plate 9.0 329.0 51.5 0
H.100S.49-07 130° spud-can 8.0 329.9 151.0 231.3
H.100C.50-08 60° cone 9.8 139.1 150.7 418.3
H.100C.51-08 60° cone 9.0 138.9 50.7 478.1
H.100C.52-08 120° cone 9.7 135.0 150.8 412.3
H.100C.53-08 120° cone 7.6 134.8 50.8 322.3
Notes

(1) tests H.100F.17-02 and H.100F.19-02 were lost

(2) S
(3) v
(4 h
(%) Vma

u
= fi

= height of application of horizontal load
maximum vertical load applied to the model footing before

X
te

xed vertical load

sting

6-1
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Table 6.3 Representative group of combined loading tests

low V/s A high V/s A

u u
cireular olate h/D = 0.5 H.100F.15-02 H.100F.33-05
P h/D = 1.5 H.100F.16-02 H.100F.18-02
120° h/D = 0.5 H.100C.53-08 H.100C.23-03
cone h/D = 1.5 H.100C.52-08 H.100C.22-03
60° cone h/D = 0.5 H.100C.51-08 H.100C.25-03
< h/D = 1.5 H.100C.50-08 H.100C.24-03
136° dcan h/D = 0.5 H.100S.29-04 H.100S.31-04
spud-c h/D = 1.5 H.100S.28-04 H.100S.49-07

Table 6.4 Repeated group of combined loading tests

low V/s A high V/s A
u u
circular plate E;g i g'g

120° cone h/D = 0.5 H.100C.21-03
h/D = 1.5 H.100C.20-03
60° con h/D = 0.5 H.100C.27-04
cone h/D = 1.5 H.100C.26-04
130° spud-can h/D = 0.5 H.1005.32-05

Spud- h/D = 1.5 H.100S.30-04

a more or less constant plastic stiffness. Test H.100F.33-05, with higher
vertical load, shows a stiffer response on unloading and reloading than test
H.100F.15-02 and this may be evidence of partial separation between the
footing surface and the clay sample in the more lightly loaded test. The
anomalous shape of the end of the first loop in test H.100F.15-02 (point A)
is an artefact due to interference with the equipment. Comparing the test
results there is no marked difference in stiffness in the initial section of

the curves due to different values of V/SUA' Test H.100F.33-05, however, was

able to develop higher values of moment after the first cycle.
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Figure 6.12 Dimensionless moment versus rotation curve for a flat circular
footing (h/D = 0.5, low vertical load)
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Figure 6.13 Dimensionless moment versus rotation curve for a flat circular
footing (h/D = 0.5, high vertical load)
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Figures 6.14 and 6.15 present results of equivalent tests performed with
h/D = 1.5. In test H.100F.16-02 the horizontal loading was only applied

monotonically without being reversed.

In general, the parameters h/d and V/sUA do not seem to have markedly

influenced the rotational behaviour of the flat circular footing as far as
small rotations are concerned. The plastic stiffness seems to be more

noticeably affected by vertical load.

Figure 6.16 represents the displacement path of the centre of the footing
during the tests. It can be noticed that the total horizontal displacement
in one cycle is about the same for tests with the same value of h/D either

for high or 1low value of V/SUA' The smaller amplitude of horizontal

displacement is observed in the tests at high h/D value, 1i.e. a lowver
horizontal 1load for a given moment. As it would be expected, high vertical

load leads to larger vertical displacements.

(b) 120° Cone

The rotational behaviour of the 120° cone is represented in Figures 6.17,
6.18, 6.19 and 6.20. The curves corresponding to low vertical load (tests
H.100C.52-08 and H.100C.53-08), are very similar for both h/D of 0.5 and
1.5. The first loading branches in these cases are situated above all the
other upper sections, exhibiting a stiffer response. The patterns of the
remaining branches are very alike, showing an elongated shape. One cycle was
intentionally performed with a reduced amplitude to check how this would
atfect the shape of the loop and, as can be observed, it featured steeper
slopes for the upper and lower branches than those of higher amplitude

cycles. Curves for high vertical load (tests H.100C.22-03 and H.100C.23-03),
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Figure 6.14 Dimensionless moment versus rotation curve for a flat circular
plate (h/D = 1.5, low vertical load)
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Figure 6.15 Dimensionless moment versus rotation curve for a flat circular
plate (h/D = 1.5, high vertical load)
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reveal a stiffer plastic behaviour than for low vertical 1load, although a
less significant difference can be noticed in the initial parts of the four

curves. The height of application of horizontal 1load seems to play no

important role.

The horizontal displacement versus vertical displacement curves (referred to
the centre of the footing) are plotted in Figure 6.21 and the behaviour
observed is the one that would be expected in accordance with the

corresponding magnitudes of horizontal and vertical loads.

S
D
-0.16 -008 o 0.08 0.1é
0 i ! i 1 1 ! ] ! L L L ! 1 !
gt
] H.IOOF. 16- 02
.

0.1 \ H.I00F.15-02

b <>
0.2 ——
< H I00F I18-02
_ —
0.3+ H.100F. 33-05
.
D
04

[FLAT CIRCULAR PLATE]

Figure 6.16 Displacement path of the centre of the flat circular plate
during the tests
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Figure 6.17 Dimensionless moment versus rotation curve for 120° cone
(h/D = 0.5, low vertical load)

0.8
M_06 -
suD3 B
0.4 -
- L~
0.2 /
0
_02 —
n TEST H.100C.23-03
-0.4 120° CONE
7 V/suA =46
-0.6 h /D= 0.5
-0.8 T T T T T
- 0. 0] O.l 0.2

6(rad)

Figure 6.18 Dimensionless moment versus rotation curve for 120° cone
(h/D = 0.5, high vertical load)
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Figure 6.19 Dimensionless moment versus rotation curve for 120° cone
(h/D = 1.5, low vertical load)
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Figure 6.20 Dimensionless moment versus rotation curve for 120° cone
(h/D = 1.5, high vertical load)
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Figure 6.21 Displacement path of the centre of the 120° cone during the
tests

(c) 60° Cone

Figures 6.22, 6.23, 6.24 and 6.25 illustrate the moment versus rotation

curves for 60° cone. Almost all the features observed for 120° cone are also
present in this case. Nevertheless, the shape of the loops corresponding to
low vertical 1load (tests H.100C.50-08 and H.100C.51-08) 1is a little
different, resembling a parallelogram and therefore featuring a more linear

elastic behaviour followed also by almost linear plasticity.

The displacement path of the centre of the footing is presented in Figure
6.26. In this case the total horizontal displacement per cycle is about the

same 1in any case, this fact probably being related to the greater embedment
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Figure 6.23 Dimensionless moment versus rotation curve for 60" cone

(h/D = 0.5, high vertical load)
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Figure 6.24 Dimensionless moment versus rotation curve for 60° cone
(h/D = 1.5, low vertical load)
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Figure 6.25 Dimensionless moment versus rotation curve for 60° cone
(h/D = 1.5, high vertical load)
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Figure 6.26 Displacement path of the centre of the 60° cone during the
tests

inherent in this kind of footing leading to a smaller movement of the
position of the centre, irrespective of the horizontal load applied. The

vertical displacements are consistent with the vertical loads.

(d) 130° Spud-Can

Figures 6.27, 6.28, 6.29 and 6.30 present the moment versus rotation results

for the 130° spud-can model. No remarkable features can be identified from
these curves, either for those of same h/D or those of approximately same

V/SUA. In test H.100S.49-07 a series of elastic unloading and reloading

loops were performed intending to generate more data to define better the

elastic rotational behaviour of this kind of footing.
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Figure 6.27 Dimensionless moment versus rotation curve for 130° spud-can
(h/D = 0.5, low vertical load)
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Figure 6.28 Dimensionless moment versus rotation curve for 130° spud-can
(h/D = 0.5, high vertical load)
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Figure 6.29 Dimensionless moment versus rotation curve for 130° spud-can
(h/D = 1.5, low vertical load)
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Figure 6.30 Dimensionless moment versus rotation curve for 130° spud--can
(h/D = 1.5, high vertical load)
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Figure 6.31 Displacement path of the centre of the 130° spud-can during the
tests

Figure 6.31 shows that the magnitudes of the horizontal displacements of the
centre of the spud-can are as large as those of circular plate, the

displacement path being entirely compatible with the loading.

6.3.2 Repeated Tests

Table 6.4 displays the allocation of the repeated tests. The main values of

the parameters involved in these tests are presented in Table 6.2.

Figures 6.32, 6.33, and 6.34 show the results of repeat tests (point A 1in
Figure 6.33 1is due to interference with the equipment). Comparing these
curves with the corresponding ones in the representative group (Figures

6.17, 6.22 and 6.27 respectively) a strong similarity can be noticed between
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Figure 6.32 Dimensionless moment versus rotation curve for 120° cone
(repeated test, h/D = 0.5, low vertical load)
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FPigure 6.33 Dimensionless moment versus rotation curve for 60° cone
(repeated test, h/D = 0.5, low vertical load)
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Figure 6.34 Dimensionless moment versus rotation curve for 130° spud-can
(repeated test, h/D = 0.5, low vertical load)

them, indicating good repeatability in the tests.

6.4 Special Tests

6.4.1 Deep Tests

Tables 6.5, 6.6 and 6.7 display the parameters for the representative group
as well as the repeated tests of this series. The value h/D 1is always 0.2
and d/D assumes the values 0.35 and 0.70, as reported in Section 5.2.2 (b),
d being the initial depth at which the spud-can model was placed by driving

before the beginning of the test.

Figures 6.35, 6.36, 6.37 and 6.38 show the moment versus rotation curves for

each test performed. Although they clearly indicate a stiffer behaviour when
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Table 6.5 Deep tests

test Sy (kPa) V (N) h (mm) d (mm) nax (N)
HD.100S.40-06 7.5 138.4 204.3 35 385.6
HD.100S.41-06 8.9 334.2 204.3 70 575.1
HD.100S.42-06 7.2 138.3 204.3 70 396.2
HD.100S.43-06 6.6 334.1 204.3 35 373.5
HD.100S.47-07 7.8 140.2 199.5 35 567.6
HD.1005.48-07 9.0 338.5 199.5 35 540.0
Notes
(1) model footing: 130° spud-can
(2) S~ index shear strength of the clay sample
(3) V = fixed vertical load
(4) h = height of application of horizontal load
(5) d = initial depth of the model footing (embedment)

(6) Vmax: maximum vertical load applied to the model footing before

testing

Table 6.6 Representative group of deep tests

low V/s A high V/s A
u u
d4/D = 0.35 HD.1005.47-07 HD.100S.48-07
d/D = 0.70 HD.100S.42-06 HD.100S.41-06
Table 6.7 Repeated group of deep tests
low V/s A high V/s A
u u
d/D = 0.35 HD.100S.40-06 HD.100S5.43-06
d/D = 0.70
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Figure 6.35 Dimensionless moment versus rotation curve for 130° spud-can
(deep test, h/D = 2.0, d/D = 0.35, low vertical load)

compared with standard tests on the spud-can (d/D = 0), no considerable
difference can be observed between the patterns at d/D = 0.35 and
d/D = 0.70. The shape of the 1loops for low vertical load (tests
HD.1008.42-06 and HD.100S.47-07), is much more like a parallelogram than the

corresponding standard tests (H.100S.28-04 and H.100S.29-04), which

resembled ellipses.

Figure 6.39 represents the results of the repeated test HD.100S.40-06,

carried out with V/SUA = 2.3 and d/D = 0.35, that should be compared with

test HD.100S.47-07 (Figure 6.35). Ignoring the irregularities manifested in

the former test, a good repeatability may be observed.
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Figure 6.36 Dimensionless moment versus rotation curve for 130° spud-can
(deep test, h/D = 2.0, d/D = 0.35, high vertical load)

6.4.2 Leg Tests

Five leg tests were carried out, one of them being a repeated test. Two
stiffnesses of leg were employed, corresponding either to t/D = 0.09 or
t/D = 0.143, where t 1is the thickness of the leg, and two fixed vertical

loads applied, either a low value (corresponding to V/suA = 2.1 to 2.4) or a
high wvalue (corresponding to V/SUA = 4.9 to 5.3). The ratio between the

stiffnesses of the legs is approximately 4. Tables 6.8, 6.9 and 6.10 show

the parameters for the leg tests.
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Figure 6.37 Dimensionless moment versus rotation curve for 130° spud-can
(deep test, h/D = 2.0, d/D = 0.70, low vertical load)
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Figure 6.38 Dimensionless moment versus rotation curve for 130° spud-can
(deep test, h/D = 2.0, d/D = 0.70, high vertical load)
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Figure 6.39 Dimensionless moment versus rotation curve for 130° spud-can
(repeated deep test, h/D = 2.0, d/D = 0.35, low vertical load)

Figure 6.40 shows all the forces applied to the plate-leg-footing structure
which, together with the relevant distances, led to the determination of

the moment at the footing centre. The deflection & was inferred from the

horizontal LVDT readings.

The results of this special series of tests are presented in two different

ways:

(a) footing moment versus rotation curves, as in the main series of

combined loading tests;

(b) the moment at the footing, nondimensionalized as M/V versus the

quantity (ALH/V + X8), where:
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X\ = VV/EI;

V = fixed vertical load;

E = Young modulus of the material of the leg;

I = 2nd moment of area of the cross section of the leg;

H = horizontal load;

1 = length of the leg;

& = deflection of the leg when subjected to a bending moment.

H {LVDT)

5

Figure 6.40 Forces applied to the model plate-leg-footing structure



Table 6.8 Leg tests

test S, (kPa) V (N) t (mm) Vmax (N)
LT.1005.38-06 B.4 326.1 9.0 258.9
LT.1005.39-06 7.0 129.5 9.0 214.7
LT.100S.44-07 8.0 326.7 14.3 313.2
LT.100S.45-07 7.8 325.8 9.0 327.8
LT.100S5.46-07 8.0 129.3 14.3 282.5

Notes

(1) model footing: 130° spud-can

(2) Su= index shear strength of the clay sample

(3) V = fixed vertical load
(4) t = thickness of the leg

{5) vmax= maximum vertical load applied to the model footing before
testing
Table 6.9 Representative group of leg tests
low V/s A high V/s A
u u
t/D = 0.090 LT.1005.39-06 LT.100S.38-06
t/D = 0.143 LT.100S.46-07 LT.100S.44-07
Table 6.10 Repeated group of leg tests
low V/s A high V/s A
u u
t/D = 0.090 LT.100S.45-07
t/D = 0.143
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The curves (b) can be represented by the equation:

MM/V = a(A1H/V + X8) [6.1]

or, in its dimensional form:

M = a(Hl + V§) 16.2]

where a is a variable coefficient that assumes the value zero if the footing

is pinned to the soil, and 1/2 if it is fully fixed.

The results in terms of moment versus rotation curves are presented in
Figures 6.41, 6.42, 6.43 and 6.44. The irregularities observed in the curves

may be associated with:

* the flexibility of the assembly, releasing part of the energy

stored in an irregular way;

* some friction between the top plate and the leg guide showing up,
in spite of the precautions taken to reduce it to negligible

levels;

* inaccuracies related to instrumentation accuracy and the complexity

of the set-up.

Four tests (including a repeated one) exhibited an initial negative moment
(after application of the vertical load), while tests performed with high
vertical load produced loops clearly asymmetric in shape, developing higher
negative values of moment than positive ones. This anomalous behaviour may

be explained by the initial loading causing permanent asymmetric
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Figure 6.41 Dimensionless moment versus rotation curve for 130° spud-can
(leg test, t/D = 0.090, low vertical load)
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Figure 6.42 Dimensionless moment versus rotation curve for 130° spud-can
(leg test, t/D = 0.090, high vertical load)
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Figure 6.43 Dimensionless moment versus rotation curve for 130° spud-can
(leg test, t/D = 0.143, low vertical load)

deformation. Test LT.100S.46-07 (Figure 6.43) shows an atypical extremely
high initial stiffness and this certainly may be accounted for by some
initial friction in the assembly and therefore this information must not be

relied upon.

The results are presented in the other format, MM/V versus (ALH/V + X&), in
Figures 6.45, 6.46, 6.47 and 6.48. For reference, a straight line with slope
0.5 is drawn in each figure, representing a full fixity behaviour. Generally

a high fixity occurs in the beginning of each test, decreasing substantially
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Figure 6.44 Dimensionless moment versus rotation curve for 130° spud-can
(leg test, t/D = 0.143, high vertical load)
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Figure 6.45 Variation of the dimensionless moment at the footing with the

quantity (MH/V + X8) for Al = 0.64 (the dashed line represents
full fixity bebaviour)
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Figure 6.46 Variation of the dimensionless moment at the footing with the
quantity (MH/V + X8) for A1 = 1.01 (the dashed line represents
full fixity behaviour)

as the test goes on. In some cases the initial slope is slightly larger than
0.5 and this can only be explained by the compliance of the system top plate

and loading device, allowing a small rotation at the top of the leg.

Figures 6.49 and 6.50 show the results of one repeated test performed in
this series (test LT.100S.45-07). The pattern of behaviour is practically
the same as in test LT.100S.38-06 (Figures 6.42 and 6.46), carried out under

identical conditions.
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Figure 6.47 Variation of the dimensionless moment at the footing with the

quantity (AlH/V + A8) for Al = 0.32 (the dashed line represents
full fixity behaviour)
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Figure 6.48 Variation of the dimensionless moment at the footing with the

quantity (AH/V + X8) for Al = 0.50 (the dashed line represents
full fixity behaviour)
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Figure 6.49 Dimensionless moment versus rotation curve for 130° spud-can
(repeated leg test, t/D = 0.090, high vertical load)
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CHAPTER 7

EXPERIMENTAL RESULTS - CYCLIC LOADING

7.1 Introduction

As in the monotonic loading tests, after the end of each cyclic loading test
the fixed parameters and the data corresponding to the voltage reading of
every transducer were sent to the mainframe computer for processing. In this
case, however, the data were processed in two stages through FORTRAN
programs: (i) 1initially all the relevant 1loads and displacements were
calculated and (ii) using these results the following numerical information

for each cycle were obtained:

(a) cumulative displacements;

(b) variation of the rotation angle associated with the

peak-to-peak moment amplitude;

(c) rotational energy dissipated.

Cumulative displacements are defined in this work as the displacements
corresponding to the maximum value of the moment within each cycle.
Variation of the rotation angle associated with the peak-to-peak moment
amplitude (for the sake of simplicity hereafter referred to only as
variation of rotation) and rotational energy dissipated are represented in

Figure 7.1 (a).
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(a)

ROTATION

©q = PEAK-TO-PEAK AMPLITUDE OF ROTATION
06 = VARIATION OF THE ROTATION ANGLE
AREA W = ROTATIONAL ENERGY DISSIPATED
MOMENT
(b) —
ROTATION
k = EQUIVALENT ROTATIONAL STIFFNESS

Figure 7.1 Definition of some parameters adopted in cyclic loading tests
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Figure 7.2 presents the  key for identification of some of the

characteristics of each test from the test number.

A total of 31 tests were performed altogether in this phase, and 3 of them
were lost for reasons related to malfunction in the driving/control system.
Tests W.30L.54C-09, W.6L.60C-10 and W.6H.61C-10, were used to select the
fixed parameters of the testing programme, and were performed with
parameters different from those eventually established. Their results were
therefore abandoned. Five tests were repeated to check repeatability, the

better one in each pair being chosen for further analysis.

The results of cyclic loading tests are presented by means of tables and
curves, observing the same procedure as in monotonic loading tests, and the

following symbols are used in addition to those already defined in Section

6.1:

N = number of cycles performed;

Ma = peak-to-peak amplitude of moment;
00 = variation of rotation;
ec = cumulative rotation;

W = rotational energy dissipated during a complete cycle of loading.

Most of the curves presented in this chapter provide information about the
cumulative non-dimensional displacements, variation of rotation and
non-dimensional rotational energy dissipated per cycle with the number of

cycles, this last quantity being represented in logarithmic scale.

In some cases a slight undulatory pattern is observed in the values of the

variables. This can be explained by the fact that the point of maximum
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TEST NUMBER (CYCLIC LOADING) *I
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*
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BATCH NUMBER J
H = HIGH AMPULITUDE OF MOMENT
L = LOW AMPLITUDE OF MOMENT
A = DOUBLE AMPLITUDE
B = BURSTS OF CYCLING
W = WAVE LOADING
CW = CURRENT PLUS WAVE LOADING l

Figure 7.2 Numbering system used to identify the main features of each test

moment observed does not necessarily correspond to the real maximum and,

because a complete cycle of data reading is slightly longer than a complete

cycle of loading (due to unavoidable delays when the pre-set time 1interval

is reached and triggers the data-logging routine), the observed maximum
tends to go up until it reaches the point closest to the

real maximum,

dropping again afterwards.

The equivalent non-dimensional rotational stiffness in each «c¢ycle, defined

in Figure 7.1 (b), can be easily obtained through the expression:

[7.1]

7.2 Main Series of Tests

Table 7.1 shows the values of the fixed parameters for each test of the main

series and also additional information about observations of the state of

the clay surface disturbed during the test. The following classification
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criterion was

adopted

to define the area affected by the foundation (D is

the diameter of the footing), which is contained in a circle of radius R:

EC =1 when 0 < < 0.85D
EC = 2 when 0.85D < < 1.20D
EC = 3 when 1.20D < < 1.55D
EC = 4 when 1.55D < < 1.90D
EC = 5 when 1.90D < < 2.25D

Table 7.1 Main series of cyclic loading tests

test Su (kPa) | V (N) Ma (Nm) MO (Nm) | T (s) VmaX (N) EC
W.30L.55C-09 8.5 133.8 2.0 0 30 361.0 1
W.30H.56C-09 10.5 133.8 4.0 0 30 367.0 1
CVW.30L.57C-09 9.5 133.9 2.0 0.5 30 378.6 1
CW.30H.58C-09 9.8 133.9 4.0 0.5 30 393.7 2
W.30L.59C-09 8.4 133.8 2.0 0 30 269.5 1
W.8L.63C-10 8.4 133.8 2.0 0 8 252.4 2
CW.8L.65C-10 9.5 133.9 2.0 0.5 8 396.7 1
W.30L.66C-11 11.0 330.0 2.0 0 30 348.4 1
CVW.30L.67C-11 7.8 330.4 2.0 0.5 30 246.9 5
W.30H.68C-11 10.5 329.9 4.0 0 30 438.9 2
CV.30H.69C-11 8.9 330.5 4.0 0.5 30 241.8 4
W.8H.70C-11 10.1 133.8 4.0 0 8 408.2 2
CW.8H.71C-11 9.4 133.9 4.0 0.5 8 321.3 2
W.8H.72C-12 10.7 329.9 4.0 0 8 462.0 2
W.8L.73C-12 9.4 330.0 2.0 0 8 311.2 2
CW.8H.74C-12 10.4 330.1 4.0 0.5 8 461.0 2
CW.8L.75C-12 8.1 330.3 2.0 0.5 8 2443 3
CW.30H.76C-12 9.7 330.4 4.0 0.5 30 406.7 3
CW.30L.77C-12 9.4 330.0 2.0 0.5 30 400.2 3
W.30H.83C-13 8.2 330.0 4.0 0 30 344.9 5
CW.8L.84C-14 9.6 330.1 2.0 0.5 8 457.0 1
Notes
(1) tests CW.8H.62C-10 and W.8H.64C-10 were lost

(2) tests
(3) S,=
(4) V =
(5) Ma=
(6) Mo=
(7 T =
(8) Vnax™
(9) EC =

W.30L.54C-09, W.6L.60C-10 and W.6H.61C-10 were abandoned
index shear strength of the clay sample

fixed vertical load
peak-to-peak amplitude of the moment loading

offset of the moment loading

period of the moment loading
maximum vertical load applied to the model footing before

testing
index related to the area of the clay surface affected by the
foundation at the end of the test
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Figure 7.3 illustrates the clay surface after the end of test W.30H.83C-13,

classified as EC = 5.

The tests are grouped by fixed vertical load, either a low value (1'6SUA to

Z.OSUA) or a high value (3.85UA to 5.4SUA), and by peak-to-peak amplitude of

the moment loading, either assuming a low value (O.l8suD3 to O.26sUD3) or a

3

high value (0.37SUD to 0.49SUD3), as illustrated in Tables 7.2 and 7.4.

Fach group involves four tests, each test representing the combination of a
period of sinusoidal loading (either 8 seconds or 30 seconds), and an offset
of the moment loading, either zero (simulating only wave action and denoted

by W in test codes and tables) or a value between O.OSSUD3 and O.O6SUD3

(simulating the associated action of current and wave and denoted by CW).

Figure 7.3 Aspect of the clay surface after the end of test W.30H.83C-13
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7.2.1 A Representative Group of Tests

Table 7.2 shows how the representative tests were allocated within the
groups described in the previous section while Table 7.3 shows the values of

the non-dimensional vertical load, amplitude and offset of moment applied.

Figure 7.4 shows the shape of the dimensionless moment versus rotation
hysteresis loops for tests W.30H.56C-09 and W.30H.B3C-13, both corresponding
to 30 seconds period and high amplitude of moment loading with no offset.

The former test was carried out with low vertical load, V/sUA = 1.6, and the
latter one with high vertical load, V/SUA = 5.1. The hysteresis loops for

the ten first cycles are in both cases very similar to ellipses, which would
be the result obtained for a pure linear viscoelastic behaviour. Test
W.30H.56C-09 features an overall stiffer response in the first cycle than

test W.30H.83C-13, this dissimilar behaviour being accounted for by the

Table 7.2 Representative group of cyclic loading tests

low V/s A high V/s A
u u
8s period 30s period 8s period 30s period
¥V | W.8L.63C-10 W.30L.59C-09 | W.8L.73C-12 W.30L.66C-11
low
M /s D3
a u
CV | CW.BL.65C-10 | CW.30L.57C-09 | CW.8L.84C-14 | CW.30L.77C-12
W | W.8H.70C-11 W.30H.56C-09 | W.BH.72C-12 V.30H.83C-13
high
3
M /s D
a u
CW | CW.8H.71C-11 | CW.30H.58C-09 | CW.8H.74C-12 | CW.30H.76C-12
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Table 7.3 Loading parameters of the main series of cyclic loading tests

low V/s A high V/s A
u u
8s period 30s period 8s period 30s period
V/s A=2.0 V/s A=2.0 V/s A=4.5 V/s A=3.8
u u u u
v M /s D3-0.24 | M /s D30.24 | M /s D3=0.21 | M /s D3=0.18
a u a u a u a u
3 3 3 3
low M /s D7=0 M /s D=0 M /s D7=0 M /s D=0
0 u [¢] u O u o] u
M /s D2 V/s A=1.8 V/s A=1.8 V/s A<h.4 V/s A=4.5
a u u u u u
W [M /s D?=0.21 | M /s D3=0.21 | M_ss D3-0.21 | M /s D’-0.21
a u a u a u a u
M /s D°=0.05 | M /s D°=0.05 | M /s D?=0.05 | M /s D°=0.05
(o] u (o] u 0 u 0 u
V/s A=1.7 V/s A=1.6 V/s A=3.9 V/s A=5.1
u u u u
¥ |M /s D3-0.40 | M /s D°=0.38 | M_/s D°-0.37 | M /s D3-0.49
a u a u a u a u
high M /s D=0 M /s D=0 M /s D=0 M /s D=0
(o] u (o] u (o] u (o] u
M /s D V/s A=1.8 V/s A=1.7 V/s A=b.0 V/s A=4.3
a u u u u u
CW | M /s D3=0.43 | M /s D°=0.41 | M /s D°=0.38 | M /s D3=0.41
a u a u a u a u
M /s D°=0.05 | M /s D°=0.05 | M_/s D3-0.05 | M /s D?-0.05
(6] u (o] u O u (o] u

3

maximum non-dimensional moment, M/suD , in the former test reaching a value

about 28 X higher than in the latter one, introducing thus a large permanent
rotation in the direction of the loading. It is noticeable, however, that

the initial stiffnesses are practically the same in both tests.

Considering the loops corresponding to the 1lst, 5th, 10th and 100th (96th
for test W.30H.56C-09) <cycle, shown in Figure 7.5, it is clear that test
V.30H.56C-09 exhibits work softening while test W.30H.83C-13 reveals work
hardening. The large cumulative rotation angle of the latter test is

discussed later.
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Figure 7.4 Dimensionless moment versus rotation hysteresis loops for the
ten first cycles of tests W.30H.56C-09 and W.30H.83C-13
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Figure 7.5 Dimensionless moment versus rotation hysteresis loops at various
stages during tests W.30H.56C-09 and W.30H.83C-13
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Figures 7.6, 7.7, 7.8 and 7.9 show how the cumulative rotation angle varied
with the number of cycles. Tests with no offset of moment generally exhibit
a more stable behaviour for 30 seconds period, the exception being test
W.30H.B3C-13 (represented by diamonds in Figure 7.9), performed with high
vertical 1load and high amplitude of moment, which shows a much higher
cumulative rotation angle than a similar test performed with 8 seconds
period (test W.BH.72C-12, represented by squares in the same figure). It is
worth noting that test W.30H.83C-13 produced an extensive failure pattern

(EC = 5) as displayed in Figure 7.3.

Tests with an offset of moment show a general trend of rotation angle being
accumulated in the same direction as the offset, as would be expected.
Hovever, tests carried out with high vertical load and high amplitude of
moment show some degree of fluctuation in cumulative rotation which even
shows a large negative value in test CW.30H.76C-12 (represented by triangles
in Figure 7.9). This anomalous behaviour may be explained by the fact that
the mechanism of failure was due mainly to the high vertical 1load (EC = 3)
and shows no preferential direction of movement. Rotation against the

direction of the offset of moment may occur in such cases.

The cumulative dimensionless horizontal displacement versus number of cycles
curves are presented in Figures 7.10, 7.11, 7.12, and 7.13. It can be
observed that the trend of behaviour is similar to the cumulative rotation
angle. Test CW.30H.76C-12 (represented by triangles in Figure 7.13),
performed with an offset 1in the moment loading and therefore also of the
horizontal loading, exhibits a backwards displacement of approximately
0.007D between the 30th (point A) and the 320th (point B) cycles, after
which the direction of the movement 1is reversed. This anomaly 1is also
accounted for by a general failure being developed while the test was

progressing.
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Figure 7.6 Cumulative rotation angle versus number of cycles curves (low
vertical load, low amplitude of moment)
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Figure 7.7 Cumulative rotation angle versus number of cycles curves (low
vertical load, high amplitude of moment)
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Figure 7.8 Cumulative rotation angle versus number of cycles curves (high
vertical load, low amplitude of moment)
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Figure 7.9 Cumulative rotation angle versus number of cycles curves (high
vertical load, high amplitude of moment)
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Figure 7.10 Cumulative dimensionless horizontal displacement versus number
of cycles curves (low vertical load, low amplitude of moment )
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Figure 7.11 Cumulative dimensionless horizontal displacement versus number
of cycles curves (low vertical load, high amplitude of moment)

7-14



006 | HIGH vV /s A | LOW M, /5,0°

4 {0 TEST W. BL.73C-12
+ TEST CW. 8L.B4C- 14
004— |0 TEST w.30L66C-II
A TESTCW.30L 77C-12

10 100 1000

NUMBER OF CYCLES

Figure 7.12 Cumulative dimensionless horizontal displacement versus number
of cycles curves (high vertical load, low amplitude of moment)
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Figure 7.13 Cumulative dimensionless horizontal displacement versus number
of cycles curves (high vertical load, high amplitude of moment)
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For 1low vertical 1load (Figures 7.10 and 7.11), the cumulative horizontal
displacement is noticeably larger for high amplitude of moment (and
horizontal 1load) than for low amplitude, as would be expected. For high
vertical load (Figures 7.12 and 7.13) and except for slow W tests
(30 seconds period, no offset of moment loading), however, the magnitudes of
the horizontal displacement are not markedly different for low and high

amplitude of moment.

Test CW.30L.77C-12 (represented by triangles in Figure 7.12) exhibits
cumulative horizontal displacements increasing steeply from approximately

the 380th cycle on, showing a progressive failure process (EC = 3).

Figures 7.14, 7.15, 7.16 and 7.17 show the evolution of the cumulative
dimensionless vertical displacement with the number of cycles. Allowing for

differential 1initial settlements, which vary with the values of V/suA, the

results suggest that the subsequent cumulative vertical displacements are
more strongly related to the amplitude of moment than to the value of the

vertical load.

Tests performed with low vertical load and low amplitude of moment (Figure
7.14) show increment of vertical displacement (after the application of the
vertical 1load) less than 0.01D for about 700 cycles, test W.8L.63C-10 (data
points represented by squares) being an exception and exhibiting an

increment of settlement of about 0.05D for 1000 cycles.

For high vertical load and 1low amplitude of moment (Figure 7.16) the
increment of vertical displacement for 800 cycles varies from about 0.03D to
0.06D in three tests of the group. Test CW.30L.77C-12 (data points
represented by triangles), limited to 475 cycles of loading, exhibited a

final increment of settlement of about 0.08D.
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Figure 7.14 Cumulative dimensionless vertical displacement versus number of
cycles curves (low vertical load, low amplitude of moment)
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Figure 7.15 Cumulative dimensionless vertical displacement versus number of
cycles curves (low vertical load, high amplitude of moment)
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Figure 7.16 Cumulative dimensionless vertical displacement versus number of
cycles curves (high vertical load, low amplitude of moment)
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Figure 7.17 Cumulative dimensionless vertical displacement versus number of

cycles curves (high vertical load, high amplitude of moment)
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Slow tests (30 seconds period) with high amplitude of moment (represented by
diamonds and triangles in Figures 7.15 and 7.17) seem to produce larger
cumulative vertical displacements than fast tests (8 seconds period,

represented by squares and crosses in the same figures).

In many cases the cumulative vertical displacement is approximately linear
with the number of cycles after about 600 cycles. This feature, however, is

clearer on linear rather than logarithmic plots (not shown).

Figures 7.18, 7.19, 7.20 and 7.21 show the variation of rotation 46 (Figure
7.1) versus number of cycles. Despite the irregularities owing to
inaccuracies in the data logging system (the process involves the
measurement of very small rotations) the patterns of behaviour are clearly

identifiable.

Tests with 1low vertical 1load and low amplitude of moment become steadily
stiffer with the number of cycles when an offset of moment is applied (tests
CW.30L.57C-09 and CW.8L.65C-10, represented by triangles and crosses
respectively in Figure 7.18), while tests with no offset (W.30L.59C-09 and
W.BL.63C-10, represented by diamonds and squares respectively in the same
figure) stiffen up to about 30 to 40 cycles, slightly softening then up to

1000 cycles.

In the group of tests corresponding to low vertical load and high amplitude
of moment (Figure 7.19), slow tests (represented by diamonds and triangles)
are more flexible at 100 cycles than fast tests (represented by squares and
crosses). Test W.30H.56C-09 (diamonds) becomes increasingly more flexible
with the number of cycles, the variation of rotation at 100 cycles being
approximately 180 % higher than its initial value. Test CW.30H.58C-09

(triangles) features an initial slight stiffening behaviour, becoming more
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Figure 7.18 Variation of rotation versus number of

cycles curves (low
vertical load, low amplitude of moment)
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Figure 7.19 Variation of rotation versus number of cycles curves (low
vertical load, high amplitude of moment)
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Figure 7.20 Variation of rotation versus number of cycles curves (high
vertical load, low amplitude of moment)
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Figure 7.21 Variation of rotation versus number of cycles curves (high
vertical load, high amplitude of moment)
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flexible from the 6th cycle on and following approximately the same pattern
as test W.30H.56C-09. Fast tests tend to show a constant value of 46,

allowing for some fluctuation observed.

The results of tests carried out with high vertical load (Figures 7.20 and
7.21) indicate a steady reduction in the variation of rotation 46 with the
number of cycles for each amplitude and offset of moment and for both
periods, the magnitude of A6 being in accordance with the magnitude of the
amplitude of moment, as would be expected. Test W.30H.83C-13 (represented by
diamonds in Figure 7.21) shows the most flexible response of the group of

high vertical load and high amplitude of moment tests up to about 50 cycles.

The curves showing the dimensionless rotational energy dissipated per cycle
W/suD3 versus number of cycles are shown in Figures 7.22, 7.23, 7.24 and

7.25. The shape of these curves is remarkably similar to that of the curves
for the variation of rotation. In slow tests with low vertical load and high
amplitude of moment (represented by diamonds and triangles in Figure 7.23)
the energy dissipated per cycle at 100 cycles is about 30 % and 80 ¥ higher
than their initial values for tests CW.30H.58C-09 (triangles) and
W.30H.56C-09 (diamonds) respectively, while for fast tests (represented by
squares and crosses in the same figure) this parameter tends slightly to

decrease with the number of cycles.

Tests performed with high vertical load and high amplitude of moment (Figure
7.25) exhibit a marked fall in the energy dissipated per cycle with the
progress of the ‘test. The initial wvalues of this parameter are rather

3

different among the tests (varying from O.OOO9SUD to 0.0054suD3 per cycle),

being higher for slow tests (represented by diamonds and triangles),
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Figure 7.22 Dimensionless energy dissipated per cycle versus number of
cycles curves (low vertical load, low amplitude of moment)
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Figure 7.23 Dimensionless energy dissipated per cycle versus number of
cycles curves (low vertical load, high amplitude of moment)

7-23



0.006
W HIGH V/sy A | LOW Mg /5,03
suD3 _
O TEST W 8L 73C- 12
+ TESTCW. 8L.84C- 14
O TEST W.30L66C- Il
0004 - o TESTCW 30L.77C- 12
0.002
0

NUMBER OF CYCLES

Figure 7.24 Dimensionless energy dissipated per cycle versus number of
cycles curves (high vertical load, low amplitude of moment )
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Figure 7.25 Dimensionless energy dissipated per cycle versus number of
cycles curves (high vertical load, high amplitude of moment)
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converging to a much narrower band after about 400 cycles (from 0.0002suD3

to O.OOO6sUD3 per cycle).

Tests with low amplitude of moment (Figures 7.22 and 7.24) dissipated very
little energy, the initial values being less than O.OOOSSUD3 per cycle. The

energy dissipated per cycle for low vertical load is higher for tests with
symmetric moment loading (represented by squares and diamonds in Figure
7.22) than for tests with an offset in the moment (represented by crosses

and triangles in the same figure), although the difference 1is not
significant when compared with typical magnitudes of W/suD3 observed in

tests with high amplitude of moment loading. At high vertical load (Figure
7.24) for any combination of offset of moment and of period, the energy

dissipated per cycle is less than for the case of low vertical load.

7.2.2 Repeated Tests

The details of the repeated tests are given in Table 7.4, while Table 7.5

presents the values of the non-dimensional loading parameters for each test.

Fairly good repeatability has been observed in cyclic loading tests. It must
be pointed out, however, that repeated tests were performed with the same
loading and geometric parameters but, for reasons already discussed in
Chapter 4, with some differences in the clay strength. This led to slight
differences between dimensionless loading parameters in each pair of tests,
initially supposed to be entirely identical, with 1inevitable consequences

for the results.
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Figures 7.26, 7.27, 7.28, 7.29 and 7.30 present a complete set of results
involving tests CW.BL.B4C-14 (represented by squares) and CW.8L.75C-12
(represented by crosses). It is worth mentioning that the results of test
CW.8L.84C-14 (included in the representative group of tests), having already
been presented, are in this section repeated for comparison purposes. Both
tests were carried out under the same loading conditions but on clay samples

of different strengths. The value of Su in the former test is 19 7 higher

and this 1s apparent in the results: test CW.8L.84C-14 exhibits a lower
total vertical displacement (about 35 % of the values for test CW.8L.75C-12,
as indicated in Figure 7.28), a stiffer pattern of rotational behaviour
(Figure 7.29) and a lower energy dissipated per cycle (Figure 7.30).
Although the horizontal displacements are almost the same for both tests
(Figure 7.27), the curves for the cumulative rotation angle (Figure 7.26)

are rather different.

Figure 7.31 shows the clay surface at various stages during the progress of

Table 7.4 Repeated cyclic loading tests

low V/s A high V/s A
u u
8s period 30s period 8s period 30s period
W W.30L.55C-09
low
M /s D3
a""u
Ccw CW.8L.75C-12 | CW.30L.67C-11
v W.30H.68C-11
high
M /s D3
a""u
cw CV.30H.69C-11
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Table 7.5 Loading parameters of the repeated cyclic loading tests

low V/s A high V/s A
u u
8s period 30s period 8s period 30s period
V/s A=2.0
u
W M /s D3=0.24
a’'"u
low M /s D3=O
o "u
M /s D3 V/s A=5.2 V/s A=5.4
a’"u u u
v M /s D°-0.25 | M_/s D>-0.26
a""u a "u
M /s D3-0.06 | M /s D>=0.06
o "u o "u
V/s A=4.0
u
W M /s D3=O.38
a "u
high M /s D=0
o "u
M /s D V/s A=4.7
a "u u
cv M_ /s D =0.45
a "u
M /s D>=0.06
o’ “u

test CW.8L.75C-12. Figure 7.31 (a) illustrates the surface immediately after
the application of the vertical load (V = 330.3 N). Some ground heave with
radial cracks can be observed in Figure 7.31 (b), corresponding to 105
cycles of loading. Figure 7.31 (c¢) shows a volume of clay displaced on one
side of the loading plane, at the 516th cycle. Finally, by the end of the
test (1002 cycles), a large volume of clay displaced by the foundation can

be noticed on both sides of the loading plane (Figure 7.31 (d)).
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Figure 7.26 Cumulative rotation angle versus number of cycles curves for
two tests carried out under the same loading conditions
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Figure /.27 Cumulative dimensionless horizontal displacement versus number

of cycles curves for two tests carried out under the same
loading conditions
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Figure 7.28 Cumulative dimensionless vertical displacement versus number of

cycles curves for two tests carried out under the same loading
conditions
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Figure 7.29 Variation of rotation versus number of cycles curves for two
tests carried out under the same loading conditions
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Figure 7.30 Dimensionless energy dissipated per cycle versus number of

cycles curves for two tests carried out under the same loading
conditions

7.3 Special Tests

Table 7.6 shows all the relevant data concerning special tests, while Tables

7.7 and 7.8 show the details and values of the non-dimensional loading

parameters involved.

7.3.1 Double Amplitude Tests

Figures 7.32, 7.33, 7.34, 7.35 and 7.36 show the results of tests
W.8A.78C-13 (represented by squares) and CW.8A.79C-13 (represented by
crosses), performed with high vertical load and 8 seconds period. 1In test
W.B8A.78C-13 the spud-can model was subjected to 400 cycles of low amplitude

moment followed by 374 cycles of high amplitude moment, no offset being
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(b) N = 105

Figure 7.31 Aspect of the clay surface at various stages during test
CW.BL.75C-12 (N = number of cycles) (continued next page)
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(d) N = 1002

Figure 7.31 (continued)
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Table 7.6 Special cyclic loading tests

test Su (kPa) | V (N) Ma (Nm) Mo (Nm) | T (s) nax (N) EC
W.8A.78C-13 10.9 329.9 2.0/4.0 0 8 431.9 2
CW.BA.79C-13 9.8 330.0 | 2.0/4.0 0.5 8 402.7 2
W.8B.80C-13 9.3 330.0 4.0 0 8 313.2 3
CW.8B.82C-13 9.7 330.1 4.0 0.5 8 406.2 1
Notes
(1) test CW.8B.81C-13 was lost
(2) S,= index shear strength of the clay sample
(3) V = fixed vertical load
(4) Maz peak-to-peak amplitude of the moment loading
(5) MO: offset of the moment loading
(6) T = period of the moment loading
(7) Vmax: maximum vertical load applied to the model footing before

testing

(8) EC = index related to the area of the clay surface affected by the

foundation at the end of the test (see Section 7.2)

Table 7.7 Special cyclic loading tests

high V/suA
8s period
v V.8A.78C-13
double amplitude
(low & high Ma/sUD3)
04Y) CW.B8A.79C-13
v V.8B.80C-13
bursts of cycling
. 3
(high Ma/SuD )
Ccw CW.8B.82C-13
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Table 7.8 Loading parameters of the special cyclic loading tests

high V/SUA

8s period

V/s A=3.9
u

v | M /s p3-0.18/0.37
a u

double amplitude MO/sUD3=O

(lovw & high M_/s D°) V/s A<4.3
a u u

cW | M /s D°=0.20/0.41
a u

M /s D=0.05
(o] u

V/s A=4.5
u

v M /s D3=0.43
a u
3

bursts of cycling Mo/suD =0
(high M_/s D°) V/s A=h.3
a "u u )
ov | M /s D3-0.41
a u
M /s D=0.05
(6] u

introduced in this case. Test CW.BA.79C-13 was carried out under a constant
offset of moment of O.OSSUD3 and a low amplitude of moment for the first 300

cycles and high amplitude for the following 149 cycles.
The results suggest that the amplitude of moment loading plays an important

role in the pattern of the cumulative displacements. As would be expected,

the values of the variation of rotation and energy dissipated per cycle are
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Figure 7.32 Cumulative rotation angle versus number of cycles curves for

double amplitude tests
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Figure 7.33 Cumulative dimensionless horizontal displacement versus number

of cycles curves for double amplitude tests
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Figure 7.34 Cumulative dimensionless vertical displacement versus number of
cycles curves for double amplitude tests
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Figure 7.35 Variation of rotation versus number of cycles curves for double
amplitude tests
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0002
0

I 10 100 1000
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Figure 7.36 Dimensionless energy dissipated per cycle versus number of
cycles curves for double amplitude tests

markedly affected by the sudden increase in the amplitude of the moment
applied, reaching values very consistent with those obtained at the

beginning of similar tests in the main series performed with high amplitude

of moment loading.

7.3.2 Bursts of Cycling Tests

Figures 7.37, 7.38 and 7.39 show the relevant results of tests W.8B.80C-13

(represented by squares) and CW.8B.B2C-13 (represented by crosses), both

carried out with high vertical load, high amplitude of moment and 8 seconds

7-37



o|~

o~

(a) number of cycles in logarithmic scale

1000

04
HIGH V/s, A
HIGH Mg/s A
03 0O TEST W.8B.80C- I3
+ TEST CW.8B.82C- I3
0.2 —
0.1
(6] T T T T T T T T T T
] i0 100
NUMBER OF CYCLES
(b) number of cycles in linear scale
014 4
0124
010+
—
0.0 8
0.06
HIGH V/s A
7] HIGH Mg/s,A
004+ 0 TEST W.8B.80C-13
- + TESTCW.8B.82C-~13
002 T T T T T T T T T T T T
0 40 80 120 160 200 240

NUMBER OF CYCLES

Figure 7.37 Cumulative dimensionless vertical displacement versus number of

cycles curves for bursts of cycling tests
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(a) number of cycles in logarithmic scale
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Figure 7.38 Variation of rotation versus number of cycles curves for
bursts of cycling tests
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period, without and with an offset of moment respectively. In each figure

the curves are presented in two ways:

(a) using the same scales as in the corresponding figures of the main

series, for comparison purposes;

(b) the scale referring to the parameter in question expanded and the
number of cycles represented on a linear scale, to reveal in more
detail the pattern of behaviour immediately before and after the

resting time.

The steps 1in the curves of Figure 7.37 (b) represent the settlement of the
model footing owing to consolidation of the clay sample during the resting
interval. It can be observed that the slope of the curve is reduced
drastically immediately after the loading is resumed, gradually increasing
thereafter. A similar pattern of behaviour can be noticed in the variation
of the rotation angle and energy dissipated per cycle, as illustrated in
Figures 7.38 (b) and 7.39 (b). Immediately after the resting time the model
footing exhibits a stiffer rotational behaviour with less dissipation than
immediately before, reverting then to a steady response in about 20 to 30
cycles. In each case the enveloping curves are quite consistent with the

results of equivalent tests of the main series.
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CHAPTER 8

ANALYSIS OF THE RESULTS - MONOTONIC LOADING

8.1 Introduction

In this chapter the analysis of the results of the main groups of monotonic
loading tests outlined in Chapter 6 are presented. Leg tests are not
included in this analysis because the results presented in Chapter 6 already
provide satisfactory information about the interaction between footing
(spud-can) and leg. Further structural analysis is not within the scope of

this research.

The analysis of the vresults was performed by fitting a three-parameter
hyperbola to the initial branch of the curves which is, as far as monotonic
loading is concerned, the most important part of the test results. Once the
hyperbola was defined, the relevant parameters for the 1load versus
displacement curves were easily obtained through simple algebra, these
parameters being the failure load or moment, the initial stiffness and the

plastic stiffness (as defined in Sections 8.3.2 and 8.4.2).

Also described and discussed in this chapter 1is the unloading rotational
stiffness of combined loading tests, obtained from the linear segment of the
moment versus rotation curve immediately after reversing the direction of

the rotation.
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8.2 The Byperbola

The curve which was found to represent best the results of monotonic loading

tests is a three-parameter hyperbola

y = [8.1]

passing through the origin and having one asymptote parallel to the y axis

and the other inclined with a slope k2 wvith respect to the x axis, as
illustrated in Figure 8.1(a). The vertical asymptote intercepts the x axis

at x = -b/(a + ¢) and the other intercepts the y axis at y = a2b/(a + c)2.

The slope of the tangent at the origin is
dy
K, - (a;) -a, [8.2]

and at x » @ (inclined asymptote)

k, - (g%] . ae [8.3]

The tangent at the origin intercepts the inclined asymptote at the point F,

with coordinates

[8.4 and 8.5]

It is worth noticing that the two-parameter hyperbola employed by Kondner

(1963) to describe the stress-strain behaviour of «cohesive soils is a
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particular case of the three-parameter hyperbola defined here. Equation

[B.1] becomes Kondner’s hyperbeola if ¢ = 0, with k1 = a, k = 0, Xg = b/a

and Vi = b, as shown in Figure 8.1(b).

Stress-strain behaviour of soils often exhibits an ultimate stress
represented by a horizontal asymptote and therefore has been conveniently
approximated by wusing the two-parameter hyperbola. Actual foundations,
however, wusually do not respond with a well defined failure load when
subjected to large displacements but, for practical purposes, assume a
constantly increasing strength with further displacements (at least within
the range considered here) and, consequently, their behaviour is better

modelled by a curve featuring an inclined asymptote.

<

7]
>

— FITTED
0 AacTuaL

X
D

Figure 8.2 Fitted hyperbola compared with actual points obtained from test
VC.100F.01-01 (vertical central loading test)
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Figure 8.3 Fitted hyperbola compared with actual points obtained from
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Figure 8.4 Fitted hyperbola compared with actual points obtained from test
HD.1005.41-06 (combined loading test - worst fitting)
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The curve-fitting was performed using non-linear regression analysis and
Figures 8.2, 8.3 and 8.4 show some examples of the fitted curves together
with actual points obtained from the tests. Figure 8.2 corresponds to a
vertical central loading test (VC.100F.01-01) and Figures 8.3 and 8.4 to
combined loading tests (H.100C.53-08 and HD.100S.41-06). These last two
tests were chosen to illustrate the best and the worst fitting for
moment-rotation data as far as the correlation coefficient is concerned. The
values of this coefficient obtained in each regression (see Tables 8.2 and
8.4) indicate that loading-displacement behaviour of monotonic loading tests

can be very well represented by the three-parameter hyperbola.

8.3 Vertical Central Loading Tests

Figure 8.5 shows how the failure 1load Vf/suA, the elastic stiffness kl
(initial stiffness) and the plastic stiffness k2 are geometrically defined

from the load versus displacement curve OA. It is worth mentioning that in

case of cones and spud-cans only the upper branch of the curves (OlA) was
considered for curve fitting purposes and therefore the parameter kl

obtained in these cases does not represent elastic stiffness.

8.3.1 Rigidity Index
The vertical central load applied to a rigid circular plate placed on the
surface of a semi-infinite elastic mass is given by equation [2.6] (Section

2.4.1). 1f the elastic mass is assumed to be a clay soil and undrained

behaviour is considered, equation [2.6} can be written as

sA n s D° [8.6]
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The 1initial rigidity index of the kaolin clay sample can be estimated by

equating the initial stiffness inferred from test results, kl’ to the
theoretical elastic stiffness, 16G/nsuz
G n
_§; = 1g kl . [8.71

Table 8.1 shows the values of the rigidity index obtained by equation [8.7]

for the two vertical central loading tests performed on circular plates.

Table 8.1 Initial stiffness and rigidity index
(vertical central loading tests)

test k G/s
1 u
VC.100F.01-01 233.4 45.8
VC.50F.03-01 196.7 38.6
Note

(1) k1= initial stiffness

8.3.2 Bearing Capacity and Plastic Stiffness

The values of the hyperbola parameters a, b and ¢, the correlation

coefficient squared r2 obtained in each fitting, the values of the failure

load Vf/suA and the stiffnesses kl (except for cones and spud-cans) and k2

for vertical central loading tests are given 1in Table 8.2. It can be
noticed, however, that none of the spud-can vertical loading tests appears
in the table and, instead, data obtained from the driving operation of
spud-can model footings for deep combined loading tests were adopted. The

reason for this is the large amount of data available from deep tests
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Table 8.2 Results of the curve-fitting analysis
(vertical central loading tests)

2

test a b c r Vf/SUA kl k2
VC.100F.01-01 233.37 9.85 2.01 0.99958 9.77 233.37 2.00
VC.50F.03-01 196.66 9.41 3.09 0.99928 9.26 196.66 3.04
VC.50C.04-01 69.30 6.55 2.71 0.99976 9.40 - 2.61
VC.50C.05-01 34.68 4.61 5.72 0.99994 8.22 - 4.91
VC.50C.06-01 29.49 3.56 7.28 0.99943 7.14 - 5.84
VC.50C.07-01 18.36 4.30 2.65 0.99955 9.01 - 2.31
HD.100S.40-06 69.49 4.97 2.63 0.99857 7.10 - 2.53
HD.100S.41-06 81.63 5.45 4.87 0.99913 7.77 - 4.59
HD.100S5.42-06 90.17 4.97 1.69 0.99498 7.40 - 1.66
HD.100S.43-06 65.07 4,35 1.83 0.99030 7.84 - 1.78
HD.100S.47-07 72.26 5.96 4,35 0.99953 9.28 - 4.10
HD.100S.48-07 83.98 4.33 4.50 0.99836 7.46 - 4.27
Notes
(1) a,b,c = hyperbola parameters
(2) r2= correlation coefficient squared
(3) Vf/suA = non-dimensional bearing capacity
(4) klz non-dimensional initial stiffness
(5) k2= non-dimensional plastic stiffness

(spud-cans were driven deeper in these tests than in standard vertical

central loading ones) allowing the fitting to be more accurately performed.

Figure 8.6 shows how the failure load varies with the cone angle. It must be
pointed out that all the cones and one circular plate (50 mm) were tested on
the same clay sample, the cones being at 75 mm distance from the wall and
the flat circular plate at the centre, as illustrated in Figure 5.3 (see

Section 5.2.1).

Except for one circular plate (D = 100 mm) and the spud-cans (D = 100 mm),
all the other model footings employed were 50 mm in diameter. Because the
spud-can models wused in this research are geometrically defined by two

conical surfaces of different angles (Figure 3.8, Section 3.5), they are
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represented in the cone angle axis by the angle of the cone which has the

same volume as the spud-can. For the 130° spud-can this angle is 152.6°.

The variation of the plastic stiffness with the cone angle is represented in

Figure 8.7.

The following comments can be made from the analysis of Figures 8.6 and 8.7.

(i) The bearing capacity values obtained experimentally are higher than
those predicted by theory. The comparison of the experimental results
(Figure 8.6) with the theoretical ones (Figure 2.3, Section 2.4.2)
seems to suggest that the model footings behave within an intermediate
range of surface roughness o in spite of being made of polished metal.
Assuming the shear strength of the clay sample being linearly

increasing with the depth in the form

Su= Sot P2 s [2.13 bis]

where S, is the undrained shear strength at the surface, p a constant

and z the depth, and using all the site investigation results

available it <can be concluded that the parameter pD/so varies

approximately from 0.10 to 0.42. In accordance with Houlsby and Wroth

(1983) the gain in bearing capacity for pD/so= 2.00 is about 26 % for
rough footings and about 18 % for smooth footings. For pD/sO in the

range of 0.10 to 0.42 the expected gain would not be very significant
and therefore the effect of increasing strength with depth does not
account for the high values of bearing capacity observed

experimentally.
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(ii) Although some scatter 1is observed (with one exceptional point), the
results seem to suggest that the spud-can has a lower bearing capacity

than the equivalent cone, behaving like a sharper cone with an angle

around 90° to 115°.

(iii) Plastic stiffness varies with the cone angle in the opposite way to
the bearing capacity, as may be expected bearing in mind the manner in

which bearing capacity was geometrically defined in this work. While
the bearing capacity exhibits a minimum value for cones of about 900,
the plastic stiffness appears to reach a maximum value at about 90° to

o . .
100~ cone angle. Because of experimental scatter, no conclusive trend

concerning k2 can be observed from the spud-can results.

8.4 Combined Loading Tests

The geometrical definitions of failure moment Mf/SuD3’ elastic stiffness k1

(initial stiffness) and plastic stiffness k2 for moment versus rotation

curves are similar to those of the corresponding parameters for vertical

load versus vertical displacement curve and are illustrated in Figure 8.8.

The unloading stiffness k3 vas calculated either for positive or negative

moment loading by dividing the variation of the moment A(M/SUD3)by the

variation of the rotation angle 46 immediately after the direction of the
imposed rotation was reversed. The results were plotted against 46, which
varied a little from test to test, and are presented later in Figures 8.23,

8.24 and 8.25 in the form of a band of values obtained.
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8.4.1 Rigidity Index

Equation [2.9] (Section 2.4.1 (iii)) associates the rotation angle to the
moment applied to a <circular rigid plate resting on the surface of a
semi-infinite elastic mass. Assuming the elastic mass as being a clay soil
and the moment loading rate consistent with undrained behaviour, the above

equation can be expressed in non-dimensional form:

2 G
55— 0. [8.8]

An estimation of the 1initial rigidity index can therefore be made by

equating the theoretical elastic stiffness 2(3/35u to the initial stiffness
obrained from test results:
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G 3
= =3k [8.9]

The values of the rigidity index thus derived are indicated in Table 8.3 for

the four combined loading tests performed on circular flat footings.

Table 8.3 Initial stiffness and rigidity index
(combined loading tests)

test k G/s
1 u
H.100F.15-02 18.9 28.4
H.100F.16-02 32.0 48.0
H.100F.18-02 20.4 30.7
H.100F.33-05 29.4 44.2
Notes

(1) k1= initial stiffness

8.4.2 Failure Moment and Stiffnesses

Table 8.4 shows the values of the hyperbola parameters a, b and ¢, the
corresponding correlation coefficient squared, the failure moment Mf/SuD3

and the stiffnesses kl and k2 for each test of the representative group of

the main series and also for special deep tests.

In order to illustrate better the patterns of behaviour, the figures for the
curves of Mf/sUD3, kl or kZ versus cone angle were organized into two

groups, each one consisting of six figures:
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* in the first group each figure displays curves concerning a
particular value of h/D for two levels of vertical load (low and

high);

* the second group presents curves corresponding to a particular

level of vertical load for two values of h/D (0.5 and 1.5).

Deep test results must be treated carefully because they were only performed

with h/D = 2.0 for each level of vertical load applied and therefore were

Table 8.4 Results of the curve-fitting analysis
(combined loading tests)

2 3

test a b d r Mf/SuD kl k2
H.100F.15-02 18.93 0.41 0.63 0.99819 0.39 18.93 0.61
H.100F.16-02 31.99 0.26 0.89 0.99784 0.26 31.99 0.87
H.100F.33-05 29.43 0.21 1.72 0.99839 0.21 29.43 1.71
H.100F.18-02 20.44 0.30 1.20 | 0.99775 0.28 20.44 1.13
H.100C.53-08 51.34 0.38 0.58 0.99961 0.38 51.34 0.58
H.100C.52-08 28.99 0.47 0.41 0.99758 0.46 28.99 0.41
H.100C.23-03 73.60 0.16 2.68 0.99957 0.16 73.60 2.58
H.100C.22-03 34.51 0.20 2.51 0.99902 0.19 34.51 2.34
H.100C.51-08 57.84 0.32 1.24 0.99713 0.31 57.84 1.22
H.100C.50-08 68.61 0.43 1.09 0.99723 0.42 68.61 1.07
H.100C.25-03 47.14 0.29 2.24 | 0.99887 0.27 47.14 2.14
H.100C.24-03 88.33 0.30 { 2.37 0.99227 0.29 88.33 2.30
H.100S8.29-04 41.85 0.32 0.93 0.98031 0.31 41.85 0.91
H.100S.28-04 45.86 0.29 1.14 0.99329 0.28 45.86 1.11
H.1005.31-04 57.75 0.19 1.63 0.97894 0.19 57.75 1.59
H.100S.49-07 45.59 0.14 2.41 0.99762 0.13 45.59 2.29
HD.100S.47-07 51.39 0.46 1.14 ] 0.99846 0.45 51.39 1.12
HD.100S.48-07 49.22 0.38 2.38 0.99585 0.36 49,22 2.27
HD.100S5.42-06 52.22 0.41 1.95 0.98023 0.39 52.22 1.88
HD.100S.41-06 61.71 0.38 2.15 0.97776 0.37 61.71 2.08
Notes
(1) a,b,c = hyperbola parameters
(2) r2= correlation coefficient squared
(3) Mf/suD3: non-dimensional failure moment
(4) k1: non-dimensional initial stiffness
(5) k2= non-dimensional plastic stiffness
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only plotted in the second group of figures.

It is worth mentioning again that a low level of vertical load in combined

loading tests means V/SUA = 1.7 to 2.3 while a high level means V/suA = 4.0

to 5.4.

(a) Analysis of the Failure Moment Mf/suD3

(i) Figure 8.9 shows the failure moment obtained from tests performed on

circular flat model footings in the M/sUD3:H/sUA space. It also

presents contours of V/SuA (2 to 5) obtained by Brinch Hansen method

of calculation applied to circular footings and one curve generated by

finite element analysis for the same kind of footing and V/suA = 3.6

(see Section 2.4.2). The points corresponding to high vertical load
seem to agree fairly well with Hansen’s predictions. For low vertical
load, however, the value at high horizontal load (h/D = 0.5) is very
tar from Hansen’s result, about 75 % higher and agreeing better with
the finite element results, while for low horizontal load (h/D = 1.D5)
a reasonable agreement can be observed. The anomalous point

(V/suA = 1.99 and h/D = 0.5) was thoroughly checked and nothing wrong

could be detected either in the processing of the raw data or in the
curve fitting procedure. Purely for reference, the value of the

failure moment calculated by Brinch Hansen method for V/sUA = 1.99 and
h/D = 0.5 1is indicated later in Figures 8.11 and 8.13 (showing the

variation of the failure moment Mf/sUD3 with the cone angle).
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(ii)

(iii)

All the results obtained from the representative group of the main
series of tests are presented in the M/SUDB:H/SUA space, 1in Figure

8.10 together with curves produced by the finite element method

o] o]

carried out for cone angles of 1200, 1507 and 180 for V/SUA = 3.6

(Section 2.4.2). The numerical analysis overpredicts the failure
moment in almost all the cases, although the shapes of the contours of

V/suA inferred from experimental results within the sector defined by

the lines of slopes h/D = 0.5 and h/D = 1.5 are generally similar to
those from the finite element curves, reflecting small variation in

Mf/sUD3 with large variation of H/sUA (also illustrated in Figures

8.13 and 8.14). The contours obtained from spud-can model tests

exhibit a rather atypical and interesting pattern, with the higher

failure moment Mf/SuD3 corresponding to the higher horizontal load

(h/D = 0.5).

The pattern of behaviour represented by Figures 8.10, 8.11 and 8.12
reveals clearly that vertical load affects markedly the failure moment

Mf/SuD3' For the wvalues of vertical load adopted in the tests, the

lower tends to produce higher failure moment M /sUD3 than the high

f
one. Interestingly, the convexity of the curves is also affected by

the vertical load, leading to much broader difference at intermediate
range of cone angles than at the extreme values employed (60O and

1800). This trend was also identified by finite element analysis (see

Section 2.4.2), although r.ither more weakly.
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(iv) A spud-can tested at the surface of the clay sample exhibits a failure

moment Mf/suD3 of about 70 % of the values corresponding to the

equivalent cone, for low horizontal 1load (h/D = 1.5). For high

3.
f/SuD is

horizontal 1load (h/D = 0.5) the spud-can failure moment M
about 15 % higher when the vertical load is high but no conclusion can

be made for 1low vertical load owing to the anomalous result for the

flat circular footing.

(v) Deep tests, performed on spud-can models with h/D = 2.0, should be
compared with shallow tests carried out with h/D = 1.5 because, for
the same moment, the difference in the horizontal load between these
two configurations is relatively small (only 12.5 % of the difference
between horizontal loads corresponding to h/D = 0.5 and h/D = 1.5).

3

The embedment in the clay produced an increase in M /SuD of 39 % to

f
61 %7 for low wvertical load and about 181 % for high vertical load
(Figures 8.13 and 8.14), although this increase does not seem to be
dependent on the initial depth of installation of the spud-can model

(d/D = 0.35 or d/D = 0.70).

(b) Analysis of the Initial Stiffness kl

(i) Figures 8.15 and 8.16 show that vertical load at the levels adopted in
this research does not influence significantly the initial stiffness.
The horizontal load, however, has apparently affected the shape of the
curves, high horizontal load (h/D = 0.5) displaying upwards convexity
(negative curvature) and the opposite for 1low horizontal load

(h/D = 1.5), as illustrated in Figures 8.17 and 8.18.
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(i1)

(iii)

(c) Analysis of the Plastic Stiffness k

(1)

A spud-can under low horizontal load (h/D = 1.5) behaves as about 70 %
and 100 % stiffer than an equivalent cone for low and high vertical
load respectively. For high horizontal 1load (h/D = 0.5) a spud-can
behaves approximately 1like the equivalent cone. Deep tests feature
stiffer behaviour than shallow ones, the gain being about 13 % for low
vertical load and 8 % and 35 % for high vertical load. No trend of
stiffening with the embedment could be observed between tests at

d/D = 0.35 and d/D = 0.70.

The pattern of variation of the initial stiffness k1 with the cone

angle for 1low horizontal load (h/D = 1.5) represented in Figure 8.16
suggests a behaviour more like a rough than a smooth £footing when
compared with the variation of the elastic rotational stiffness
function obtained by finite element analysis for both rough and smooth
footings (Figure 2.1, Section 2.4.1). Moreover, the spud-can response
70 % and 100 % stiffer than equivalent cone (Section (ii) above)
indicates that this model footing is neither behaving as fully rough
nor fully smooth if compared with the results of finite element

calculations carried out for similar spud-can footing (Table 2.3,

Section 2.4.1).

2

As in the vertical central loading test results (Section 8.3.2, item
iii), the plastic stiffness kz varies 1in the opposite way to the
failure moment Mf/sUDS, as might be expected. Figures 8.19 and 8.20

indicate that k2 is strongly dependent on the vertical load,

particularly for the intermediate range of cone angles. The plastic
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(i1)

(iii)

stiffness kz for high vertical load is on average 95 %, 408 % and

105 % higher than the values observed for low vertical 1load for the

60° cone, 120° cone and flat circular plate respectively.

Figures 8.21 and 8.22 show that the intensity of the horizontal 1load
plays no 1important role 1in the pattern of behaviour of the plastic

stiffness kz.

A spud-can in this case also has a stiffer behaviour than the
equivalent cone for low horizontal load (h/D = 1.5) and either low or

high vertical load {about 100 % and 20 % higher for low and high V/sUA

respectively). Whenn the horizontal 1load is high (h/D = 0.5) the

Low % | O beep TesT (L-035) [ A peep TEST (4 -0.70)

L 2

a

——

+-—————””’V

0 T T 1 T T T T T T T T] T T T T
60° o o
120 1 spup-can 80

CONE ANGLE

Figure 8.21 Variation of dimensionless plastic rotational stiffness with

cone angle for low vertical load
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Figure 8.22 Variation of dimensionless rotational stiffness with cone angle
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spud-can stiffness k2 is still higher than the equivalent cone one (by

about 70 %) for low vertical load, but is lower (by about 30 %) for
high vertical load. Due to the large scatter observed, the results of

deep tests are not conclusive in this case.

(d) Analysis of the Unloading Stiffness k3

(i) In accordance with the results presented in Figures 8.23, 8.24 and
8.25, the first important information concerning the wunloading

stiffness k3 is that for small rotation angles 46 it is much higher
than the initial stiffness k.. Values of k, up to approximately three

1 3

times the maximum value of kl are observed.
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(ii) Figure 8.23 shows that the value of the vertical load only slightly

(iii)

(iv) No

affects the unloading stiffness k3. The same average trend is observed

in the initial stiffness kl'

In a similar way to the initial stiffness kl behaviour, the embedment

definitely produces an increase in the stiffness k3, as suggested by

the patterns displayed in Figure 8.24.

noticeable influence in the unloading stiffness k3 produced by the

intensity of the horizontal load could be identified, as illustrated

in Figure 8.25.
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Figure 8.23 Band of values of dimensionless unloading rotational stiffness

obtained from all standard (shallow) combined loading tests for
low and high vertical load
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CHAPTER 9

ANALYSIS OF THE RESULTS - CYCLIC LOADING

9.1 Introduction

Because of the difficulty inherent in modelling foundations on clay under
cyclic loading, as mentioned in Section 5.3, the results obtained 1in this
stage of the research must be considered very cautiously. Since the
behaviour of footings under cyclic loading is directly related to the manner
in which pore pressures build up and dissipate, clearly no comprehensive
analysis could be made without knowing the variation of pore pressure around
the model spud-can during the test. Since no pore pressure measurements were
carried out in this work, the analysis of cyclic loading tests is simply
limited to identifying patterns of behaviour of a set of relevant

parameters.

Although the number of tests carried out was the maximum possible within the
time available, it is undeniably limited and is not believed to be enough to
allow accurate quantitative conclusions on the behaviour of the model
spud-can under sinusoidal moment loading. Nevertheless, some important

trends could be identified and are presented in this chapter.

The analysis was performed only for the following group of quantities,

believed to be of most relevance for practical purposes in offshore

engineering:

9-1



* increment of vertical displacement;
* variation of rotation;
* rotational energy dissipated per cycle;

* damping ratio.

Increment of vertical displacement is defined as the component of the
vertical displacement observed after cyclic loading has started. Variation
of rotation (associated with peak-to-peak moment amplitude) is defined in

Section 7.1.

In the context of this analysis, the first three quantities above are always
presented and discussed in non-dimensional form and are represented in
Figures 9.1 to 9.6 where, for each case of period and offset of loading,

they are plotted against the vertical load V/suA for the 2nd, 20th, 100th

and 400th cycles (in some cases the test was not long enough to provide data

point at 400th cycles) and for both low and high amplitude of moment loading
Ma/suD3' The second cycle was chosen rather than the first because the first

loop, passing through the origin, has one degree of freedom 1less than the

others, featuring consequently an atypical shape.

Since there are only two data points for each case of amplitude of moment,
number of cycles, period and offset of loading, a straight line was drawn
between them to indicate the trend. A linear variation 1is by no means
suggested by this procedure.

9.2 Increment of Vertical Displacement

Figures 9.1 and 9.2 show the increment of vertical displacement Az/D
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plotted against the vertical load V/SUA for the cases mentioned in

Section 9.1.
(a) Influence of the Number of Cycles N

As would be expected, the increment of vertical displacement Az/D generally

increases with the number of cycles N. In all cases of 1low amplitude of
moment Ma/suD3 and also for the 30 seconds period tests at high amplitude,

b6z/D increases faster for high vertical load V/suA than for low V/sUA. For

8 seconds period tests at high Ma/SuD3 the opposite trend occurs.
(b) Influence of the Vertical Load V/SUA

The results indicate that the value of the vertical load V/suA in the range
adopted in this work plays only a secondary role in the variation of the
increment of vertical displacement Az/D. For low amplitude of moment Ma/SuD3

and for the same number of cycles 6z/D increases with V/suA. For high

Ma/suD3 the trend differs for tests at different frequency.

(c¢) Influence of the Amplitude of Moment Loading Ma/suD3

The value of the amplitude of moment Ma/sUD3 affects the increment of

vertical displacement 8z/D more markedly than the vertical load V/sUA. For
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the same V/suA and number of cycles Az/D is higher for high values of

Ma/sUD3 than for low ones. Special tests performed with double amplitude

show clearly the same pattern of behaviour, as illustrated in Figure 7.34

(Section 7.3.1).

(d) Influence of the Offset of Moment Loading MO/SUD3

The results obtained do not 1indicate any particular trend of behaviour
relating the increment of vertical displacement with the offset of moment

loading M /s D3.
o "u

(e) Influence of the Period of Moment Loading

Slow tests (30 seconds period) exhibit larger increment of vertical
displacement than fast tests (8 seconds period). The difference may be
accounted for by the consolidation associated with the dissipation of pore
pressures built up during cyclic loading, bearing in mind that, for the same

number of cycles, slow tests are longer by a factor 3.75 than fast tests.
9.3 Variation of Rotation

Because very small variations of rotation A8 were observed in some tests, a
rather large scatter in data points was associated with the measurements,
owing to the inability of the data logging system to read small angles

(within the magnitude of a thousandth of radian) accurately.

The values of the variation of rotation A€ displayed in Figures 9.3 and 9.4,
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plotted against vertical load V/suA for the various parameters adopted in

this research, were obtained from curves carefully fitted through the data

points in each case.

It is worth mentioning that the variation of rotation 486 for a fixed
amplitude of moment loading Ma/SuD3 is inversely proportional to the

equivalent non-dimensional rotational stiffness k  (Equation [7.11,

Section 7.1).
(a) Influence of the Number of Cycles N

In 75 % of the tests performed with low vertical load V/suA, the variation

of rotation 46 exhibits a minimum value varying approximately between the
2nd and the 100th cycles, featuring a more flexible response afterwards. For

high vertical load 46 decreases steadily with the number of cycles.

(b) Influence of the Vertical Load V/suA

Making allowance for the inaccuracies involved in the determination of small
values of variation of rotation A6, it is obvious that vertical load V/suA
affects this quantity, the higher the value of V/suA the stiffer the
behaviour. In that respect, the equivalent stiffness k behaves more like the
plastic stiffness k2 than the elastic stiffness kl or the unloading

stiffness k3 in monotonic loading tests, although the magnitude of the

stiffness is very different.
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(¢) Influence of the Amplitude of Moment Loading Ma/suD3
Obviously the variation of rotation 46 increases with the amplitude of
moment Ma/sOD3 and consequently this analysis is better expressed in terms

of equivalent rotational stiffness k.

For high values of amplitude of moment Ma/suD3 and low values of vertical

load V/suA the stiffness k varies from 32 to 45 at the 2nd cycle and from 16

to 47 at the 100th cycle (only one observation at 400 cycles corresponding

to 30 seconds period and no offset of moment loading: k = 42). For high
values of both Ma/suD3 and V/sUA the stiffness k varies from 44 to 120 at

the 2nd cycle and from 195 to 370 at the 400th cycle.

For 1low values of amplitude of moment Ma/suD3 the stiffness k is much less
accurately defined. For low vertical load V/suA it varies in the range from

82 to 162 at the 2nd cycle and from 126 to 1050 at the 400th cycle. For high

V/suA the stiffness k varies from 120 to 263 at the 2nd cycle and from 525

to 3600 at the 400th cycle. It can be concluded therefore that higher

stiffness occurs at lower amplitude of moment.

(d) Influence of the Offset of Moment Loading MO/SUD3

No particular pattern of behaviour relating the variation of rotation A48

with the offset of moment loading Mo/sUD3 could be established.
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(e) Influence of the Period of Moment Loading

Tests performed with high amplitude of moment Ma/suD3 reveal larger values
of variation of rotation 46 for 30 seconds period than for 8 seconds period
when the vertical load V/suA is low. When V/suA is high, the magnitude of A6
is approximately the same for either period. For low Ma/suD3 no clear trend

can be identified.
9.4 Rotational Energy Dissipated per Cycle

As expected, the overall pattern of behaviour of the non-dimensional

rotational energy dissipated per cycle W/suD3 is very similar to the

variation of rotation 46. In this case, however, as this parameter is
evaluated by means of numerical integration of a number of points along the

loop, the scatter observed 1is smaller and therefore a better accuracy is

achieved.

Figures 9.5 and 9.6 1illustrate bhow the rotational energy dissipated per

cycle W/suD3 varies. The following observations apply:

(a) Influence of the Number of Cycles N

In 75 % of the tests with low V/sUA the energy dissipated per cycle V/suD3

is initially high, decreasing to a minimum value between approximately the
2nd and the 100th cycle and becoming thereafter more dissipative (usually
slightly more dissipative, but markedly more dissipative in slow tests

performed with high amplitude of moment). Tests with high V/sUA become

9-11



$1S91 1SBJ 10J SOT2A0 JO Iaqunu pue peO] [BOTIIIA

yita af24K> 1ad poledissip ABidous T[eUOIIEIOI
v s
A
S €
1 mr i | 1 m Oo.v O
&l o Qg
@ 00P Q¢
N\ 2:=N
A\N
N\,
N\ -1000
///
D/
NN
RN
// W\ -2000
AN /H+ 02
N
,//W 0l
0 2:N
€000
-#000
G000
cGNS/PW HoIlH  ——— (ans
c@"s/ °W MO -
Qoi¥3d s8 S1S3L MO
9000

SSaTuoIsuawWIp JO

n

A

v's

uotrleriepy G°g 2andig

¢ _ £ _
or4 5 18N\
=N ™S
02 //// u]
SN S

2:=N J
F/ Q

a "s/PW HOIH _
a"s/ Pw mon
goId3d $8 SL1S3L M

€
€

-1000

-200°0

2000

-$00°0

000
ca’s

9000

9-12



S1S31 MOTS 10J SITO4D JO I9qunu pue peo] TBOT1IaA

yitAa a724> aad pajedrissip 4L3isud
v
A
g ¢ !
1 1 |
¢ 3|
o 0oz
v 00t 2:=N
.97//
\ ~N 1000
////
NN
AN ~
N\ ~ 2000
II/V'
\.~~nz-N
\
€000
//
0 00|
-0 00
- GO00
noam\oz HOIH —_—
n
ans/ W MO" ¢d s
£ M
Q0I1¥3d s0¢ S1S3L MmO
9000

TBUOTIBIOI

ssa[uorsusuwip Jo

UOTIBTJIBA 9°6 9aIn31Jg

v s
A
S _ e _ |
F— — 00 ©
: .
2N
vOoob
0
// L 1000
+// /
N
N~
// /// L 2000
/z ll/l Mumnz
N \V.Jrom
N\ \\
/v\ L2000
/ ///
4 \
/ \
/ N
/ 000l
\\ -000
/
/
/
/ S000
\\ ¢0"s/ °W HOIH _ .
a A"/ PN MO ed 3
M
QoIN3d $O§ SLIS3IL M
9000

9-13



less and less dissipative as the number of cycles N increases.

(b) Influence of the Vertical Load V/SUA

The energy dissipated per cycle W/sUD3 tends to be reduced when the vertical
load V/suA increases, although this is not always true as far as the 2nd

cycle is concerned.

(c) Influence of the Amplitude of Moment Loading Ma/sUD3

As the energy dissipated per cycle W/suD3 is represented by the area of the

moment versus rotation loop, it obviously increases with the amplitude of

moment M /s D3.
a "u

(d) Influence of the Offset of Moment Loading Mo/suD3

The offset of moment loading Mo/suD3 does not appear to have affected the

behaviour of the energy dissipated per cycle.

(e) Influence of the Period of Moment Loading

Tests carried out with high amplitude of moment Ma/suD3 show overall a more
dissipative pattern at 30 seconds period than at 8 seconds period. Tests
with low Ma/suD3 do not exhibit a significant difference in behaviour for

the two periods.
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9.5 Damping Ratio

The damping ratio n is defined as

W
N= 775 [9.1]

where W 1is the rotational energy dissipated per cycle and A is defined in

Figure 9.7. It can also be written as

n = H_M Ae ’ [9'2]

SU
— ‘ [9.3]
n

As, for the same value of the amplitude of moment, W/sUD3 and 46 vary in

the same way, n 1is not expected to vary significantly with the number of

cycles.

Because of the 1inaccuracies associated with the large scatter observed in
the variation of rotation A6 and, to a lesser extent, in the energy
dissipated per cycle W/SUD3 for low amplitude of moment Ma/suD3, it would be

unwise to try to evaluate the damping ratio n in this case. For high values

of Ma/suD3 however, n can be more accurately defined and the values obtained
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are plotted in Figure 9.8 for the 2nd, 20th, 100th and 400th cycles.

The damping ratio N varies only slightly with the number of cycles N and, in
most of the cases, its values are situated between 0.3 and 0.6. The general
trend seems to be a slight decrease with N, mainly occurring between the 2nd
and the 20th cycles. The value of n at 100 cycles varies from 66 7 to 100 %

of the value at the 2nd cycle while at 400 cycles this ratio ranges from

There is no clear evidence of either the offset of moment Mo/suD3 or the

period of loading influencing the damping ratio n. The vertical load V/suA,

on the other hand, appears to have affected n, which 1is on average 44 %,

60 %, 36 % and 43 7 higher for high V/suA than the corresponding values for

low V/sUA, respectively for the 2nd, 20th, 100th and 400th cycles.

9.6 A Final Remark

It is clear that only under low vertical load and high amplitude of moment
is there a significant deterioration of performance in terms of rotational
stiffness and dissipation of energy, and this combination of loading must be
regarded as potentially dangerous. The cycling period played an important
role in this case: slow tests always led to a marked increase of flexibility

after a few cycles while fast tests showed a lower degree of degradation or

some small increase of stiffness.

9-17



CHAPTER 10

CONCLUDING REMARKS

10.1 Model Testing

The wunderstanding of the behaviour of jack-up footings under combined loads
is a subject of great relevance for the o0il industry around the world. It
not only affects the structural design of rigs, but also should be taken
into account in the analysis of adequacy of a rig at a specific location to
operate at its maximum capacity with the necessary safety. To study this
problem a series of model tests have been carried out. Special care has been
taken to ensure that the 1tests are as relevant as possible to field
problems, with attention to details of sample preparation, loading

arrangements, instrumentation and characterization of the soil used.

The testing equipment and procedures adopted in the present research are
appropriate for studying the behaviour of circular footings on clay under
combined loads. It allows a variety of parametric studies involving a large
number of parameters, providing useful and reliable data for analysis,
resulting in a better understanding of several practical problems, including

the behaviour of jack-up footings.

10.2 Kaolin Clay

The Speswhite Kaolin clay is convenient for research purposes for a number
of reasons, as mentioned in Section 4.2.1. The high permeability, while

advantageous in reducing the preparation time of consolidated samples,

10-1



results in the drawback that rapid changes in the mean effective stress
inside the sample can occur during the test. This 1is particularly
disadvantageous when the samples must be used immediately after the end of
consolidation, and the total stresses have to be removed for some practical
reason. The high permeability also requires short testing periods when

undrained behaviour is desired.

The small inhomogeneity observed in the radial direction of the clay
samples, mostly in the lower half samples, can only be explained by the
presence of friction between the clay and the inner surface of the tanks in
spite of the layer of grease on the surface. Although this inhomogeneity may
not be significant in the context of this research, attention must be given
to this problem whenever a high degree of homogeneity is imperative in

samples prepared by one-dimensional consolidation.

The rigidity index G/su derived from back analysis of monotonic loading

tests (vertical central loading and combined loading) varied from about 28
to 48, the mean value being approximately 39. Burd (1986), fitting the data
from a series of tests carried out on the same clay, obtained a value of 31

for G/su, which is within the range observed in this research. The results

of triaxial tests, although leading to rather scattered and atypically high
undrained shear strength values when compared with vane tests, produced

initial rigidity indexes G33/Su agreeing fairly with the pattern relating

this quantity to the overconsolidation ratio presented by Wroth, Randolph,
Houlsby and Fahey (1984) and Houlsby and Wroth (1985). For overconsolidation

ratio higher than 5, G33/sU values obtained from triaxial tests either in

the present work or by Davidson (1980) are in good agreement with the values

inferred from back analysis.
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10.3 Monotonic Loading

The three-parameter hyperbola described in Section 8.2 fits remarkably well
the data obtained from monotonic loading tests, proving to be a useful and
reliable tool in the analysis of test results. Stiffnesses and ultimate
loads can be easily and accurately derived from the three parameters

defining the hyperbola fitted to the load-displacement data from each test.

The results from vertical central loading tests suggest that the ultimate
loads for cones are 30 % to 60 % higher than those predicted by Houlsby and
Wroth’s solution. However, the assumptions involved in the theoretical
analysis lead to "lower bound" or safe solution for collapse loads in the

case of undrained behaviour. Nevertheless, the test data are qualitatively

in good agreement with the theory.

The spud-can used in this research exhibited bearing capacity values lower

than the equivalent cone (B = 152.60). It seems to behave similarly to

90° to 115° cones of the same surface roughness.

The results of combined loading tests demonstrate that the horizontal load,
in the range adopted in the present study, does not significantly affect the
failure moment, confirming a similar trend obtained by numerical analysis.

Although the horizontal load slightly reduces the failure moment for the

60° cone, 120° cone and circular plate, surprisingly the opposite is

observed for the spud-can model.

The vertical load influences the failure moment of various footing shapes

differently. Sharp cones and circular plates seem to be less affected than

cones at intermediate angles (e.g., B = 1200). The spud-can is considerably
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affected, although to a lesser extent than the 1200 cone. In the range
adopted in this work, high vertical loads lead to lower failure moment than

low vertical loads.

When the horizontal 1load is low (h/D = 1.5) the spud-can exhibits a lower
failure moment than the equivalent cone. Interestingly the same trend was
identified with respect to central vertical loading behaviour (i.e. the

spud-can showing a lower collapse load than the equivalent cone).

The initial rotational stiffness of axisymmetric footings is not markedly
affected by the value of the vertical load. The horizontal 1load causes

different <changes in this quantity depending on the cone angle. The
120° cone showed a stiffer response for high horizontal 1load while the

60° cone behaved in the opposite manner. In all cases of vertical load and
for low horizontal load the spud-can showed a higher initial stiffness than

the equivalent cone.

The embedment of the spud-can in the clay improves its performance,
increasing both the value of the failure moment and the initial rotational

stiffness.

By comparison with theoretical analysis it can be deduced that the model
footings (made up of duralumin and having polished finish) behaved neither

like fully rough nor fully smooth, but at an intermediate roughness.
The plastic rotational stiffness of axisymmetric footings 1is markedly

altered by the vertical load, whereas the horizontal load does not influence

this quantity.
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10.4 Cyclic Loading

The study of footings on clay under cyclic loading is extremely complex. In
monotonic loading problems a distinction can be drawn between undrained
behaviour and drained behaviour for most practical situations. When the
loading conditions involve only undrained behaviour, the problem is

considerably simplified.

In 1low frequency cyclic loading problems (offshore structure subjected to
wave action), although the same distinction between drained and undrained
behaviour can be established for practical purposes, the understanding of
the way in which the pore pressures develop and vary during the loading is
of paramount importance in deformation and 1limit analyses. Besides the
influence of the pore pressure built up during the repeated loading, a
degradation in the mechanical behaviour of soils has been observed. The
latter phenomenon, producing a weakening effect and being difficult to

assess, introduces an enormous complexity to the problem.

The results of cyclic loading tests reveal that the increment of vertical
displacement of the spud-can with the number of cycles is more strongly
related to the amplitude of moment loading than to the intensity of the

vertical load.

The equivalent rotational stiffness obtained from c¢yclic loading of the
spud-can model <clearly increases with the value of the vertical load. In
most of the cases corresponding to low vertical load a degradation effect is
observed as the stiffness declines with the number of cycles after reaching
a maximum value. This degradation is far more accentuated when the period
and the amplitude of the moment loading are high. For high vertical load a

steady increase in this quantity is always observed.
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The lowest values of equivalent rotational stiffness, observed at high
amplitude of moment and low vertical load, are in the same order of
magnitude as the initial rotational stiffness of the spud-can under

monotonic loading.

The damping ratio corresponding to high amplitude of cyclic moment loading
slightly decreases with the number of <cycles, most of this wvariation
occurring before the 20th cycle. This parameter is typically in the range
0.3 to 0.6 and is dependent on the vertical load (lower vertical load

leading to lower damping ratio).

As far as the conditions and results of this study are concerned, the offset
of the moment has no significant influence in the mechanical behaviour of

the spud-can model footing subjected to cyclic loading.

10.5 Closing Remarks

The purpose of the research has been to «c¢larify aspects of a practical
design problem. The work reported in this thesis was part of a more
extensive research programme. Although all the questions have not been
ansvered fully, the programme has shed some light on many aspects of the
problem. In particular the role of small scale model testing in engineering

design has been demonstrated.
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