Chapter 6

MOMENT LOADING OF
CAISSONS IN SATURATED SAND

Abstract

This chapter focuses on the study of monotonic and cyclic moment loading of suction caisson
foundations installed into saturated sands. Firstly, a water-saturated sand was used to study
drained conditions. Results of moment capacity tests under low vertical load from caissons
installed by pushing and by suction are presented and compared. Caissons installed by suction
had lower moment capacity than caissons installed by pushing. Furthermore, it was observed
that more uplift occurred in caissons installed by pushing than in caissons installed by suction.
However, no substantial differences in foundation stiffness and plastic deviatoric displacement
increments were found. Secondly, a series of moment loading tests in oil-saturated sand were
preformed to study the effect of undrained and partially drained conditions. It was found that
the caisson moment capacity was drastically reduced under undrained conditions due to large
pore pressure build-ups. The caisson moment capacity under partially drained conditions was
found to be similar to that under drained conditions due to the presence of suction, especially
under tensile or very low vertical loads. The caisson vertical movement observed was small

compared with results under drained conditions.
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6.1 EXPERIMENTS IN WATER-SATURATED SAND

6.1.1 Load paths

It has been pointed out in Chapters 3 and 4 that the loading experienced by the soil
due to the caisson installation can influence the in-service performance. The results shown
in Chapter 5 correspond to caissons installed into dry sand by pushing. The aim of this
chapter is to study the performance of caissons installed by suction due to the importance
that this installation method may have on the subsequent loading response. Before pre-
senting the experimental results it is useful to show a simple conceptual analysis of the

load paths followed by a caisson installed using the two different methods.

Possible load paths in a pushed installation, including subsequent moment loadings, are
illustrated in Figure 6.1. It is assumed that drained conditions prevail, however, excess
pore pressures (not featured in the figure) can appear even under slow penetration rates
(h < 1 mm/min) in soils with very low permeability (k < 2:10~7 m/s). The sign of the
excess pore pressures developed will depend on the initial specific volume and stress level.
For example, in a dense sand the excess pore pressures will be negative, resulting in the
short term in the increase of the shear strength and stiffness. Therefore, the penetration
resistance will be higher in a dense sand, but higher resistance will imply a better perfor-

mance once installed and subjected to combined loads during operation.

Figure 6.1(c) depicts the load-penetration curve during pushed installation, also called
self-weight or jacking installation. The final caisson penetration at V. = V, is prior to
subsequent unloading at V3 > V5 > Vi, resulting in the maximum vertical load which es-
tablishes the size of the yield surface, as shown in dashed lines in Figure 6.1(a). Because
the unloading reaches a very low value of V5 compared with V,, the yield surface contracts
due to relaxation. A moment loading event under constant V3 generates the % — 2R and

w — 2R0 curves as depicted in Figure 6.1(b). The % — 2R curve is at the top, resulting

My

55, Whilst the w — 2Rf curve is at the bottom, resulting in

in the highest yield point

zero vertical displacement. Since no vertical movement occurs the resultant flow vector is



CHAPTER 6. MOMENT LOADING OF CAISSONS IN SATURATED SAND 177

parallel to the % and H axis, which is denoted as the parallel point as depicted in Figure
6.1(a). The hardening shown in the 2% — 2R curves is illustrated in Figure 6.1(a) as
an isotropic expansion of the internal yield surface to the external yield surface (dashed
line). According to Byrne and Houlsby (2001) this hardening should be attributed to the

deviatoric displacements since no vertical displacement occurred.
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Figure 6.1: Pushing installation: (a) load paths for monotonic moment loading events under low
vertical load and the resulting yield surface, (b) load-displacement curves and vertical-rotational
displacement curves, and (c) installation curve, including unloading and pullout

Unloading to V5 < V5 and the subsequent moment loading event under constant V5 results
in a lower moment capacity with a reduced value of %. The w — 2R# curve for V, shows
an upward movement of the caisson, resulting in the tilted flow vector on the yield point
in Figure 6.1(a). The deviatoric displacements contribution to the hardening is evident
since negative vertical displacement (caisson upward movement) generates softening, i.e.

the contraction of the yield surface.
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The last example illustrates the case of unloading to a tensile load Vi, followed by a

moment loading event under the constant tension V;. The % — 2R curve and ]2\4—];’ value
are the lowest and the w — 2Rf curve is the highest which represents the largest caisson

uplift. The hardening assumed based on experimental evidence becomes smaller.

It is important to note that in the pushed installation unloading and the subsequent
moment loading event at constant V' is analogous to a triaxial test of a soil sample that
is normally consolidated to p’ = p!, unloaded to a certain overconsolidation ratio If—,/ and

then sheared at a constant o). The displacement flow vectors at yield in the footing

correspond to the strain flow vectors at yield in the triaxial test. This analogy was first

established by Houlsby and Martin (1992) following the work by Tan (1990).

Possible load paths followed by a caisson installed by suction are illustrated in Figure
6.2. The moment loading events are exactly the same as for the pushing installation.
However, the % — 2RH and w — 2R curves as well as the ]2”—}{}’ values are not necessarily
identical to those obtained in the pushed installation examples. The load-penetration
curve is definitely different since the initial pushed penetration stops at a value that
represents the applied self weight (for example V5 or V3). Subsequently, the caisson pen-
etrates assisted by the suction applied inside the caisson compartment. Therefore, V,
becomes a function not only of the vertical displacement, but also of the suction, which
defines a surface in the (V,,w, s) space. This allows penetration at low V"’ with high suc-

tion s, but when s reduces V, increases. In analogy with a triaxial test the foundation is

in a normally consolidated condition since V,, has not been experienced by the foundation.

The fluid flow taking place owing to the suction is responsible for the reduced pene-
tration resistance. This is caused by the gradient of excess pore pressures within the soil,
which reduces the effective stresses and hence the soil strength. As a consequence, the
resulting yield surface is smaller, since at the end of a suction installation V, is smaller

than that at the end of a pushed installation. However, the small yield surface starts to
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grow as long as the flow regime ceases. Note that for the suction installed caisson the

yield surface will significantly expand due to excess pore pressure dissipation.

Despite the complex changes in effective stresses that occur during the suction assisted
penetration, once the combined loading is applied, the caisson can be assumed to have
‘recovered’ the potential bearing capacity V, corresponding to the final penetration of a
pushed installation (shown in Figure 6.2(c) as the V, curve with s = 0). Whether the
recovery is complete or partial will depend mainly on the time given to the excess pore
pressures to dissipate. The hypothesis of complete recovery of V, assumes that modifica-
tions in the soil index and mechanical properties due to the suction installation do not

affect the value of V,. The validity or not of this hypothesis and its consequences on the
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Figure 6.2: Suction installation: (a) load paths for monotonic moment loading events under low
vertical load and the resulting yield surface, (b) load-displacement curves and vertical- rotational
displacement curves and (c) installation curve, including potential bearing capacity
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subsequent caisson response was investigated and presented subsequently.

6.1.2 Response of caissons installed by pushing and by suction

The use of dry sands has the advantage of easier and faster sample preparation than if
the sand were saturated. This allows a larger number of tests to be carried out at different
densities. To mitigate the effects of scale, the tests beds were chosen to be relatively loose
as discussed in Chapter 2. However, using pushed installation by applying increasing ver-
tical loads is different from the procedure that has to be used in the field, i.e. the suction
assisted installation method. The different installation techniques may impose different
stress paths on elements of soil around the caisson, which in turn affect the caisson load
path as described above. Therefore, it is necessary to carry out experiments similar to
those in the dry sand, but on caissons installed by suction, to observe if there are any

fundamental differences in foundation behaviour.

In a fully saturated ground the resistance of shallow foundations is reduced since in gen-
eral the effective unit weight of a submerged soil is about half that of a dry soil. Because
of submergence, the bearing capacity of shallow foundations (section §3.2) may become
significantly smaller, even assuming that N, does not reduce due to saturation (Ausilio
and Conte (2005) suggest a reduction of 40% for ¢ = 20°, 30°, and 40°). Moreover,
influence of the water flow through the soil may add seepage forces to the gravity forces.
However, this component may increase or decrease the bearing capacity depending on

whether positive or negative excess pore water pressure is developed.

The moment loading tests are similar to those reported by Byrne et al. (2003) and
Villalobos et al. (2004), and consist of rotation and translation of the footing at a speci-
fied load ratio % and constant VV'. The submerged vertical load V' was directly obtained
from the rig load cell, i.e. without subtracting the excess pore pressure or the suction

underneath the lid multiplied by the lid section area sA (refer to sections §4.3.3 and §7.1.2

for discussions about the definition of V).
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According to the scaling rule n; = n® 2 determined from expression (6.7), the time
of dissipation of any excess pore pressure is one thousand times faster in the laboratory
when compared with a caisson one hundred times larger in the field. If & = 0 implies
that no attempt of considering stress level is made, which scales the time of dissipation to
ten thousands times faster agreeing with the consolidation dimensionless time equation
(6.6). Tests were carried out at a rotational velocity 2R = 0.01 mm/s to obtain drained
conditions as in the dry sand tests. Using this rotational velocity, water as the pore
fluid, sand type and caisson sizes a fully drained condition is obtained. To verify this, a
non-dimensional footing velocity used by Finnie (1993) for studying spudcan footings in

calcareous soils suggests that for the following expression:

_vL

Cy

(6.1)

Un

from which an undrained footing response is obtained for v, > 10 and a drained footing
response is obtained for v,, < 0.01. The caisson skirt length L is taken as the relevant
dimension for drainage since the caisson is laterally loaded (for this series of tests the
caissons have L = R). Taking the Redhill sand coefficient of consolidation ¢, = 0.19 m?/s
(Kelly et al., 2004) results in a non-dimensional footing velocity v, of 5:1075. Despite
some differences between Finnie’s test conditions (R as the relevant dimension, soil type,
density, vertical loading instead of rotational) drained conditions are deduced. Although
offshore loading conditions can induce partially or even undrained conditions, the study of
drained conditions provides a reference to compare the caisson moment resistance. More-
over, results from both installation methods can be more difficult to interpret for partially
drained conditions. The study of the combined loading of suction caissons in undrained

and partially drained conditions will be presented in section §6.2.

Table 6.1 summarises the data from moment loading tests, and further data about ini-
tial conditions can be found in Chapter 4 (V,, initial Ry and «/, etc.). The test label

FV6_5_2CS refers to the sample 6, site 5, test 2 within site 5, caisson C and installation
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Table 6.1: Summary of moment capacity tests in Redhill sand

M duP SwP
Test VI sz K}”' 271% Hy Kmf th Aul G SRSOP SRo0P
N | A AT N | N[ X || kPa | MPa
FV6.5_2CS 5.5 | 146 89 6.5 5.0 12 | -0.35 | 2.5 | 0.444 | -0.376

FV7.52CP 6 120 | 120 | 14.1 | 12.9
FVv6.22CS 40 | 120 | 8 | 12.0 | 11.1
FV6.32CP 40 | 197 | 204 | 24.1 | 21.7
FV6.82CS 60 | 197 | 120 | 17.7 | 16.3
FV7.12CPt | 60 | 250 | 250 | 29.0 | 27.0
FV8_1.2AS 10 | 181 | 253 | 14.8 | 15.1
FV822AP 10 | 220 | 220 | 33.6 | 32.7
FV7_322AS 60 | 340 | 350 | 30.9 | 27.7
FV7_42AP 60 | 240 | 260 | 41.5 | 40.3
FV7_1_4AS 120 | 647 | 406 | 40.2 | 39.0 42 -0.2 4.0 | 0.385 | -0.119
FV722AP | 120 | 652 | 290 | 55.4 | 50.8 33 |-036 | 4.0 | 0.544 | -0.288

All tests carried out at % = 1, tair valve open

4 -0.2 2.5 | 0.529 | -0.436
9 -0.16 | 2.5 | 0.515 | -0.110
9 -0.25 | 3.0 | 0.503 | -0.281
9 -0.06 | 3.0 | 0.534 | -0.046
7 0.4 3.5 | 0.528 | -0.273
17 -0.4 2.5 | 0.314 | -0.400
-0.45 | 2.5 | 0.583 | -0.575
33 | -0.34 | 2.5 | 0.453 | -0.276
15 | -042 | 2.5 | 0.459 | -0.496

— = —
| o O Ok O O
D

by suction S. The parameter values were determined following the procedures presented
in Chapter 5. Figures 6.3(a) and 6.3(b) show for the two different installation methods

the % — 2RO curves and H — u curves of caisson C under a constant V' = 40 N and load

M

spg = 1. It is clear from these figures that the installation method has a strong

ratio
effect on the load-displacement behaviour. The load-displacement curves have been in-
terpreted by fitting linear expressions to the initial elastic and final plastic components
of the curve (Chapter 5). The intersection of the lines represents a yield point. The yield
points and the fitted straight lines are shown on the figures, and the values of the yield
loads and the initial and final stiffness are collected in Table 6.1. In terms of yield it
was found that suction installation reduces the yield loads as can be observed in Figure

6.4(a). This reduction is more pronounced for caisson C, possibly as a consequence of the

smaller thickness ratio.

The displacements paths are shown in Figures 6.3(c) and 6.3(d), where the elastic com-
ponent of the total displacement has been subtracted to obtain the plastic displacement.

Values of the shear modulus G used and the ratios obtained between plastic horizontal

and rotational displacement increments Qfgggp and between plastic vertical and rotational
displacement increments 2}5%“321, are summarised in Table 6.1. The vertical displacement

variation during the caisson rotation is shown in Figure 6.3(d). Whilst % values from

. . . . . P .
suction and push installed caissons are very similar, values of ‘2‘;"%‘ are larger for cais-
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Figure 6.3: Comparison between the response of a caisson installed by suction, test FV6_2_2CS

and by pushing, test FV6_3_2CP
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sons push installed as can be observed in Table 6.1 and Figure 6.4(b). This indicates that
suction installed caissons experience a lower magnitude of uplift compared with caissons
installed by pushing. Moreover, the parallel point is reached for the caissons installed by
suction at a value of % ~ 0.16, which is close to value obtained for cyclic tests in dry
sand. Although from Figure 6.4(b) the point of intersection of the pushing data with
the “;—; axis is less evident, it is likely a value of “f.—; > 0.3, closer to value obtained from

monotonic tests in dry sand.
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Figure 6.4: (a) Normalised yield loads as a function of 7,(‘2/713)3, (b) plastic increment ratio between

vertical and rotational displacements as a function of %

The excess pore pressure variation in excess of the hydrostatic pressure Au' measured
underneath the caisson lid is shown in Figure 6.3(e) for both moment capacity tests.
Negative values of v’ were caused by the upward movement of the caisson, being slightly
higher for the caisson push installed due to the larger uplift. Note that at the end of the
tests a considerable percentage of the suction generated under the caisson lid has dissi-
pated. Although v’ underneath the caisson lid does not necessarily represent the variation

u' around the caisson skirt, it can be interpreted as a reference for further analysis.

6.1.3 Foundation stiffness

The straight lines fitting the initial and final slopes of the load-displacement curves

represent the foundation stiffness. Dimensionless expressions of the foundation stiffness
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were obtained dividing the normalised load by the normalised displacement (equation

(6.4)) as proposed by Kelly et al. (2006a), resulting in:

Kn K,
(7’pa)0'5(2R)1'5 ! (,Y/pa)0.5<2R)1.5

(6.2)

Figures 6.5(a) and 6.5(b) show that there is no consistent difference between results from
both installation methods. In Figure 6.5(a) is hard to differentiate the data, and in Figure
6.5(b) the pushing data is in between the suction data showing a separation between data
from caisson A and C. For caisson A the dimensionless value of Kj; is higher for the
suction case, in contrast to the case for caisson C. It is worth pointing out that the initial
stiffness determined for push installed caissons covered a larger range of load for a same
displacement than for suction installed caissons. In other words, the initial linear response
is larger for the caissons installed by pushing than for the caissons installed by suction.

The final foundation stiffness determined at the end of the load-displacement curves are
plotted in Figures 6.5(c) and 6.5(d) using the normalisations in (6.2). An enormous
reduction in stiffness occurs as a consequence of progressive yielding. In Figure 6.5(c) no
considerable difference is observed between suction points and pushing points, although
slightly higher values for suction points appear. In Figure 6.5(d) suction points are located
above the pushing points (except for one point), but again no systematic difference can
be established. In conclusion, foundation stiffness was not significantly affected by the

installation method.

6.1.4 Yield surface and velocity vectors

The yield loads JQM—R“ summarised in Table 6.1 were initially used to trace the yield

surface in the % — V' plane for low vertical loads as illustrated with squares in Figure
6.6. Also, calculated yield surfaces are shown in Figure 6.6 using the expression (5.43),

which is reproduced here:

H 2 M 2 H M Vv’ 2061 Vv’ 2032
— (= — ) —2e—— 32—+t 1—— =0 (6.3
(hovo> +<2Rmovo> RTACT A ﬁ”(v(f ) < VO> (63)
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in which h,, m,,t,,e,31 and By are the parameters that define the shape of the yield
surface and G5 = 3,7 357 2(%)ﬁ1+32. The values of these parameters can be found in
Table 5.6. These values were determined from a series of moment loading tests performed
with caisson aspect ratios of 1 and 0.5 in dry sand. It is then not surprising that the
calculated yield surface gives a good prediction of the experimental yield points for the
pushing method. On the other hand, the yield loads are reduced by the suction appli-
cation. Therefore, the calculated yield surface does not give a good prediction for the
suction installation case. A second yield surface was calculated exactly as before, but
including the lower tensile load. Nevertheless, the experimentally obtained yield loads are

still overestimated. Also shown on Figure 6.6 are the directions of the plastic displacement

increment vectors. The installation method had also an effect on the flow vectors. For
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Figure 6.5: Normalised foundation stiffness
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example, different directions can be observed for V' = 40 N and 60 N (see Figure 6.4(b)
to compare the vertical and rotational ratio of plastic displacement increments for all the

tests).

| suction installed

O push installed

calculated
yield surfaces

Moment load M/2R: N - 2R36°

-40 -30 -20 -10 0 10 20 30 40 50 60
Vertical load V: N - dw®

Figure 6.6: Yield points, velocity vectors and calculated yield surfaces comparing the installation
method for caisson C

Results from both caisson diameters can be presented together by normalising with respect
to V,, the maximum applied vertical load. Figure 6.7 shows the normalised experimental
yield points and the calculated yield surfaces. Equation (6.3) has been included in this
plot with a value of ¢, = 0.064 for the smaller footing and 0.040 for the larger footing.
It is necessary to use different values of ¢, in this plot because the tensile capacity scales
with 2RL? (equation §4.4) whilst the V, value scales principally with 2RtL as discussed
in section §4.3. Since the two footings have the same value of aspect ratio % but different
value of thickness ratio ﬁ their tensile capacities differ on the normalised plot. However,
the normalisation by V, merges the two curves shown in Figure 6.6 for caisson C, thus
suction or pushing installation has only a minor effect on the normalised curve. In more
detail, however, the yield surfaces presented in Figure 6.7 serve as lower bounds for the
moment capacity in the case of a caisson installed by pushing. On the other hand, it
represents an upper bound for a suction installed caisson. The differences are thought to

be due to disturbance in the installation process due to suction.
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Figure 6.7: Velocity vectors, normalised yield points and calculated yield surfaces for caissons
installed by pushing and by suction

The flow vectors obtained from suction installed caissons had a smaller component in
the w-direction compared with the velocity vectors obtained from push installed caissons
(see last column in Table 6.1). In other words, there was less uplift during the rotation
of a caisson when the suction was used. This possibly implies that the soil is looser after

a suction installation, and therefore dilates less when sheared.

6.1.5 Swipe tests of caissons installed by suction

Constant V' tests are analogous to critical state soil mechanics interpretation of
drained triaxial testing (Martin, 1994). This analogy was first established by Tan (1990)
for the case of undrained triaxial testing, from which he deduced the load path of a ‘side-
swipe’ test. The zero specific volume change corresponds to zero vertical displacement.
As a consequence, the yield surface obtained from swipe tests of footings is analogous to
the yield locus of Modified Cam Clay model. A swipe test can also be compared with an
undrained simple shear test; since no dilation is allowed the normal load is free to vary

during shearing.

Swipe tests are used to trace the yield surface along different load paths and constant V'

tests are conducted as probe tests to verify one point of the yield surface already traced
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by a swipe test (Tan, 1990; Martin, 1994; Gottardi et al., 1999; Byrne, 2000). Swipe
tests have the advantage that only one swipe event is required to trace a part of the yield
surface that would take several probe tests to achieve. To illustrate this, load paths of
swipe tests are sketched in Figure 6.8 (compare with Figure 6.2). The fact that swipe
tests are carried out under constant vertical displacement makes the flow rule analysis
more complex. In this section swipe events were performed to assess the results from
previous constant V' tests. Additionally, swipe tests allowed for the insertion of data not

covered by the constant V' tests.
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Figure 6.8: Suction installation: (a) load paths followed in swipe tests showing the line of parallel
points LPP, (b) load-displacement curve and the resultant constant vertical displacement curve,
(c) installation curve, including unloading and pullout

Rotational swipe tests were performed on caissons installed by suction. Details of the

swipe tests are summarised in Table 6.2. Figure 6.9 shows normalised moment-rotation
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Table 6.2: Summary of swipe tests in Redhill sand of caissons installed by suction

Test VI | Vi | oi [ 2RO | hy | Vo | st
N N mm | mm N
FVI0O.12A | 27 [ 365 | 1 | 4.8 | 133 | 2400 | 0.542
FV933C | 5 | 24 | 1 2 | 99.7 | 480 | 0.501
FV9.34C | -1 | 87 | 1 5 | 100 | 480 | 0.451
FV9.4.4C | -10 | 140 | 1 10 | 91 | 420 | 0.484
FV9.12C |420 | 180 | -1 | 0.7 | 988 | 450 | -0.282

curves obtained from the swipe tests, where a wide range of applied rotational displace-
ment 2RO, can be observed. Note the much stiffer response of the swipe event starting
close to V, (test FV9_1 2C) compared with the other tests starting close to V;. Figure
6.10 shows results from the swipe tests together with yield points from the constant V'
tests (Figure 6.7) in the deviatoric-vertical load plane normalised by V, (axes not scaled).
The deviatoric load ) was introduced in section §5.2.4 and % corresponds to the square
root of the three first terms in equation (6.3). The curve of test FV10_1.2A progresses
very close to the yield points obtained in the constant V"’ tests for caissons installed by
suction (the triangular points). Test FV10_.1.2A was conducted immediately after the

suction installation.

FV9 4 4C

0.8 + FvV9 1 2C

FV9 3 4C

0.2

FV9 3 3C

Rotation 6: rad

0
0 0.01 0.02 0.03 0.04 0.05

Figure 6.9: Normalised moment-rotation curves from swipe tests

Three other swipe tests using caisson C were also performed starting from low V’. The
curve of test FV9_3_3C follows the triangular yield points along its short path. In ad-

dition, the curve of test FV9.3_4C initially follows the triangular yield points but from
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16 Constant V' tests:
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Figure 6.10: Swipe tests in the normalised deviatoric and vertical load plane comparing with
results from constant V' tests and calculated yield surfaces for MLH =1 and -1

half way through follows a steeper path close to the square yield points that represent
caissons installed by pushing. The curve of test FV9. 4 4C has higher moment capacity
following clearly the square points. A reason for this disparity may be due to disturbance
(densification) of the sand sample after a previous test (the last number 3 or 4 represents
a second or third test in the same site after installation). Time between the end of the
suction and the beginning of the rotation may induce an ageing effect, which causes re-
covery of the soil strength lost during the suction installation. Another reason can be the
effect of the skirt wall thickness as commented previously in Figure 6.4(a). For a thicker
skirt wall, more soil is disturbed during penetration, which reduces the influence of the

installation method.

To be applicable to offshore loading conditions of wind turbines, swipe tests were car-
ried out for low vertical loads as for the constant V' tests. However, swipe test FV9_1_2C
was performed to explore the yield surface from V' close to V,. This is equivalent to
the application of a very large vertical load on the caisson after the suction installation.

The moment-rotation curve of this test in Figure 6.9 shows that large moment loads were
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obtained at small rotations. Because this test was carried out under a load ratio of -1, an-
other yield surface was calculated, which underestimates that tracked by the swipe event.
A load ratio of -1 can represent for instance the case where the wind blows in opposite
direction to tidal currents. Note that a curved yield surface was traced by this swipe
event. Conversely, the yield surface shape traced by the low vertical load swipe events
can be approximated by straight lines. These lines might seem to represent a steady load
state or lines of parallel points LPP in analogy with the critical state line CSL (Tan,
1990). However, from Figure 6.9 a convergence of moment loads as rotation progresses

under fixed vertical movement is not possible to observe.

It is worth pointing out that a variation of the initial value of V, occurs during a swipe
event when V'’ diminishes (Gottardi et al., 1999; Byrne, 2000; Martin and Houlsby, 2001).
Although the vertical displacement remains constant, the elastic vertical displacement is
negative and as a consequence appears an identical positive plastic vertical displacement.
This increase in the plastic vertical displacement induces an increase in V,. To account
for this increase the elastic vertical stiffness of the foundation K and the plastic vertical
stiffness of the foundation K7, should be assessed. K{ can be obtained from the caisson
unloading-reloading response. For caisson C the order of magnitude of K7, was around
1600 N/mm. Whilst K7, was in the order of 10 N/mm before the caisson lid made full
contact with the sand (h < L), and around 100 N/mm when the caisson lid is in full
contact with the sand (h > L). However, for these stiffness values a negligible variation

P
KV

7r << L

of V, is obtained as

6.1.6 Cyclic loading tests under constant vertical load

The purpose of carrying out cyclic moment loading tests was to investigate the ef-
fect of different soil conditions and caisson geometries on the cyclic response of suction
caissons. To this end, this section will continue the analysis performed in section §5.5.
To compare appropriately results from different soil conditions and caisson geometries

normalised quantities will be extensively used. For that reason, prior to exploring the
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experimental results, the dimensionless quantities used to scale loads and displacements

will be reviewed.

The dimensionless quantity of the moment —=—= or horizontal load —5%3, can be com-

(2R) 2R)

and 2L is achieved. From results of moment loading

pared only if similarity of e R)3, 2 = SRI

tests, the yield points in the moment-vertical load plane were found to follow a linear re-
lationship for low vertical loads. Figure 6.11 shows for four load ratios the straight lines
fitted. In the straight line y = a + bx shown in Figure 6.11, a is the intersection with the
ordinate, b is the slope and the intersection with the abscissa corresponds to the maximum

dimensionless tensile load = -0.2, so that # = 0.2. From this linear relationship is

Vi
/(QR)3 -

possible to compare results at yield from different TG R)3 and similar 2%{ or vice versa.

For example, data with load ratio of -1 can be multiplied by - to compare with data

having a load ratio of 1 and similar value of e Extrapolations to scale different

R)

vertical loads and load ratios are limited to W < 0.3 and % = 0.5.
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Figure 6.11: Straight lines fitted to the yield points for caissons with
information above the abscissa and two below for clarity

5 R’ showing two set of
A dimensionless displacement quantity that allows for comparisons from different sand
unit weights and caisson diameters is suggested by Kelly et al. (2006a). For the verti-

cal displacement w, the rotational displacement 2R and the horizontal displacement u,
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dimensionless quantities can be expressed as follows:

w ) 0.5 p 0.5 u ) 0.5
. a . 9 a . 7 a ‘4
2R (237') ! (237') " 2R (237') (6.4)

Expressions in (6.4) were derived by Kelly et al. (2006a) from the elastic load-displacement

relationship (5.9) and the exponent 0.5 comes from the elastic shear modulus in equation

(5.14), which attempts to account for the stress level.

The results from cyclic moment loading tests in a saturated Redhill sand will be pre-
sented and compared with results from loose dry Leighton Buzzard sand shown in section
§5.5. For details of the cyclic moment tests in saturated sand see Table 6.3 and for the
tests in dry sand see Tables 5.7 and 5.8. The majority of the tests were carried out in
dense sands since in several of the offshore wind farm sites around the UK coasts dense
sands are expected to be found. In addition, results in dense sands are useful to compare

with previous results in loose sands by assessing dimensionless expressions.

Table 6.3: Summary of cyclic moment loading tests

Test Va/verage ﬁ]l%)?’ Vo | Ra 7/ QRLH We

N N | % | kN/m? mm
FV9.3.2CS 8 0.1 500 | 92 10.21 1 -4
FV9_2_2CS 42 0.5 443 | 92 10.21 1 2.7
FV6_.1.2CP 73 1.1 122 | 26 8.47 2.7 1.8
FV6_4_3CS 100 1.2 420 | 92 10.21 1.1 1.1
FV9_5_2AS 15 0.06 2616 | 92 10.21 1| -73
FV7.33AS | 60-200 | 0.25-0.82 | 1724 | 74 | 9.663 1.1 ] 04

Test FV6_1_2C was carried out in a loose water-saturated Redhill sand, whereas test
FV106_21_2A was carried out also in a loose but dry Leighton Buzzard sand. Both

tests had a similarly high value of - but different -2 values. Figures 6.12(a) and

2R Y (2R)®> 2RH

6.12(b) show the normalised moment-rotation curves for both tests, which can be com-
pared when the normalised rotations are similar (second and tenth cycles respectively in
Figure 6.12(a)). It is observed a stiffer response of the caisson in dry sand than for the
caisson in saturated sand. The amplitude of rotation applied to both caissons was the

same, but due to the different soil and caisson geometry, the normalised or comparable

rotation, was more than double for the smaller caisson. It is worth noticing in Figures
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6.12(c) and 6.12(d) that regardless the differences between both tests a similar normalised
cyclic vertical displacement w was obtained. This would be expected for caissons with
similar normalised vertical load, showing that the effect of submergence which affects the
unit weight is covered appropriately by the normalisations for these particular conditions.

Note that settlement occurs on the unloading parts of each cycle.
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Figure 6.12: Normalised moment-rotation and displacement curves

Henceforward, tests in saturated sand will correspond only to dense samples. A compar-
ison of hysteresis loops from a test in saturated sand with backbone curves from tests
in dry sand is now presented. Figures 6.13(a) and 6.13(b) show normalised cyclic load-
displacement curves obtained from test FV9_5_2AS and two backbone curves from tests
FV73.12 2AP and FV78_13_2AP (carried out in a loose and dry Leighton Buzzard sand),
where % is interchangeable with H because the tests were conducted at QRiH = 1. The
moment backbone curves of tests FV78_13_2AP and the test in dense saturated sand are
fairly close, leading to a good agreement between normalised moment capacity, but not

so good agreement for the normalised rotation. Broadly similar dissipation of energy is

caused by the unloading-reloading cycles for both tests. For a caisson with aspect ratio
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of 0.5 the hysteresis loops are less open, so less energy is dissipated. The horizontal load

backbone curves do not compare so well as with the moment curves.

Figure 6.13(c) shows that the caisson uplift was significant in the saturated sand as

that observed in test FV78_13_2AP, which had a smaller value of = 0.01. The V'

v
7' (2R)3
values that appear in Tables 5.7, 5.8 and 6.3 are an average of fluctuations or variations
as shown in Figure 6.13(d) in the form of uniform pressure VK/ underneath the caisson lid.
Moreover, suction appears as a consequence of the upward movement following the VZ/
fluctuation. Note that there are two peaks and two troughs in the pore pressure response

in each cycle. This phenomena is related with the vertical displacement of the caisson.
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Figure 6.13: Comparison of normalised backbone curves, normalised vertical displacement
curves, excess pore pressure and vertical uniform pressure underneath the lid
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A non-symmetric one-way cyclic rotation test was conducted at ;7= R = 1 and is compared

H

in Figure 6.14(a) with a similar type of test as those described in section §5.5.2, but at a

different value of . Surprisingly the normalised moment loads are comparable when

the rotations are snmlarly scaled, despite the large difference in the value of As

’(21’»)

expected the caisson under very low had upward movement, whereas the caisson

(2R)3
under hlgh SRR exhibited settlement.
-0.05
075 1 VN Re% v: KNI g ViN Ry % v: kN/m®
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Figure 6.14: Comparison between two one-way cyclic rotation tests

It is also important to consider results from field tests (if available) to understand whether
or not similar foundation response patterns are reproduced in the laboratory. Figures
6.15(a) and 6.15(b) show the moment-rotation curve and the vertical-rotational displace-
ment curve respectively obtained in a field trial at Luce Bay by Houlsby et al. (2006)
using a caisson 3 m diameter and 1.5 m skirt length. Kelly et al. (2006a) have compared
the field moment resistance with laboratory tests especially programmed to scale e R)
and 0[p,/(7'2R)]*5. According to Kelly et al. a reasonable agreement occurred only when
in the laboratory the caisson was installed by pushing and subsequently rotated under
small rotations (6[p,/(7'2R)]* < 0.01). Caissons installed by suction did not reach more
than half of the moment resistance of the caisson installed by pushing due to strong sand
disturbance during suction installation. Furthermore, a difference in hysteresis loop shape

for higher normalised rotation was attributed to gapping in the field not observable in the

laboratory tests.
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A cyclic moment-rotation curve was obtained in the laboratory without the particular
intention of replicating the field trial results and unlike Kelly et al.’s tests the caisson was
installed by suction. Figure 6.15(a) shows this curve with the typical shape of hysteresis

loops previously found. The normalised moment was amplified by a factor of 1.2 to scale

the difference between % = 0.15 in the field and 0.098 in the laboratory (following
Figure 6.11, 35100,'01958 = 0%%%&%%2% = 1.2). It can be observed that the rotation scales rel-

atively well, however, the moment resistance for large rotations is much lower than that
in the field as also observed by Kelly et al.. It is important to realise that in the field
CPT records showed a strong increase of cone resistance with depth (in the first 3 m).
As shown in Figure 5.1, the caisson moment resistance is a function of the lateral earth
pressure along the caisson wall. Therefore, a larger stress level with depth increases the

caisson moment response.
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N y
= x < test FV9_3_2CS
04 | 5 S 7
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Figure 6.15: Comparison between results from the laboratory and from the field, where 2R = 3
m, V' = 424 kN, Ry = 80 %, 7' = 10.3 kN/m? (taken from Houlsby et al., 2006)

Figure 6.15(b) compares the normalised vertical displacement. Whilst the caisson in the
laboratory moved upwards significantly, the caisson in the field rocks with very little set-
tlement. The high stress level induces large frictional forces on the wall that restrain the

vertical movement of the caisson.

A final example represents the case of a cyclic moment loading event conducted with-

M

out holding constant V' nor w, but the load ratio 577

= 1.1. It is observed in Figures
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Figure 6.16: Results from test FV7_3_3AS, where only the load ratio is constant

6.16(a) and 6.16(b) that despite the pore pressure variation, the steady increase of V'
during cycling causes considerable enhancement of the moment resistance. Figure 6.16(c)
shows that the first three small amplitude cycles cause a noticeable settlement of the

caisson. There is virtually no settlement in the next four cycles of larger amplitude, but

(b)

Figure 6.17: Cyclic flow caused by the cyclic rotation of the caisson
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settlement occurs again in the last three largest amplitude cycles. The evolution of the
excess pore pressure «’ and V’ (from 60 N to 200 N) can be seen in Figure 6.16(d), where
% is the uniform pressure underneath the lid. The peaks values of v’ stabilizes around a
value of + 1 kPa in spite of the steady increase of V’'. The positive and negative values
of u' are related to the position of the pore pressure transducer PPT. Whilst on one side
of the lid settlement is occurring, on the other side uplift is occurring. This interesting
feature of the variation of u' gives insight into the flow directions taking place around the
caisson during the cyclic moment loading. According to the negative or positive values
of v’ the flow is assumed to be as shown in Figure 6.17. This indicates that a cyclic flow
regime occurs during cycling. From the lifted side of the caisson water enters the caisson,

whereas at the compressed side water leaves the caisson. A transition condition without

flow occurs during unloading when the moment and horizontal loads become zero.

6.1.7 Cyclic swipe tests of suction caissons

The motivation of this part of the investigation relies on the fact that cyclic swipe
events can represent a loading condition where moment and horizontal load vary with
the vertical load. The fact that waves apply vertical loads as well as horizontal loads

gives a physical interpretation of cyclic swipe tests in offshore problems. A wave train

Table 6.4: Summary of cyclic swipe tests of caissons installed by suction in Redhill sand
Test ViIVil Vo |sm] b | 2%
N N N mm
FV10.2.2AS | -25 | 535 | 2472 1 138 | 0.68
FV10_.3.2AS | -31 | 150 | 2146 1 118 | 1.06
FV10_.3_.3AS | -26 | 494 | 2146 | 0.98 | 118 1.07
FV10.4.2DS | -23 | 145 | 641 | 0.48 | 138 | -2.40
FV104.3DS | -22 | 180 | 641 | 0.52 | 138 | -2.42

same sand sample: Ry = 89%, 7' = 10.1 kN/m?

induces pressure oscillation on the seabed, then the difference between this pressure and
the pressure underneath a skirted footing resting in the seabed will induce a fluctuation
of the vertical load. The wave-induced pressure oscillation has a downward maximum at
the peak, compressing the footing and an upward maximum at the trough, pulling out the
footing. These pressures are not negligible since maximum pressures may range between

1 kPa and 6 kPa according to Sassa and Sekiguchi (2001) from a study of wave-induced
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liquefaction of sand beds. In practical terms 1 kPa would induce a variation of the vertical

load for caisson A of approximately V. . .4 67 N. Note that if the bleed valve is open the

eight

pressure difference is drastically reduced and such a vertical load fluctuation is minimal.
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Figure 6.18: Cyclic swipe test FV10_2_2AS showing details of initial and final load path

Table 6.4 summarises details of the cyclic swipe tests performed. For example, in test



CHAPTER 6. MOMENT LOADING OF CAISSONS IN SATURATED SAND 202

0.7

0.5

H/y'(2R)?

0.3

0.1

-0.1

-0.3

-0.5

0lpa/(y2R)*® (U2R)[p,/(y2R)]*®

-0.7
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0.00 0.02 0.04

Figure 6.19: Cyclic swipe test FV10_3_3AS

FV10_3_2AS the caisson was installed by suction under a constant ¥/ = 16 N until a final
penetration h = 118 mm, following immediately a cyclic swipe event under increasing
amplitudes at % = 1 (from V; = -31 N and keeping the caisson penetration constant at
118 mm). Figures 6.18(a) and 6.18(b) show the normalised curves of & —2R6 and H —u,
where it can be observed that the hysteresis loops are slightly flattened on top and at the
bottom (arrows 3 and 5). This shape of the reloading and unloading curves becomes most
visible for the largest rotation amplitude cycles. This is a consequence of the V’ variation
as shown in Figure 6.18(c). Figures 6.18(d) and 6.18(e) depict the first and final cycles
respectively, in which arrow 1 corresponds to the first loading, arrows 2 and 3 unloading
and arrows 4 and 5 reloading. As a consequence of the fixing of the caisson in the ver-

tical direction during rotation and translation V' increases with the rotation amplitude.

This causes the moment and horizontal load to increase too. However, at every reversal
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V' returns to a value close to the initial V’. Figures 6.18(d) and 6.18(e) show that the
normalised value of V' at reversal is around -0.05. Due to the drastic reduction of V'
the cyclic loop tends to close in the middle of unloading and in the middle of reloading.
The hysteresis loop shape is hence different from that obtained previously in constant V'’
tests. The pore pressure observed was negligible because, despite the caisson rotation,

the vertical fixity does not induce significant pore pressure variations underneath the lid.
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Figure 6.20: Cyclic swipe test FV10_4_2DS

A similar test but for larger rotation amplitudes is shown in Figures 6.19(a) and 6.19(b),
where the characteristic shape of the hysteresis loops is clear. This test resembles the

field moment-rotation response. However, in the field trial this loop shape was associated



CHAPTER 6. MOMENT LOADING OF CAISSONS IN SATURATED SAND 204

with gapping, whereas in these tests is attributed to the strong vertical load fluctuation.
If gapping occurred, they were not visible. Figure 6.19(c) shows that the response in the
normalised moment-vertical load plane follows the same trend shown in Figure 6.18(c) for
increasing values of vertical load. A slight curvature during reloading at the top (arrow
5) and during unloading at the bottom (arrow 3) can be observed. As before no excess

pore water pressure was observed.
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Figure 6.21: Cyclic swipe test FV10_4_3DS

Cyclic swipe tests were also performed using caisson D (2R = 150 mm and 5% = 1) under

a load ratio % = 0.5. In Chapter 5 it was found that the moment capacity increases

with the aspect ratio. This can be confirmed looking at Figures 6.20(a) and 6.20(b), where

normalised load-displacement curves are shown. Moreover, it is interesting to observe that
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the normalised horizontal displacement is 3.5 times larger than the normalised rotation
and the direction of rotation and horizontal displacement are opposite. Both issues are
the contrary to what was shown in Figures 6.18(a) and 6.18(b) or in Figures 6.19(a) and
6.19(b). Again, the characteristic shape of the hysteresis loops with large rotation am-
plitude is observed. Additionally, a more pronounced asymmetry is observed after each
cycle. Comparing Figures 6.20(c) and 6.20(d), different load paths during reloading and

unloading are observed.

Figures 6.21(a) and 6.21(b) show that test FV10_4_3DS extends the cycling further, show-
ing more pronounced asymmetry in the load-displacement curves and more difference in
the magnitude of normalised rotation and horizontal displacement. However, the un-

loading curves shown in Figure 6.21(d) are not following the same trend as in Figure

6.20(d).

6.2 EXPERIMENTS IN OIL-SATURATED SAND

Monotonic moment loading tests of suction caissons in water-saturated sand did not
cause a significant variation of the excess pore pressure u/. When variations of pore
pressure were measured, for instance in cyclic loading tests, no noticeable effects on the
caisson response were observed. In addition, dissipation of u’ occurred quickly due to the
high soil permeability. It was deduced that fully drained conditions were prevalent in the
water-saturated sand tests. However, offshore loading conditions can be partially drained
or even undrained. Therefore, it was considered important to study the moment loading

response of suction caissons in events where u’' can become a relevant parameter.

Scaling laws in the form of scale factors are useful in the study of physical geotech-
nical modelling, since relationships involving representative physical quantities can link

prototype conditions with model conditions in the laboratory.
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6.2.1 Scaling laws in partially drained physical models

The purpose of this section is to illustrate the effects of the use of a silicon oil as a pore
fluid 100 times more viscous than water. Scaling relationships will be used to compare
the relative effect of using water or oil. This will allow the scaling of time when studying

partially drained phenomena.

The loading of a soil in the presence of fluid in the soil pores introduces a transfer effect
between the soil grains and the fluid. In soil mechanics this loading transfer phenom-
enon is referred as consolidation (Terzaghi, 1943). From the normalisation of the one

dimensional consolidation equation the following dimensionless time expression appears:

Cyl
T, = ]_-7;2 (6.5)
where the coefficient of consolidation can be written as ¢, = — 7’; — My is the coefficient

of volume compressibility, which can be obtained from standard oedometer tests as the
inverse of the stiffness in a load-settlement curve, referred to as the constrained modulus
M,. The soil permeability k is related to the absolute or specific permeability K, and the
viscosity of the fluid p as presented in Chapter 2. Therefore, the dimensionless time can

also be expressed as:
T — KMt
pH?

(6.6)

Introducing scale factors for the physical quantities in (6.6) it is possible to scale the
consolidation time from the prototype to a model or wvice versa. Muir Wood (2004)

introduces the following expression:

ng = —= (6.7)

where the physical quantities correspond to diffusion time n;, fluid viscosity n,, length
ny, and soil stiffness ng. Muir Wood (2004) also points out that expression (6.7) can also
be derived from the analogy between the flow volume (according to the Darcy’s law equal

to kiAt, permeability, hydraulic gradient, area, time) and the strain volume (eV', strain,
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volume), both caused by a change in stress. Then (6.7) can be applied for any problem
involving diffusion time where consolidation is one possible phenomenon. For a model n
times smaller than the prototype the length scales linearly as ny = 1/n; ng is the stiffness
quantity that represents the variation of stress level between the geotechnical model in
the laboratory and the prototype. A compromise is assumed by adopting the relationship
for G in equation 5.9, where G o ¢® (n has been used before, but to not confuse with

the scaling n term « is used instead), hence ng = 1/n®. If the same fluid is used in the

HFmodel fluid
Hprototype fluid

model and the prototype n, = 1, on the contrary n, = . If the prototype fluid
is water, Lprototype fluid = 1 mm? /s, then an option appears to increase the drainage time
in sandy soils by increasing the fluid viscosity. Choosing in this particular case the model

viscosity as the length scale n the diffusion time gives:
ng =n** (6.8)

For sands a = 0.5, thus assuming for instance a model 100 times smaller as well as a model
fluid 100 times more viscous the diffusion time becomes ten times faster. To determine
the velocities in the laboratory that correspond to the velocities in the field a similar
analysis can be carried out in terms of the soil permeability ny instead of the viscosity

2
. . . . . n . . . . .
n,, resulting in the diffusion time as n, = o ﬁG. From this expression the diffusion time

can be obtained using the parameters for the model and the prototype as follows (Kelly

twm  ky (2R, \*°
fm _ Kp 6.9
2= () ©9)

Expression (6.9) will be used in the next section to interpret the experimental results in

et al., 2006b):

terms of the response of a prototype caisson.

6.2.2 Moment loading tests

The procedure to prepare low permeability Baskarp cyclone sand samples using sili-
con oil was described in Chapter 2. The suction assisted installation was carried out as

described in Chapter 4. When the caisson penetration had finished the bleed and fluid



CHAPTER 6. MOMENT LOADING OF CAISSONS IN SATURATED SAND 208

Table 6.5: Summary of moment loading tests in oil-saturated sand using caissons C
Test L [2RL [ h [V T w | A | A
mm/s | mm N | kPa | kPa | kPa | kPa
FV2.2.2S 1.3 | 0.01 100 20 | 06 | 0.0 | 0.7 0.7
FV2.3.2S 1.4 | 0.005 100 50 1.6 | 0.0 1.5 1.3
FV2_.4.2P 1.4 | 0.004 92.6 50 1.6 | 0.0 0.6 0.6
FV3_.1.9S 1.0 | 0.0007 | 107.5 | 50 1.6 | -1.0 | 04 0.2
FV3_1.5S 1.5 | 0.04 105.9 | 100 | 3.2 | 1.8 | 0.9 0.4
FV3_.1.7S 1.0 | 0.007 107.2 | 100 | 3.2 | 1.8 | 0.9 0.6
FV3.1.4S 1.5 | 0.007 105.6 | 100 | 3.2 | 1.8 | 0.9 0.7
FV3_.1.65t 1.6 | 0.007 106 200 | 6.4 1.8 2.2 2.2
FV3_.1.3S 1.6 | 0.007 105.4 | 200 | 6.4 | 2.2 1.7 1.7

Test Kni Khi % H, Ky Ky | Gu 2??,1:5212 2%;?
N/mm | N/mm | N N | N/mm | N/mm | MPa
FV2.2.2S 3 1] 08 | 1.2 1 1 - 0.479 | -0.009
FVv2.3.2S 2 21 06 |06 2 2 - 0.558 | 0.040
FV2_4.2P 51 20 | 4.0 | 2.2 0.4 0.4 1.0 0.817 | 0.014
FV3_.1.9S 550 600 | 85 | 8.1 15 17 6.5 0.932 | -0.025
FV3_1.5S 48 10 | 2.8 | 0.3 10 8 0.7 0.916 | -0.005
FV3_.1_7S 308 200 | 10.5 | 9.0 9 9 3.5 0.936 | -0.012
FV3.1.4S 100 30| 2.6 | 0.9 7 5 2 0.945 | 0.020
FV3_.1.65t 200 100 | 12.6 | 7.1 10 6 3 0.935 | 0.101
FV3_.1.3S 200 120 | 9.1 | 5.0 4 3 3 1.018 | 0.022

teyclic test

valves were closed. Once the suction was stopped the recovery of a hydrostatic condi-
tion underneath the caisson lid was almost instantaneous. However, a pore fluid pressure
above or below the hydrostatic pressure can be easily induced by changes in the vertical
load, different from that used during the installation. Because the dissipation takes 100
times longer for the silicon oil than for water, the initial excess pore pressure u; did not

always dissipate completely as shown in Table 6.5.

The use of silicon oil in a very fine and dense sand reduces considerably the soil perme-
ability making the loading rate a very important parameter. The tests were displacement
controlled with the rotational displacement rates 2R% listed in Table 6.5. The initial test
conditions were very similar, e.g. 2}%, Ry = 64% for sample 2 and 80% for sample 3, and
installation by suction (except test FV2_4_ 2CP, push installed). A second series of tests
was carried out with slower rotation rates (Table 6.6). Selected tests from both series are
shown on Figure 6.22(a), from which the dramatic effect of the rotation rate QR% on the

caisson moment-rotation response is clear.
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The moment capacity is very small for the tests with QR% = 0.01 mm/s and 0.005
mm/s. Figure 6.22(b) shows that underneath the caisson lid the fluid has taken the
loading instead of the soil grains. Although there is no measurements of u' around the
caisson skirt, this lack of moment resistance is an indication of a loss of soil strength at
the points where the soil was loaded by the caisson. However, the single measurement of
u' appears to capture a general pattern of response. In addition, the foundation stiffness
is drastically diminished (K,,; = 2-3 N/mm; K,; = 1-2 N/mm) and as a consequence, a
reduction in resistance is observed no matter the amount of rotation applied. Undrained
loading conditions were reached under these relatively high rotation rates. This proved

to be detrimental to the suction caisson moment response.

18
Test M/2RH V' Ry 2Rd6/dt 2
16 N % mm/s r O'yson
— FV2.2.2CS 13 20 74 001 15 |
14 FV2_3.2CS 14 50 74 0.005 :
> FV2_4_2CP 14 50 74 0.004 @
12 — FV3_1_10CS 1.0 50 64 0.0004 [
& — FV3_1_11CS 10 50 64 0.0003 =
=10 o ]
g 2 I ,
o 8 @ Timet:s
o a o0
E 6 2 b 1200
= %_0.5 L
4 2 Test M/2RH V' R,  2Rd@/dt
5 1 N % mmis
2 ~// w- — FV2.2.2CS 13 20 74 001
I F FV2_3_2CS 1.4 50 74 0.005
0 =" w w w w w w 15 L FV2_4_2CP 14 50 74 0.004
— FV3_1.10CS 1.0 50 64 0.0004
0 05 1 L5 2 |  — FV3.1.11CS 1.0 50 64 0.0003
Rotational displacement 2R6: mm 2
(a) Moment-rotation curves (b) Excess pore pressure-time response

Figure 6.22: Moment loading tests showing effect of rate on the caisson moment capacity

Test F'V2_4 2CP was carried out under QRZ—f = 0.004 mm/s, but the caisson was pushed
into the ground instead of being installed by suction. This difference in installation
method has an effect on the initial foundation stiffness response (K,,; = 51 N/mm; K,
= 20 N/mm). However, as can be observed in Figure 6.22(a) there is not a significant
improvement in the moment resistance. This can be also attributed to the build up of o/

shown in Figure 6.22(b).

Tests conducted at one order of magnitude less of rotational velocity, shown also in Fig-

ures 6.22(a) and 6.22(b), presented a much better moment response. At these rates more
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time for the same rotation is allowed, leading to a ‘partially’ drained condition. Indeed,
test FV3_1_10CS performed under 2R§—f = 0.0004 mm/s shows a substantial recovery of

the foundation response (K,,; = 850 N/mm; Kj; = 400 N/mm; 2%‘ = 13 N). This was

a consequence of the partially drained conditions underneath the caisson lid which are
highly likely to have occurred in the soil loaded by the caisson skirt too. Figure 6.22(a)
shows another test with also a very slow rotational velocity ZR% = 0.0003 mm/s with an

even better moment response. Although the foundation stiffness was reduced, a slightly

higher moment resistance was obtained (K,,; = 400 N/mm; Kj; = 160 N/mm; ]2\/[—1’%’ =

16 N). Negative values of u' shown in Figure 6.22(b) reflect the beneficial effect of the

suction.
10 ¢
w E
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S 1t
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= i
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& 01 ¢
x g
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@ g .
S partially
8 f drained
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.g g range of permeability
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10° 10° 10™ 107 107 10"
Coefficient of permeability k,: m/s

Figure 6.23: Rotational velocity of the model caisson as a function of the field permeability and
prototype caisson diameter

To interpret these test results in terms of drainage conditions in the field, estimations of
the scaling of rotational velocity is attempted with expression (6.9). In this expression the
dissipation time is a function of the permeability and the caisson diameter. Assuming for
the model a coefficient of permeability k,, = 1.8- 1077 m/s (Chapter 2), and for the field
diameters 2R, of 10 m and 20 m, o = 0.5, and a diffusion time ¢, = 10 s as the period
of an extreme wave, the diffusion time t,, can be determined. The rotational velocity
2RO of a model caisson of 0.2 m diameter can be obtained dividing a common rotational

displacement 2R6,, = 0.25 mm by the diffusion time ¢,,. Figure 6.23 shows the rotational
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velocity varying with the field permeability k, for two caisson diameters. For the likely
range of permeability encountered in the field (bracketed in the figure) the rotational
velocities of the model caisson results higher than 0.001 mm/s representing an undrained
condition in the field. Therefore, only for very permeable soils and small caissons a better
moment capacity would be expected. In conclusion, for extreme conditions the moment

capacity of a prototype is small according to the model caisson test results.

The effect of letting the bleed valve open (Figure 2.13) during the caisson rotation is shown
in Figures 6.24(a) and 6.24(b), where the two slowest tests shown in Figures 6.22(a) are
included and compared with test FV3_1_16CS. The open bleed valve test shows a slightly
lower moment capacity, but a similar «’ variation is observed. Whilst no variations in
vertical displacements was observed in the two former tests with closed bleed valve, the

caisson with open bleed valve exhibited uplift, as shown in Figure 6.24(c).

The moment capacity of caissons installed by suction was significantly reduced as pointed
out in section §6.1.2. These moment loading tests were carried out immediately after the
installation (around 10 minutes). Figure 6.25(a) shows the results from moment loading
tests conducted around 48 hours after the suction installation. Only a minor difference
exists between the moment capacity of the caisson installed by suction and by pushing.
The improvement in the caisson response was not caused by the suction, since no suction
was recorded during the moment loading tests. This suggests that time plays an impor-
tant role in the recovery of the strength lost by the soil during the penetration. Figure
6.25(b) shows that the vertical movement was very small and there was no significant

effect on w from the installation methods.

Although the main interest of this research is the study of moment loading of caissons
under low vertical load, it is important to know whether the rate effect modifies or not
the response under higher constant V'. Figures 6.26(a), (b) and (c¢) show the moment-
rotation response under a much higher constant vertical load (V' = 200 N) for cyclic and

monotonic tests. The initial caisson response is very similar for the three tests in terms of
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Figure 6.24: Effect of the bleed valve open on the caisson response
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Figure 6.25: Comparison of moment capacity of a caisson installed by pushing and by suction

normalised moment, Au} and total w;. However, the subsequent response differs specially

for the cyclic tests. The excess pore pressure increases and a cyclic fluctuation Au/

cyclic
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Figure 6.26: Monotonic and cyclic response of a caisson under a very high value of — T2 R)g ~ 2.5

occurs as well as a much larger caisson settlement (see Figures 6.26(b) and 6.26(c)). How-
ever, the level of u’ reached did not appear to be a detrimental to the monotonic nor to

the cyclic moment response.

6.2.3 Yield points

In the previous section it was found that unless a large V' is applied, high rotational
velocities cause an unfavourable undrained response of the caisson foundation. Further-
more, high rotational velocities are more representative of the field condition for a certain
range of permeability values. To generate fluid draining in the soil loaded by the caisson,
it was necessary to rotate the caisson at a velocity QR% between 0.0003 and 0.0004 mm/s.
This allowed the identification of yield in the moment-rotation curves. To study partially
drained conditions a second series of tests was performed, thereby yield loads (2 =, Hy)

were determined as defined in section §5.4, and are presented in Table 6.6.
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Table 6.6: Summary of constant V' moment loading tests installed by suction
Test h \%4 v ui | Au Au}

(2 7

A
mm N kPa | kPa | kPa | kPa

M _
QRH_1
FV3319C | 97 | -11 | 04 | -04 | -0.1 | -0.3

FV3.2.5C 106.2 | -10 | -0.3 | -0.3 | -0.1 | -0.6
FV3.2.2C 1061 20 | 0.6 | 0.0 | -04 | -0.3
FV3.3.9C 959 | 20 | 0.6 | 0.0 | 0.0 | -0.3
FV3.1.14C | 1081 | 30 | 1.0 | 0.0 | -0.8 | -0.8
FV3.1.10C | 1076 | 50 | 1.6 |-1.0 | 0.1 | -0.1
FV3.1.11C | 1076 | 50 | 1.6 | -1.0 | -0.3 | -0.4
FV3.1.12C | 107.6 | 100 | 3.2 | 0.0 | -0.4 | -0.2
FV3.3.10C 96 48 | 1.5 | 0.0 | 05 | 05
FV3.1.16Cf | 108.7 | 50 | 1.6 | 0.6 | 0.0 | -0.2
FV3.2.3C 106.1| 50 | 1.6 | 0.1 | 02 | 0.3
FV3.2.4C 106.3 | 100 | 3.2 | 0.2 | 0.8 | 0.7
FV3.321C | 105 | 100 | 32 | 0.7 | 0.4 | 04
FV3.2.6C 106.5 | 150 | 48 | 0.0 | 1.5 | 1.8
FV3.1.13C | 107.8 | 200 | 6.4 | 1.1 | 1.4 | 1.4
FV3.1.15C | 108.2 | 250 | 80 | 3.3 | 1.2 | 1.2
FV3.3.27C | 107.7| 250 | 80 | 0.0 | 0.6 | 0.9
FV3.3.31C | 109 | 1000 | 31.8 | 0.0 | 1.2 | 1.0
FV3.3.32C | 110.5 | 2000 | 63.7 | -0.8 | 0.5 | 0.8
M — 05
2RH

FV3.3_18C 97 | -10 [ -03[-05]-0.2 [ -0.2
FV3.3.4C 95.5 1 0.0 | 0.0 | 0.0 | -0.3
FV3.3.6C 95.6 9 03 | 00| 00 | -0.3
FV3.3.7C 95.7 | 20 | 0.6 | 0.0 | 0.0 | -0.2
FV3.3.12C | 972 | 48 | 1.5 | -05| 0.5 | 0.0
FV3.320C | 1045 | 100 | 32 | 04 | 1.4 | 1.5
FV3.3.26C | 1075 | 248 | 79 | 1.0 | 0.4 | 0.5

FV3.3.30C | 108.2 | 500 | 159 | 0.5 | 0.6 | 0.5
M _ 5
2RH
FV3.2.7C 106.5 50 1.6 | 0.0 | -0.2 | -04
FV3.3.13C 97.4 50 1.6 | 0.0 | 0.5 0.5
FV3.3.23C 105 100 | 3.2 | 0.0 | 0.2 0.6
FV3.1.8Ct 107.3 | 100 | 3.2 | 0.0 | 1.3 | 0.8
Fv3.3:28C | 107.8 | 250 | 8.0 | 0.0 | 0.0 0.3
M
SRH - -05
FV3.3.15C 97.6 49 1.6 | 00 | 0.3 | 0.6
FV32.8C 106.5 | 50 1.6 | 00 | 0.3 | 0.0
FVv3.3.24C | 105.4 | 100 | 3.2 | 0.0 | 0.5 0.5
FV3.3.29C | 1079 | 250 | 80 | 0.0 | 0.0 0.0
M
FVv3.2.9C 106.6 | 50 1.6 | 0.0 | 0.2 0.3
FV3.3.16C 98 50 1.6 | 0.0 | 0.7 0.9

FVv3.325C | 105.6 | 99 3.2 |00 | 01 0.8

% = -1.5, ibleed valve open

Normalised plots showing the yield points as a function of the difference V' — «’A were
constructed. Measured values of u’ are restricted to only the location of the pore pressure
transducer. It is believed that during the caisson rotation u’ varies across the lid. The

inclusion of v’ attempts to account the level of excess pore fluid pressure underneath the
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Table 6.7: Summary of constant V’ moment loading tests (continuation Table 6.6)

Test Kpi | Kuw| 32| Hy| Kup| Ku| G| 25| 2
N/mm | N/mm N N | N/mm | N/mm | MPa
=1
FV33.19C 90 60 1.7 15 5 10 15| 054] 001
FV3.2.5C 70 90 | 24| 27| 125 15 1| 071 -0.12
FV3.2.2C 220 120 68| 6.6 2 3.5 3| 072 -0.06
FV3.3.9C 222 70| 46| 4.9 8 9| 35| 081 0.02
FV3.1.14C 350 200 | 9.2 9.0 9 10 5| 090 | -0.09
FV3.1.10C 850 400 | 12.8 | 12.6 10 11| 10| 088/ -0.01
FV3.1.11C 400 160 | 15.8 | 15.5 7 8 3| 098] -0.03
FV3.1.12C 280 400 | 14.5 | 15.0 24 18 5| 1.07| o0.11
FV3.3.10C 270 180 | 68| 6.4 6 9| 35| 076 0.09
FV3_1.16Ct 350 180 | 10.9 | 10.5 11 12 5| 1.01| -0.16
FV3.2.3C 350 180 | 87| 87 2.5 3 5| 074 007
FV3.2.4C 200 150 | 68| 69| 125 15 3| 084] 0.14
FV3.3.21C 300 180 | 5.7 | 5.4 15 21 41 070 | 0.43
FV3.2.6C 350 290 | 10.5 | 10.6 | 125 13 45| 084 021
FV3.1.13C 280 200 | 9.6 | 8.8 15 15 4| 110| 0.31
FV3.1.15C 180 130 | 98| 85 19 19| 25| 131 046
FV3.3.27C 1000 300 | 28.0 | 28.1 19 21| 12| 083 | 007
FV3.3.31C 320 520 | 23.8 | 18.7 80 65| 65| 1.30| 031
FV3.3.32C 1220 420 | 41.5 | 35.7 150 105 | 15| 1.65 | 0.49
M =05
2RH
FV33.18C 50 60 1.0 18 4 10 1] 075 -0.03
FV3.3.4C 180 190 | 22| 41 5 13 3| 080] 0.04
FV3.3.6C 180 190 | 44| 86 4 8 3] 085] 0.02
FV3.3.7C 222 100 | 22| 50 7 15| 35| 08| 005
FV3.3.12C 470 770 | 7.1 | 13.7 5 12| 65| 079 0.06
FV3.3.20C 150 250 | 6.3 | 11.8 5 14| 25| 08| 015
FV3.3.26C 500 | 1420 | 13.2 | 25.6 25 45| 65| 1.05| 023
FV3.3.30C 400 420 | 23.0 | 45.9 40 60 | 65| 1.39| 0.36
T = -2
FV327C 350 65 | 105 | -5.2 18 3 45] 079 -0.07
FV3.3.13C 300 80 | 86 | -44 11 8| 35| 059 0.05
FV3.3.23C 300 50 | 95| -5.0 15 12| 35| 069 | 0.46
FV3_1.8Ct 48 40 | 23| -20 12 9 07] 091 0.00
FV3.3.28C 1200 -85 | 40.8 | -22.3 50 50 | 12| 058 | 0.03
- = -0.5
2RH
FV3.315C 300 [ -220 [ 12.8 [ -26.4 11 80 35] 029 o011
FV3.2.8C 130 | -175 | 13.7 | -28 22| -220| 15| 030 0.13
FV3.3.24C 500 | -220 | 16.0 | -35.2 22 | -100 4| 043| 054
FV3.3.29C 2200 | -263 | 38.3 | -69.0 60 400 | 17.5 | -0.36 | 0.01
- =-0.25
2RH
FV32.9C 230 | -400 [ 10.4 | -42 22 26 1.5 -3.79 [ 0.05
FV3.3.16C 300 | -250 | 9.2 | -405 22 19| 35| -445 | 041
FV3.3.25C 300 | -357 | 16.2 | -72.0 32 40 2| -3.94| 1.71

Tomg = -1.5, fbleed valve open

caisson lid. In Table 6.6 a value of initial excess pore pressure u, is included to account
for non dissipated pore pressures at the beginning of the moment loading test. The vari-
ation in excess pore pressure caused by the caisson rotation above or below u} is Au'. In

general the value of Au' was fairly constant during the caisson rotation, but to account
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Figure 6.27: Comparison of the moment capacity between partially drained and drained tests

for a possible variation a final value of pore pressure variation Au’; (assuming u; = 0) was

considered. In the following figures the excess pore pressure v’ is taken as the maximum

sum of u} + Au’ or u; + Auy.

Yield points of tests conducted at 2%{ = 1 are shown in Figures 6.27(a). Results from
partially drained oil-saturated sand tests can be compared with drained test results from

loose dry sand (line) and from water-saturated sand (triangular yield points). A similar

M

plot for ;7= = 0.5 is shown in Figure 6.27(b) and for 5= = -2, -0.5, -0.25 in Figure

6.27(c). It can be observed that the yield points from water-saturated sand tests follow

the trend of the results from the dry tests. Yield loads from the oil-saturated tests, asso-
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ciated with negative values of v/, represent the presence of suction during rotation. These
yield points are slightly moved towards the right from the trend follow by the drained
tests, owing to the inclusion of the suction in the normalised vertical load. Whilst, posi-
tive u’ values, generated by increasing values of normalised V", shift the yield loads to the
left. In view of these plots, the caisson moment capacity was reduced by the build up of
u' in comparison with that obtained from drained tests.

M, H, . . .
ST AT plane is shown in Figure

An example of the yield points projected on the
6.28 where results of tests with V' = 50 N from oil-saturated sand are compared with
results from the tests in dry sand for V' = 100 N since both V' scale as % ~ 0.2. It can
be observed the favourable effect of negative u’ on the caisson lateral capacity, which is

. . : M
reflected in the increasing values of 5% and H,.

0.3
¢ oil-saturated tests
@ dry tests
0.1
HyNO
'
-0.1
Q
Qo
-0.3
-0.4 -0.2 0 0.2 0.4

Figure 6.28: Comparison between the yield surface and yield points determined in drained
condition and in partially drained conditions. Numbers next to the points indicate the maximum
v’ in kPa

6.2.4 Foundation stiffness

The moment capacity can be significantly reduced if not enough suction is developed
or an even more unfavourable condition if positive u' build up occurs. It is important to

assess the foundation stiffness before a yield condition occurs. Values of the initial and
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final foundation rotational and lateral stiffness are presented in Table 6.7 as K,,;, K,
Kj; and Kjy. Comparisons, in terms of a normalised K,,; (Kelly et al., 2006a), are shown
in Figure 6.29(a) between results obtained in the partially drained oil-saturated tests and
drained test results from dry and water-saturated sands. There is scatter in the data, but
it is clear that the normalised stiffness from partially drained test follows the trend of the
normalised stiffness from drained tests. It is worth noting that the foundation stiffness

was even higher when suction appeared.
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Figure 6.29: Comparison of the normalised foundation stiffness between partially drained tests
and drained tests

As previously pointed out, K, is practically independent of V' and also independent of
the excess pore pressure as can be observed in Figure 6.29(b). Values of normalised K, s
from the drained tests are not shown because they are much higher (see Figure 6.5(c)).
This is evidence that a gradual process of yield leads to a state where the foundation
response is the same, no matter the combined loading applied or even the pore fluid

pressures developed.

6.2.5 Vertical displacement

The previous analysis of the effect of v’ on the resultant moment load at yield is in fact
a consequence of the displacements experienced by the caisson and in particular of the

vertical displacement w. Figures 6.30(a) and 6.30(b) shows the ratio between the plastic
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vertical displacement increment and the plastic rotational displacement increment 2’;2}3
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Figure 6.30: Comparison of the normalised plastic vertical displacement between partially
drained tests and drained tests

The suction generation during loading reduces the caisson upward movement, whereas
positive u' induces settlements increasing with the vertical load. There is scatter in the

partially drained data, which is believed to be due to the pore pressure transducer location.

I
v V“ 4 values

o

Therefore, it is difficult to identify the parallel point, but rather a range of
between 0.05 and 0.3. Further experiments are required to determine the u' variation

across the caisson lid during moment loading.

6.3 CONCLUSIONS

With the purpose of investigating the moment response of suction caissons under
drained, partially drained and undrained conditions, two main groups of tests were per-

formed, one in water-saturated sand and the other in oil-saturated sand.

6.3.1 Experiments in water-saturated sand

From experiments comparing caissons installed by suction and by pushing was found
that the moment resistance of a suction caisson depends on the method of installation.

The yield loads determined from suction installed caissons were approximately half of
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_t

those determined from pushing installed caissons for the case of low thickness ratio 55 =

0.5%. Less difference was found for # = 1.2%. The suction installation method causes
a fluid flow regime around the caisson that disturbs the soil, reducing the shear strength
of the soil inside the caisson. The initial foundation stiffness was significantly reduced for

the case of suction installation only for the caisson with lower thickness ratio.

The ratio of plastic deviatoric displacement increments was found to be independent
of the installation method. However, the ratio of plastic vertical and rotational displace-
ment increments was reduced when the suction was used. In other words, more uplift was

observed in pushing installed caissons than in suction installed caissons.

The yield surface expression was applied successfully to two different size suction caissons
after normalisation by V,, but requires different values of ¢, to account for the different

thickness ratios.

Comparisons between results from laboratory cyclic tests and results from field trials
showed the importance of the level of stresses on the lateral earth pressure, when assess-
ing moment capacity and vertical displacements. Difference in the shape of the hysteresis

loops for large rotation was observed due to gapping for the caisson in the field trial.

Cyclic swipe events can be used as an approach to reproduce offshore wave loading, where
the vertical load varies simultaneously with the moment and horizontal loads. Masing’s

rules were not obeyed in these tests.

6.3.2 Experiments in oil-saturated sand

To study undrained and partially drained conditions moment loading tests of suction
caissons were carried out in an oil-saturated sand. For a plausible range values of soil per-
meability in the field, it was found that the high rotational velocity tests in the laboratory

which caused undrained conditions are representative of the field conditions. Undrained
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conditions had a detrimental effect on the moment response of suction caissons under low

vertical load.

In partially drained tests the presence of suction during combined loading under low
vertical loads improves the moment capacity and reduces almost completely the caisson
uplift. However, in V' — 4’ A plots the caisson resistance appears reduced in comparison
with drained test results. Positive excess pore pressures induced settlements increasing

with the vertical load.

It was assumed an uniform excess pore pressure distribution from measurement in one
location underneath the caisson lid. Further experiments with measurements at several
locations are required to determine the excess pore pressure distribution across the caisson

lid during monotonic and cyclic moment loading.



Chapter 7

SUCTION CAISSONS IN CLAY

Abstract

A testing programme to study the response of a suction caisson with an aspect ratio of one
in heavily overconsolidated clay was conducted. Firstly, installation of the caisson by pushing
and by suction, as well as the maximum pullout capacity was studied. Secondly, three series
of cyclic vertical loading tests, which are relevant to applications for multi-caisson foundations,
were performed. It was found that, before failure, the caisson installed by suction had less
upward movement than the caisson installed by pushing for increasing cyclic load amplitudes
around a mean vertical load V,,, = 0 N. This is attributed to the different pore water pressure
variation developed and measured underneath the caisson lid, since both series of tests were
performed under identical conditions. Thirdly, monotonic and cyclic moment loading tests,
which are relevant to applications for monopod caisson foundations, were performed in the form
of swipe events and constant vertical load events. In the cyclic tests hysteresis loop constriction
appeared as a consequence of gapping, reducing the moment capacity and increasing caisson
uplift when experiencing tensile load. Results from monotonic tests permitted the parameters
of a mathematical expression for the yield surface to be determined. It was found that the yield
surface had different shape and size depending on the ratio between the caisson load history
and bearing capacity ‘% An associated flow rule was defined to suit the ratio % However,

variations with the % ratio were found.
u

222
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7.1 INSTALLATION AND PULLOUT CAPACITY

7.1.1 Introduction

Suction caisson response in clayey soils has been studied more widely than for sands.
Research has concentrated mostly on suction caissons as anchors, and in normally consol-
idated soils for a variety of offshore deep water structures, where caisson aspect ratios are
commonly higher than three. Information on this application can be found in Andersen et
al. (1993), Clukey et al. (1995), El-Gharbawy (1998), Andersen and Jostad (1999), House
(2002), Colliat and Dendani (2002) and Aubeny et al. (2003) among others. Latterly,
the proceedings of the conference “Frontiers in Offshore Geotechnics” held in Perth, Aus-
tralia in 2005 included a state-of-the-art keynote paper by Andersen et al. and a section
dedicated to suction caissons in deepwater developments. However, very little research of
foundations for offshore wind turbines in clay has been carried out. Therefore, this study
emerges as a natural and rational response to a necessity in this area of geotechnical en-

gineering.

Recent studies by House (2002), Rauch et al. (2003) and Chen and Randolph (2004)
have demonstrated that there is not a substantial difference (as in sands) between the
net vertical load required to install caissons (with % > 4) into normally consolidated
clay by pushing (V') and by suction (V' 4+ |S]). However, it is not yet clear the effect
that the different installation methods have on the caisson response to subsequent load-
ing. Although, installations by pushing were mostly chosen owing to the simplicity in the
use of the VMH loading rig, one suction installation test was performed. This allowed
comparisons with theoretical estimations of the suction, as well as to assess if the net
vertical load is indeed independent of the installation method. Furthermore, comparisons

of subsequent short term vertical cyclic response were established.

Caisson D (diameter and skirt length 2R = L = 150 mm, aspect ratio #i = 1, and
skirt thickness t = 1 mm), shown in Figure 2.8(e), was selected for the testing programme

in heavily overconsolidated kaolin clay specimens. Properties, details of the preparation
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and set-up conditions of the clay specimens are presented in Chapter 2. Natural over-
consolidated clays are the product of a number of geological processes such as glaciation,
ground water level changes, etc. This type of soil is encountered in the offshore seabed at
some of the sites released by Crown Estates and is commonly referred to as stiff or hard

clay.

7.1.2 Penetration resistance

The vertical load required (without suction) to penetrate a caisson into a purely cohe-
sive soil can be obtained from equilibrium of the acting and reacting forces involved. The
frictional resistance inside and outside the caisson are calculated using adhesion factors «;
and «a,. The end bearing is calculated using the cohesion bearing capacity coefficient N,
for deep plane strain (strip footing). As a result, the submerged vertical load V'’ needed

to penetrate a caisson a depth h can be expressed as follows:
V' = 8,27 Roh + ;5,27 Rih + 27 Rt (Y'h + s, N..) (7.1)

where §, is the average undrained shear strength amidst the mudline and the caisson
tip, s, is the undrained shear strength at the caisson tip, R,, R and R; are the outside,
mean and inside caisson radii, and ¢ is the skirt wall thickness (see Figure 4.2 for suction
caisson outline). House (2002) and Chen and Randolph (2004) adopted a value of N,
= 7.5. However, N, varies with depth between 7 and 12; for that reason a value of 9 is

considered more appropriate.

The suction required to assist the installation of a caisson into clay a depth h can be

derived from equation (7.1), resulting in the following expression:

1
5 = — (5,27 Roh + ;5,21 Rih + 27 Rt (Y'h + sy N..) — V'] (7.2)
R

)

where the suction s has been added as the contributing force S = smR? to the left hand

side of (7.1). It is necessary to clarify that V' does not correspond to the subtraction
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V' =V — §. The subtraction V! = V' — S, where the subscript e stands for ‘effective’,
emulates Terzaghi principle of effective stresses. Once full penetration is achieved, care
should be taken in the interpretation of V. values, since values of s correspond to one
point, which can be assumed uniformly distributed underneath the caisson lid. However,
it has been shown in Chapter 6 that for instance, during caisson rotation s can vary

substantially across the caisson lid.

7.1.3 Pushing and suction installation test results

House (2002) employing equation (6.1) with ¢ as the relevant dimension instead of 2R
(as originally suggested for calcareous sand by Finnie (1993)) found that in NC kaolin
clay undrained conditions correspond to dimensionless footing velocities v, > 10, whilst
fully drained conditions will be reached for v, < 0.1. In this study penetration of the
caisson skirt into the ground by pushing was conducted at a rate h of 0.5 mm/s. Then,
since v, = 1.6, it is deduced that partially drained conditions occur, assuming vertical flow

with a value of ¢, = 0.3 mm?/s for a vertical pressure p’ = 200 kPa (de Santa Maria, 1988).

Figure 7.1(a) shows all the pushing load-penetration curves V' — h, in addition to the
curve (V' + |S]) — h of test FV7_1S, which was installed by suction assistance after 30
mm of pushing penetration. This initial pushing penetration followed the curves of tests
FV2_1 and FV6_1 due to the proximity of s, values. Note that between 30 mm and 60 mm
(V"4 S]) — h reduces the rate of increase with penetration as a result of the starting and
fluctuation of the suction. However, after 60 mm of penetration the curve of test FV7_1S
undoubtedly follows again in between the pushing penetration curves of tests FV2_1 and
FV6_1. Therefore, it can be concluded that the caisson penetration resistance is inde-
pendent of the installation method in heavily overconsolidated kaolin clay, as previously
found in NC kaolin clay and in high aspect ratio caissons by House (2002), Rauch et al.
(2003) and Chen and Randolph (2004).

Differences observed in the curves shown in Figure 7.1(a) are due to the different val-
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ues of s, and V. (contact vertical load at full penetration). Thus, those differences can be

reduced normalising V' (and V' + |S]) by V. or by s,(2R)?* as shown in Figure 7.1(b).

Net vertical load V' and V' + S: kN VIV
0 0.6 0.8 0 025 05 075 1 125
0 w \ 0
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Figure 7.1: (a) Load-penetration curves, (b) Normalised load-penetration curves

From the load-displacement curves shown in Figure 7.1(a), values of contact vertical load
V., contact penetration h., V4., and back-calculated values of adhesion «; = a,, were ob-
tained and are summarized in Table 7.1. It is worth pointing out that differences between
the values of h. and L = 150 mm (4 mm in average) are due to internal soil-plug upheaval,
which is caused by the soil displaced inwards by the skirt penetration. Surprisingly, the
inwards flow caused by the suction did not induce more upheaval than that obtained in
the pushing tests. If only inwards movement occurred the soil volume displaced by the
skirt penetrating would result in a heave of 4 mm (with 1 mm wall thickness). This sug-
gests that the volume occupied by the penetrating skirts may be fully displaced inwards,
indicating the existence of a non-symmetrical shear failure mechanism. This demonstrates
that the plug-heave represents a tiny 2.7% of the caisson length L. In caissons with higher
% heave can be totally different, for instance House (2002) reported cases for % > 8 (in

NC kaolin) where the plug-heave percentage was as high as 30% or 40%.
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Table 7.1: Parameter values obtained from the installation test results
Test V; hc Vmam aioT Su

N | mm N kPa
[FV11 [248 [ 148 [ 500 [ 0.35 [ 7.3 |

FV21 | 316 | 146 | 998 | 047 | 8.1
FV2.12 | 260 | 147 | 1089 | 0.42 | 7.3
Fv5.1 | 271 | 145 | 301 | 0.55 | 6.1

FV3.1 | 417 | 146 | 478 | 0.50 | 10.2
FV6_1 321 | 145 417 | 048 | 8.4
FV4.1 | 682 | 147 | 1082 | 0.60 | 13.2
Fv7.1f | 353 | 145 | 353 | 0.40 | 9.8
tback calculated using N, =9

finstallation by suction, «;, = 0.5 assumed for the initial pushing installation

Normalisations by s, and V, are shown in Figure 7.1(b) because a linear relationships
was found between s, and V.. The values of s, were obtained from shear vane measure-
ments carried out after each test in non disturbed sites at depths of 25 mm and 125 mm
(Table 2.5). Whilst, V. values were obtained directly from the load-displacement curves
(Table 7.1). Figure 7.2 shows that the results of s, at 125 mm depth are more consistent
than the obtained at 25 mm, since (discarding test FV5_.1) more scatter occurred for
measurements close to the surface. This is confirmed by the higher value of the coefficient
of determination R? (closer to 1) of the fitted curve. The value of s,,,. assumed as s, at

the tip gives hence more consistent values for normalisation by the clay strength.

0.7
H °/ o
/ /
V=915, 5-159 7 s
- / /
_ 06 Ri=089 ,
< / s
o / 7/
> 7 /
k= F ; /
S 05 , ,
(ZG [ / //
o / s V=705 55 - 264
= L / v _
g 04 L ;e , m R?=0.99
5 L / s
g / ;
: / /
F e
C ozl Y B e atosmm
[ z/ L ./ ® at 125 mm
L s/ # test FV5_1 discarded
/
0.2 N
4 5 11 12 13 14

7 8 9 10
Shear strength s,;: kPa

Figure 7.2: Relationships between V., measured in caisson installation tests, and s,, measured

at two depths: close to the surface and close to the caisson tip

The equations (7.1) and (7.2) were use to fit the load-penetration curves by back-analysing

a theoretical adhesion factor, assumed to be equal inside and outside the caisson skirt

(vio = oy = «,). Figure 7.3(a) shows that the values of «;, obtained correlated reason-
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ably well with s, and hence with V.. The expression that best fit the results is:
a = 0.0275s, + 0.23 (7.3)

It is important to mention that (7.3) is restricted to the particular conditions of the
testing, namely 2= = 1 and a heavily OC clay. The API RP2A (1993) (quoted by Kolk
and van der Velde, 1996) established expressions for axial capacity of fully installed driven
piles in clay (after full consolidation). For clays with plasticity index of I, > 20%, a can

be obtained as follows

1 /s, 0.5 5,
a=—-|— for — <1.0

2\ o} ol
L [\ 02 ) (7.4)

Although (7.4) has been found to be adequate for piles in heavily OC clays (Kolk and
van der Velde, 1996), resulting values of o between 0.22 and 0.26 are too conservative
to be applied for caissons. This reveals that direct extrapolations from pile design may
lead to wrong predictions in suction caisson analyses. Conversely, Andersen and Jostad
(1999, 2002) suggest that the reduction of s, along the skirt due to penetration is caused
by clay remoulding. On the grounds that by definition the clay sensitivity is a measure
of the remoulded state, they define that « is the inverse of the sensitivity S, as defined

by Terzaghi (1943), in the following form:

Su
_G_ O, Ztremoutdedy (7.5)

a=— =
St SU(peak)

where C} is the thixotropy strength ratio which accounts for the capacity of a remoulded
clay to return to its undisturbed state after a certain time interval (Skempton and Northey,
1952). For kaolin clay C; is close to unity, for other clays refer to Skempton and Northey
(1952) and Andersen and Jostad (2002). Equation (7.5) gives an initial value of «, which
is obtained immediately after installation, hence before any dissipation of excess pore

pressures. Figure 7.3(b) shows a — © curves obtained from shear vane tests. The ma-
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jority of these tests were stopped around 60° of rotation, after a peak value was reached.
However, three vane tests carried out in sample 6 continued further until a remoulded
condition (assumed as residual) was reached after more than 360° of rotation. It can be
observed that a value of o around 0.4 can be obtained directly from the plot for a depth

of 125 mm (slightly lower than the back-calculated 0.48), and around 0.25 for a depth of

25 mm.
1.2
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Figure 7.3: (a) Relationship between the adhesion factor and the shear strength « - s,, and (b)

Su(remoulded) 1

adhesion factor as the inverse of the sensitivity a = = g versus vane rotation C]

5% (peak)
With the back-calculated o values an estimation of the caisson penetration resistance
with depth using equation (7.1) is presented in Figure 7.4(a) for test FV2_1. It can be
observed that between 5 mm to 60 mm of penetration the calculated V' is lower than the
measured value of V/. This is due to the lower shear strength assumed in the idealized
distribution for that range of penetration. However, the predicted curve is fairly close to

the measured curve after that initial layer was penetrated.

Figure 7.4(b) shows the measured and calculated suction-penetration curve obtained in

test FV7_1. To account for the variation of strength with depth in the same plot the

dsy

where the shear strength gradient p = 3

suction appears normalised by was as-

PR
sumed constant and equal to 23 kPa/m. This is a very high value compared with values

around 1 kPa/m reported for NC clay by Chen and Randolph (2004). In OC clays much
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Figure 7.4: Measured and calculated (a) load-penetration curve, and (b) suction-penetration
dsy

curve (p = G=)
higher values of p can be observed near the surface. Valuable comparisons with field

Sy
p2R"

values can be obtained by means of the quantity The application of suction intro-
duced a reduction of the back-calculated o value from 0.5 (pushing) to 0.4. In the long
term the dissipation of excess pore pressures after the caisson suction installation in a NC
clay induces horizontal consolidation, therefore, a horizontal coefficient of consolidation
¢, should be used in the analysis (Cao et al., 2002). For instance, calculation examples

of a as a function of the dissipation time is presented by Andersen and Jostad (2002) for

different type of clays.

7.1.4 Pullout capacity

The tensile capacity of a suction caisson with the compartment fully sealed, i.e. valves
closed, and assuming a reversed bearing capacity failure can be expressed by (House,
2002):

V}mllout = W + (Ncsu - thip>7TR2 + aoguzﬂ-Roh (76>
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where Vpu0u Tepresents the pullout capacity, W represents the submerged weight of the
caisson plus the total soil-plug weight and plus the weight of the water column above
the caisson lid. N, is the reverse bearing capacity factor, o, is the total stress at
the caisson tip, a, is the outside adhesion factor and s, is an average undrained shear
strength. Equilibrium of the axial forces of the soil-plug allows the calculation of the
suction developed under the caisson lid according to Fuglsang and Steensen-Bach (1991)

(quoted by House, 2002) as follows:

_ 2h
5 = aiSUE — N.s,, (7.7)
where «; is the inside adhesion factor. Using (7.6) IV, can be obtained from experiments,
assuming for instance that «, does not change in the short term, i.e. the time interval for
the pullout event is not long enough for consolidation to occur. In long term pullout events
a, in equation (7.6) may probably increase from installation values. This consolidation

effect is more pronounced in NC clays as revealed by Watson (1999) and House (2002)

in centrifuge tests, where days, weeks and even years of consolidation time were simulated.

Pullout tests using caisson D were performed at a rate of 2 mm/s (limited by the maxi-
mum rate of the loading rig). Taking the diameter as the relevant dimension gives a value
of v, = 250, which is high enough for a fully undrained condition to be assured. The
pullout test FV3_8 was performed after a swipe event from V' = 0.45 kN to 0.18 kN and
a series of five moment loading events at constant V' = 100 N, from which practically
no vertical displacement was observed (see Tables 7.3 and 7.4). The resulting maximum
pullout load recorded was -1.8 kN with a maximum pore load of -1.5 kN (u’ = -85 kPa)
after a caisson extraction of 27 mm. Pore load is the pore pressure multiplied by the
interior sectional area of the caisson lid. It was observed that the soil around the caisson
sunk during extraction, implying that the soil-plug inside the caisson lost the contact with
the soil at the base causing a reversed bearing capacity failure mechanism.
v

The response in terms of pressure *¢ and u' versus extraction h is shown in Figure 7.5(a),
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Figure 7.5: Pullout test curves: (a) laboratory and (b) field (from Houlsby et al., 2005)

including the installation curve and the unloading caused by the swipe test. Figure 7.5(a)
also shows in the bottom abscissa the variation of N. calculated with equation (7.6) as-
suming «, = 0.5 (obtained from the installation). The maximum value of N, (at the
maximum pullout load) was 8.6, which is lower than the theoretical lower bound solution
of N. = 9.3 determined by Martin (2001) for a caisson with identical aspect ratio, smooth
skirts, but in a NC soil. A smooth condition agrees with observations after the caisson

extraction, as it was found that the external skirt was very clean.

Results from large scale pullout tests carried out by Houlsby et al. (2005) with a caisson
1.5 m diameter and skirt length of 1 m are shown in Figure 7.5(b), where it can be seen
that ' was measured close to the tip and reaches the highest value. The maximum value
of N, obtained was 6.4 using an adhesion factor a = 0.2 as suggested by the same au-
thors. Martin’s (2001) lower bound solution for an aspect ratio of 0.67 and for rough and
smooth skirts give values of 10.1 and 9.3 respectively. Although similarities exist between
v

4 and ', measured in the laboratory and measured in the field, there is a pronounced

disparity in extraction, % ~ 0.65 in the laboratory, whereas % ~ 0.1 in the field. The

load-controlled mode applied in the field seems to be the cause for the much lower pullout

capacity and extraction . In load-controlled tests it is difficult to reach and hold loads
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close to failure. For that reason lower capacities are obtained without the possibility of

having post failure softening.

7.2 CYCLIC VERTICAL LOADING TESTS

7.2.1 Introduction

The investigation of vertically cycled caissons is pertinent for multiple-caisson foun-
dations for offshore wind turbines, since the tensile capacity controls the response. It is
assumed that there is sufficient separation amongst the footings to reduce to a minimum
any interaction effect. Therefore, the analysis of a single suction caisson is appropriate.
Previous studies by El-Gharbawy (1998) and House (2002) have concentrated on cycling
around high negative mean vertical loads (cyclic pullout) as well as aspect ratios relevant
for anchoring applications (% > 3). In this study, three series of tests with escalating
sequences of 10 cycles per load packet were planned. The first series considered increasing
load packets around the V' = V,, load reached by the caisson after the pushing installa-
tion. In the second series the increasing cycling was carried out around V' = 0 N, after
unloading from the V. value reached in the pushing installation. The third series was a
repetition of the second, but employing suction instead of pushing to install the caisson,
hence unloading from V' + |S|. In this form assessment of the effect of the installation

method on the caisson cyclic response can be made. To this end, evaluation of the stiffness

degradation, displacement and pore pressure variations were pursued.

Before analysing the test results, it is important to look at the load, displacement and
pore pressure variation with time during a cyclic event. Pseudo-load-controlled tests were
conducted by means of a feedback subroutine with a specified loading history. Examples
of sinusoidal loading history inputs with a period of 12 seconds (0.08 Hz) are shown in
Figures 7.6(a) and 7.6(b) as %’. Extreme waves have long periods, typically between 7 s
to 13 s (Kiihn, 2002). Byrne (2000) found in dense oil-saturated sand that for frequencies

between 0.3 Hz and 0.03 Hz there is very little influence on the caisson response as long
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as a failure condition is not approached. El-Gharbawy (1998) showed that in NC clay
cyclic pullout close to the long term failure (drained capacity) caused the same 13 mm
of displacement after: 300 cycles at 20 Hz, 2000 cycles at 2 Hz, or 10000 cycles at 0.2
Hz. These findings imply that there is a frequency effect for higher frequencies than those

considered by Byrne (2000), but for cyclic pullout loads close to failure.

Tests were in reality displacement-controlled, since to achieve a specified loading his-
tory the stepper motor moves up or down the caisson attached to the rig arm until the
target load is reached within a certain tolerance. It can be observed in Figures 7.6(a)
and 7.6(b) that £AV” peaks of the first cycles are slightly below of the remaining peaks.
This shows the effect of low gain values introduced at the beginning of the test in the
feedback control subroutine; once the gain was increased AV’ peak values were closer
to the nominal targets. However, even with the increase of the gain during cycling the
target nominal AV’ peaks were never accurately achieved. This subtle detail did not

cause any effect on the results obtained.
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Figure 7.6: Loading hlstory applied (as average pressure over the lid area ) displacement w,
and excess pore pressure u' response, showing characteristic parameters used in the analysis

Figure 7.6(a) shows the displacement variation Aw in each cycle, but because Aw, ~ Awy
a common value Aw = Aw; was collected for the entire cycling event (ignoring Aw; which
corresponds to the initial half cycle). Conversely, in test FV6_6 it is not possible to claim
uniformity of Aw for all the cycles since Aw is indeed varying cycle after cycle as can be

clearly observed in Figure 7.6(b). To simplify the analysis, initial and final values of Aw
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and Aw; were collected. Additionally, it was important to account for the total or net
vertical movement w; of the caisson at the end of each cyclic event. A maximum and a
minimum excess pore pressure value (..., u, . ) during a cycling event was considered
an appropriate indication of the range of variation of «’. The variation of «’ in test FV5.4
occurs mainly above the initial value u;, whereas in test FV6_6 u’ varies around u;. Values

! and u/ . are able to capture these variations.

of Umaz min

7.2.2 Results of cyclic loading around V,, =V, = 250 N

In the first series of tests, immediately after the installation by pushing, the caisson
was cyclically loaded by a series of eight loading packets of 10 cycles each. Increasing
cyclic amplitudes AV’ from +47 N for the first packet to up to 560 N for the last
packet were applied around a mean vertical load V,, = V., =V, = 250 N, 7.e. the load
required to penetrate the caisson into the ground V, was at the same time the maximum
pre-load V, experienced by the caisson at h. = 145 mm. The load-displacement curves

of the whole sequence of cyclic events are presented in Figure 7.7(a) adopting two nor-
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Figure 7.7: Series of cyclic vertical loading events FV5 under V,,, = 250 N
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malisations: strength s, and ‘pre-load’ V,, which are related by the relationship stated in
Figure 7.2. Variation of s, with depth has not been taken into account since its profile is

fairly constant as can be seen in Figure 2.4(b) (Tank 2).

Figure 7.7(b) shows the variation with depth of ' and also the normalised excess pore
load U" = ' A, where A is the cross sectional area of the caisson wR?. These figures allow
only the inspection of events with extremely large displacements corresponding to the
last two or three loading packets, where the caisson reached a settlement almost half of
its length L. Note that there is no sign of settlement attenuation in these large displace-
ment cycles. It is also worth observing that the positive build-up of pore water pressure

accounts for almost half of %’.
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Figure 7.8: Tests FV5_2 and FV5_3 under AV’ = +£50 N and +£100 N

Figures 7.8(a) and 7.8(b) show the load-displacement curves of tests FV5_2 and FV5_3,
corresponding to the first two loading packets, i.e the lowest £AV’ applied, which in
turn resulted in the smallest displacement variations measured. The high resolution of
the short LVDTs (1 pm) allowed refined displacement measurements as shown in the
figures. The entire cyclic loading induced irrecoverable settlements and little build-up of

pore water pressure. It is worth highlighting that the rate of settlement attenuates after
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each cycle as can be clearly observed in the second loading packet, which may tend in the

long term to a state where only very small settlements occur (cyclic shakedown). Fur-

thermore, it is important to point out that this type of ‘small’ load-displacement response

will be more often experienced by a caisson in a tetrapod foundation, but for periods

probably lower than 12 s.
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(taken from Houlsby et al., 2005)

viv, 1

(c) Field test

in the field site at Bothkennar

The next tests FV5_4 and FV5_5, shown in Figures 7.9(a) and 7.9(b), exhibit a substan-

tial increase in settlement compared with the previous lower AV’ tests FV5_2 and FV5_3.

Moreover, excess pore water pressure variations are more significant, reaching values that
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account for approximately half of the load pressure %. An attempt to compare these
results with results obtained in large scale tests is pursued in the following. Houlsby et
al. (2005) carried out lateral cyclic loading tests with a caisson of 1.5 m diameter and
an aspect ratio of 0.67. A vertical load-displacement response was obtained since a con-
stant load ratio % was attempted whilst loading laterally. It was not possible to keep %
constant due to difficulties in the simultaneous control of two hydraulic jacks, leading to
a complex load path. Figure 7.9(c) shows the vertical load-displacement curve obtained
with the large caisson. Notwithstanding the test condition disparities, the framed part
of the field curve shown in Figure 7.9(c) has a resemblance to the curve of test FV5.4,

since in both cases AT‘:, ~ £0.5 and % ~ 0.002. However, the lateral loading in the large

caisson reduced drastically the vertical response by approximately a factor of three when

Ky

interpreted as the normalised secant stiffness 57z~

7.2.3 Results of cyclic loading around V,, = 0 N

The second and third series of cyclic tests were carried out to investigate the response
of cyclic loading around V' = 0. The former was conducted immediately after the caisson
was installed by pushing and the latter immediately after the caisson was installed by
suction. Figures 7.10(a) and 7.10(b) show the load-displacement curves for the whole
sequence of cyclic tests, where is only possible to observe large displacements caused by
the largest =AV’. A totally different load-displacement response was obtained compared
with the response shown above (cycling around V,, = V.). There are also differences
between the curves shown in Figures 7.10(a) and 7.10(b), revealing that the installation
method has an effect on the short term cyclic response. On one hand, a gradual increase
of displacement with cyclic loading occurred in the pushing installation case (increasing
degradation due to softer response), leading to failure for AV’ = 4505 N. On the other
hand, the suction installation induced a much stiffer response for values of AV’ beyond

+505 N until sudden large displacements occurred for AV’ = £744 N.

Figures 7.10(c) and 7.10(d) reveal that totally different excess pore water pressure vari-
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Figure 7.10: Sequence of vertical loading events FV6 and FV7 under V,,, = 0 N showing: (a),
(b) load-displacement response and (c), (d) pore pressure-displacement response

ations were found in these tests compared with the cycling tests around V,, = 250 N.

Whilst only negative values were measured in the former (even under compression loads),

predominant positive values were measured in the latter, although negative values were
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measured under the presence of high tensile loads (Figure 7.7(b)). This is evidence of the

fact that the development of excess pore water pressure is directly related to the caisson

vertical movement. As a result, for cycling around V' = 250 N permanent settlement

generated positive excess pore pressure and during cycling around V' = 0 N predominant

upward movement generated exclusively suction. The uplift was, however, not permanent

since the caisson moves up and down passing through the initial position (

cycle.
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The first two series of loading tests had very small displacements under the application
of the nominal values of AV’ = +50 N and +100 N, for that reason they are not visible
in Figures 7.10(a) and 7.10(b). As mentioned before, it is of fundamental importance
to study the range of small displacements since they represent the expected foundation
serviceability condition, with large displacements to be encountered in sporadic loading
events. Previously it was found that for the same nominal load amplitudes (AV’ = £50 N
and £100 N) irrecoverable settlements occurred when cycling around V,,, = 250 N. Figures
7.11(a) and 7.11(b) show that now a permanent uplift occurs when the same cyclic load
amplitude is applied around V,,, = 0 N. It is important to highlight that displacements of
the caisson installed by pushing were higher than displacements of the caisson installed by
suction. An explanation for this difference can be found in the higher suction during the
loading. The suction varied with the vertical movement of the caisson as can be observed
in Figure 7.11(c). On the contrary, no suction variation is observed in Figure 7.11(d),
where ' = u; = -11 kPa, value that represents a great percentage of the maximum suction

applied during the installation (s ~ 16 kPa).

7.2.4 Comparison of displacements and excess pore pressure

This and the next section attempt to find patterns of the caisson behaviour as a func-
tion of the displacement variation Aw occurring in each cycle. Table 7.2 summarizes the

values of the parameters to be compared.

Figure 7.12(a) shows clearly the increase of vertical displacement with vertical load in
the semi-log plot. For the series of tests FV5 there was very little variation of Aw within
each loading packet of cycles (Figure 7.6(a) shows an example), for that reason the points
of the first cycle are merged with the points of the last cycle. Conversely, for the series
FV6 and FV7 this was not the case in all the tests, for instance, there were tests where
in the last cycle Aw was larger than for the first cycle as shown in Figure 7.6(b). The
points for the series F'V5 follow a fairly straight line in the semi-log plot, which is followed

closely by the series FV7, except for the last packet. However, the series FV6 follows this
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Table 7.2: Parameters of the series of cyclic vertical loading tests

Secant Unloading u’
Test +AV’ K, K¢ K, K¢ Awt Wiotqr | Initial  min  max
N N/mm N/mm mm kPa

FV5.2 47 20591 16249 | 17953 13898 0.015 0.01 | 2.25 2.25 3
FV5.3 96 18453 12316 | 16025 14347 0.032 0.06 1.9 1.9 4.5
FV5.4 187 5295 3841 | 11490 5874 0.14 0.4 3 2.2 9.4
FV5.5 280 2794 1815 7862 5377 0.37 0.9 5.3 3 15.3
FV5.6 380 1362 646 4629 3266 1.45 3.4 6.3 0 21.7
FV5_7 460 563 344 3648 3133 3.3 8 5.9 -2.1 26
FV5.8 530 284 209 2937 1786 7.6 174 5 4.3 278
FV5.9 560 198 140 963 1458 14.36 45.5 4.8 -5.6 28
FV62 | 45 | 9409 16722 | 19135 22615 | 0.009 002 | 28 36 27
FV63 | 90 | 9100 8596 | 14469 17162 | 0.023  -0.02 | -3.7 -43 -3.3

FV6_4 180 5491 4248 | 15310 16280 | 0.07—0.09 -0.07 | -4.25 -5.8 -34
FV6.5 270 3749 2178 | 13137 11307 | 0.1—0.23 -0.09 | -5.2 -6.17 -2.3
FV6.6 360 2684 653 | 18284 7296 | 0.2—1.06  -0.66 -5 -89  -0.7

FVe6_7 450 611 198 | 5301 5738 | 1.3—3.7 -23 | -75 -11.8 0.3
FV6.8 505 229 83 | 2090 1934 | 3.9—11.7 -5.4 | -87 -141 -0.85
FV6.9 480 87 58 | 1508 1379 | 10.3—14.5 -3.57 | -11 -12.5 0.7
FV72 46 21190 26690 | 29636 25140 0.010 -0.01 -11 -11.1 -11
Fv7.3 92 13402 18854 | 22413 24666 0.016 -0.01 -11 -11.1 -11
Fv7.4 186 10926 9685 | 20272 22437 0.042 -0.02 | -11.2  -11.2 -10.8
FV7.5 275 8145 6231 | 18211 17725 0.09 -0.01 -11 -11 -104

FV7.6 385 6312 4554 | 16707 16062 | 0.14—0.17 -0.02 | -10.6 -10.8 -8.6
FV77 480 3729 2468 | 8539 9746 | 0.28—0.39  -0.08 -9 -10.7 7.1

FV7._8 580 2057 1154 | 6757 6106 | 0.6—0.99  -0.37 -9 -14 -8.2
Fv79 660 1008 539 | 5588 4627 1.43 -0.96 | -11.9 -18.2 -10.5
FV7_10 740 501 294 | 4133 3328 | 3.26—5.31 -1.6 -15 -20 -12
FV7_11 744 160 115 | 2584 1689 | 9.78—33 -2.5 | -106  -22.3 -7.9

tinitial and final range of vertical displacement per cycle

line in the first four loading packets after which the first cycle points deviate slightly and

the last cycle points deviate even more, following a different line.

The difference between the maximum and minimum excess pore pressure normalised by

Aw

Sg» but for more clarity, Aw is now

sy is shown in Figure 7.12(b) as a function of log
presented as the average between the first and last cycle. The maximum difference was
found in the series FV5 (V,, = 250 N), whereas the lowest differences corresponded to the
suction installed caisson for V,, = 0 N. The excess pore pressure difference between the
series FV6 and F'V7 were related to the initial excess pore pressure u;. For the suction in-
stalled caisson u; = -11 kPa (test FV7_2), giving evidence of the recent maximum suction
applied (s &~ 16 kPa) to install the caisson. Not surprisingly, «’ has not yet been dissipated

due to the short time elapsed. During cyclic loadings with small % (< 1073), ' did not

move away from u;, but when larger Aw were caused Au’ increased significantly with Aw



CHAPTER 7. SUCTION CAISSONS IN CLAY 243

from w). No excess pore pressure accumulation was observed since at the beginning of
every cyclic loading event v’ ~ u; = -11 kPa. Conversely, for the push installed caisson
u' at the beginning of every cyclic loading event varied after each series of cycling events
from -2.8 kPa for FV6_2 to -11 kPa for FV6_9. This short term excess pore pressure
response needs confirmation with long term results, i.e. when excess pore water pressure

generated during installation has been mostly dissipated.
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| oFV5 250 Pushing | | V'»: N Installation o
8  mEv6 0 Pushing | firstcycle ¢ FV5 250 Pushing @
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Figure 7.12: (a) Normalised load versus displacement variation per cycle and (b) normalised
range of pore pressure variation versus average displacement variation

7.2.5 Comparison of caisson foundation stiffness

Normalised secant and unloading stiffness, determined as illustrated in Figure 7.11(b),
are shown in Figures 7.13(a) and 7.13(b), respectively. Including initial and final stiffness
(Kyi, Ky f) to reveal whether there exists or not degradation within the cycles at the same

constant load amplitude +AV”.

It can be observed that for all the series the secant stiffness shows a clear decrease with
displacement (or load amplitude). Series FV5 presents also a stiffness decrease within
each 10 cycles of loading. On the contrary, the series FV6 and FV7 have an initial stiff-
ness lower than the final stiffness for the cycling loading with AV’ = 46 N. This only

reveals that a weak initial response occurred (larger uplift during unloading than settle-
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Figure 7.13: Normalised initial and final vertical stiffness plotted against normalised displace-

ment variation per cycle

ment during initial loading) which is recovered immediately at the second cycle, as shown
in Figures 7.11(a) and 7.11(b). Conversely, in Figure 7.13(b) is observed that the nor-
malised unloading stiffness does not show a strong reduction at small displacements as
in the secant stiffness (6 -107¢ <

% < 3-107%), but a more regular decrease along the

whole range of Aw that could be reduced to a bilinear relationship in the semi-log plot.

7.3 MOMENT CAPACITY

7.3.1 Introduction

Combined loading of suction caisson foundations in clay has been mainly studied
analytically (Bransby and Randolph, 1998; Taiebat and Carter, 2000; Gourvenec and
Randolph, 2003). Although some researchers have focused on experimental studies, at-
tention has been paid to foundations for heavy offshore structures such as oil rigs, or as
mentioned before to suction anchors in deep water applications such as floating struc-
tures. One of the few studies for the former was reported by Cassidy et al. (2004), where
swipe tests were carried out in a drum centrifuge to compare the moment response of a
spudcan footing and a suction caisson (

= 0.5) in a soft NC clay. For the latter, where

lateral loading is applied through a chain connected to a padeye, more work has been
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done (e.g. House, 2002; Clukey et al., 2003; Aubeny and Murff, 2005). The possibility of
using suction caisson foundations for offshore wind turbines has led to this study since the
geometry of monopod caisson foundations, water depths, turbine weight and load paths
are totally different to other previous applications.

Vertical load V': kN
-18 -14 -1 -06 -02 02 06 1 14 18

0 ‘ 0
£ i i ; ]
£ 20 :E]\?tlalllatlon curves
= i — 4 0.2
<
c 40 | FV3_ 8 Fv3_1 |
S 60 104
}3 80 Bearing 1 =
iy capacity | 0 o
& 100 failure V,, s,
c
2120 108
= J |
o 140
o !
o160 + Pullout \Q)_rlniined loading ]
- capacity failure
180 | | | | | | 12

-102 -79 57 -34 -11 11 34 57 79
V'IA: kPa

Figure 7.14: Installation, combined loading, bearing capacity failure and pullout

The experimental strategy included monotonic and cyclic swipe events as well as moment
loading tests at constant V', using caisson D (2R = 150 mm, % = 1) tested in heavily OC
kaolin clay. Before analysing the test results it is useful to review the global context of
the combined loading with respect to the vertical loading. Figure 7.14 shows the pushing
installation curves of tests FV1_1 and FV3_1 studied in section §7.1, where V, and h, are
as in Figure 7.1(a) and V,, is the ultimate bearing capacity. After installation combined
loading events can be conducted straightaway, or further penetration, or tensile loading
can be applied before any subsequent combined loading. Any of these possibilities may
have important effects on the caisson response depending on the variation of w, the ver-
tical displacement after installation. It is worth noting that although a bearing capacity
failure occurs around V,, = 1.5 kN at 169 mm of penetration (test FV1.9), serious reduc-
tion of vertical stiffness started from 1 kN. Therefore, any incursion beyond that level of

vertical load and penetration (> 152 mm) could have detrimental effects on the caisson



CHAPTER 7. SUCTION CAISSONS IN CLAY 246

moment respomnse.

Additionally, Figure 7.14 shows the pullout response following the bearing capacity fail-
ure, and the pullout response shown in Figure 7.5(a) for comparison. The reduced pullout
capacity after failure compared with the pullout capacity after installation agrees with
previously reported results by Byrne and Cassidy (2002). The pullout capacity reduces
from 1.8 kN to 1 kN after 67 mm of extraction, but it still represents two third of V.
Finally, in order to determine the size of the yield surface and normalise the loads, the

maximum value of V’ experienced under a particular value of h, i.e. V, will be used.

7.3.2 Swipe test results

Swipe tests are an efficient way to obtain information of the shape and size of the yield
surface. For that reason, mapping out of the yield surface was attempted by swiping from
the tensile side and from the compressional side (analogous to the Cam Clay critical state
terminology from the dry side of critical and from the wet side of critical). The former
represents an OC condition for the foundation with an OCR = %, whereas the latter
represents a NC condition for the foundation. Swipe tests were described in section §6.1.5
for caissons installed by suction into sand. Table 7.3 summarizes the values of excess pore
pressure u’ underneath the caisson lid (initial v}, initial and final variation Awu} and Au/,
with respect to w}), initial and final foundation secant stiffness K,,;, Kpi, Ky and Ky,

yield loads My and H,

SH y, shear modulus G (back-calculated from the moment caisson re-

sponse using the expressions of elastic behaviour presented in section §5.2.2), and plastic
displacement increment ratios. Complementary information can be found in Table 7.1

(e.9. Su, Ve and Viyar).

It can be seen in Table 7.3 that the tests were carried out with the load ratio usually

M

5pg = 1. This represents a condition where wind forces are similar to wave and current

forces. Conversely, jack-up rigs have a higher 2%1 ~ 2.5 (Cassidy et al., 2004). They

found a considerable moment and lateral capacity under tensile vertical loads and a max-
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Table 7.3: Summary of swipe tests
Test vieo vy v, h T 2RO, | W] A Au'y
N N N mm mm | kPa kPa kPa
FVv4.2 -563 268 682 | 147.1 1.01 3.3 0 0 0
FV4.5 -250 -16 650 | 142.9 0.43 -5.8 -0.4 1 0.8
FV1.2 -190 25 250 | 148.2 1.02 3.9 0 0 0
FV3_2 450 183 474 | 147.3 1.03 3.4 5.3 27 -3.3
FV6_13 645 423 750 | 185.6 1.05 2.6 9.6 0 0.8
FVv2.2 878 506 900 | 147.7 1.06 3.7 34 0 -11
Fva2_7 899 633 900 | 148.8 0.65 4.7 18 1
FV2_.141 | 838 294 1100 | 153.1 1.05 +£1.75 | 38 -6 -16

M, G du? Sw?
Test K K Tﬁ Hy Vy Kmf th G s 721%%9;, 721{7“;9;,

N/mm N N N N/mm MPa

Fv42 | 2000 400 | 203.8 203.2 -300 | 25 24 30 2266 | 1.057 -0.010
Fv4.5 140 349 | 27.7  65.8 -120 | -21 -55 3 227 | 0.940 -0.154
FV1.2 600 171 | 60.6 58.1  -50 10 8 8 1099 | 1.26  -0.083
FV3.2 | 1191 278 | 126.4 120.2 388 17 17 30 2956 | 1.047 0.010
FV6.13 | 1200 400 | 72.0 68.8 528 24 24 20 2387 | 0.964 -0.026
Fv2.2 | 1045 311 | 983 942 730 15 14 15 1850 | 0.931 0.036
Fva.r 150 378 | 12.8  20.8 867 10 14 1.5 206 | 0.912 0.020
teyclic swipe test

imum moment load capacity of % ~ 0.83. Furthermore, the interest of that study was
to trace the outermost yield surface, with a size defined by £V, = +V,,. As a consequence,
a failure envelope for flat circular footings suggested by Taiebat and Carter (2000) was
used in conjunction with upper bound solutions to obtain the moment and horizontal
loads at failure M, and H,. In this study interest was focused on defining the yield sur-

face with a size V,, around the installation load V., hence before a bearing capacity failure.

Swipes tests were carried out at a rotational velocity 2RO = 0.01 mm/s, resulting in
partially drained conditions since v, = 5 (< 10, according to the criterion in section
§7.1.3). Figure 7.15(a) shows the moment-rotation curves of the swipe tests where the
moment load has been normalised by s, and 2R. Note the moment load peak in the
curves of tests FV4_2, FV4.5 and less visible in test FV6_13. This reflects the effect of

higher degree of overconsolidation of the clay sample and explain the high value of 2~

shown in Table 2.4. Heavily OC soils tend to dilate, inducing suction. However, from
Figure 7.15(c) zero variation of the pore pressure occurred during test FV4_2 and actually
positive Au’ occurred in tests FV4_5 and FV6_13, not giving evidence of soil dilation since
the lid does not move vertically. Conversely, as the lid rotates it is expected that on the

side that moves upwards " will be negative and on the side that moves downwards it will
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Figure 7.15: Swipe tests showing normalised moment-rotation and excess pore pressure-rotation

curves (in brackets penetration h in millimetres)

be positive as shown in Figure 6.17. Therefore, there is probably a situation where the

pore pressure transducer recorded positive v’ because it was located under the lid side

moving downwards, which compensates or prevails over the suction generated due to soil

dilation. In addition, the passive lateral pressure on the loaded side induces suction due

to soil dilation, but u' > 0 on that side of the soil-plug caused by water flowing outwards,

whereas the opposite occurs on the other side.

Figure 7.15(b) shows the same curves as in Figure 7.15(a) but with the moment load

normalised by V,. In these figures the fixed caisson penetration h appears in brackets and
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in millimetres, where except tests FV4_5 and FV6_13, h is between 147 mm and 149 mm.
Figure 7.15(b) highlights that the normalisation by V,, creates three groups of curves. The
first group above corresponds to swipe events conducted immediately after installation
without further penetration or preloading. The second group in the middle shows a lower
normalised moment capacity because test FV2_2 was vertically preloaded more than three
times V., = 316 N, approaching the value of bearing capacity failure V,, ~ 1.5 kN. Test
FV6_13 was conducted after a series of cyclic vertical loads. Nevertheless, the strongly
remoulded soil in the interface could have been sufficient to reduce the moment capacity.
In the third group at the bottom the moment capacity is the lowest. Test FV4_5 presents
the effects of soil disturbance as a consequence of previous moment loading events despite
showing a moment load peak. Previous loading with V, near to V, reduced considerably

the moment capacity of Test FV2_7.

1
FV3_2
0.8 X
| FV2_2

o frvi2 FV6_13
3 v
g
=04 -

02 Fva_s FV2_7

0
-2 -1 0 1 2 3 4 5 6

V'/s,(2R)?

Figure 7.16: Swipe tests in the normalised moment vertical load plane
Figure 7.16 shows all the swipe tests in the strength normalised moment-vertical load

plane. No moment peaks with further softening is observed in the compressive swipe

tests. The shape of the yield surface traced by the swipe events can be observed as well

as the increase of the size with the increase of )% . The expansion of the yield surface
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towards the tension side is substantially more significant as proportion of the compres-
sive side than in sand. This is due to the fact that in clay low permeability assures the
prevalence of partially or undrained conditions, which in turn allows suction to develop
even under slow loading rates. It is worth noting that an upper limit for the moment
load is reached at # ~ 0.8, which is very close to the value reported by Cassidy et
al. (2004). Test FV4.5 shows apart from a peak and subsequent softening previously
described, a further increase of moment capacity with rotation at constant vertical load
close to zero. A negative rotation was applied in this test, which returned the caisson
to a centred position after positive rotations were applied in the previous three tests. It

is believed that caisson contact with soil less disturbed on the opposite side as rotation

progresses increased the moment capacity.

Figures 7.17(a) and 7.17(b) show the results of a cycle swipe test. A particular hys-
teresis loop shape appears after the fourth cycle, giving evidence of gapping. In fact,
there is a point around zero rotation before which the tangential stiffness decreases and
after which it increases during reloading and unloading. The cyclic swipe test FV2_14
was carried out immediately after a second installation into the same site but with the
loading plane changed 90°. Full installation was completed with V. = 260 N (FV2_.12)
and a further penetration from 147 mm to 153 mm caused V' to increase up to 1100 N,
which is a value near to V,,. Despite the increase of the normalised moment capacity with
rotation (and with the decrease of V'), the maximum moment capacity has reduced to a
half of that obtained for instance in tests FV2_2 or FV3_2. Moreover, the loading history
is reflected in the high values of v’ as shown in Figure 7.17(c). Although «" dissipates cycle
after cycle, the normalised pore load represents a significant percentage of the normalised

vertical load.

In section §6.1.7 cyclic swipe tests of caissons in dense saturated sand starting from
tension and regardless of the rotation amplitude, the vertical load always returned to a
value of tensile load close to the initial V' after each cycle. On the contrary, in Figure

7.17(b) the cyclic swipe test started from a large compressive V' load where V' continu-
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ously decreases after every cycle. It would be interesting to see if this is the case in cyclic

swipe events in sand and vice versa.

7.3.3 Constant V' moment loading tests

Moment loading tests under constant V' were performed extensively for caissons in

sand at various relatively low % values and covering a spectrum of 2%{ values (details
of experimental procedure, load path, etc. can be found in sections §5.3 and §6.1). A
similar testing strategy to determine the yield surface and flow rule of a caisson in clay is
extremely time consuming owing to the preparation of samples. Swipe tests disturb the

clay sample next to caisson mostly in one direction, leaving other directions of loading
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not so seriously damaged, additionally, no vertical movement occur. This offers the op-
portunity to perhaps obtain useful complementary data of good quality from constant V'

tests in the same site.
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Figure 7.18: Normalised moment-rotation curves for tests with % <0.32, QR%H = 1, showing %

values in brackets

Table 7.4 collects information of the constant V' tests conducted at a rotational velocity
of 0.01 mm/s, which as for the swipe tests corresponds to a partially drained condition.
Moment-rotation curves of tests with low values of % are shown normalised by s, in
Figure 7.18(a) and normalised by V, in Figure 7.18(b); with the numbers in brackets cor-
responding to % The value of V,, for series FV1 was experimentally obtained as 1.5 kN,
from which a value of N, = 11 was deduced and used to calculate V,, for the remaining
series. It is interesting to note that the curve of test FV4_4 follows a perfect elasto-plastic
response, i.e. an initial very stiff response mostly linear until yield occurs with the de-
velopment of large plastic rotations progressing under constant moment, hence with the
absence of hardening. However, for the curves above test FV4_4 hardening appears after
yield instead of the perfect-plastic behaviour. These curves represent a OC condition for

the foundation: |OCR| = 15 > 1.3.

The curves of plastic vertical displacement versus plastic rotation dw? — d6P are pre-

sented in Figure 7.19(a), where two trends can be clearly identified: i) large uplift due



CHAPTER 7. SUCTION CAISSONS IN CLAY 253

Table 7.4: Summary of moment loading tests under constant vertical load V"’

Test L XV oV, V.| h uf  Auj Au
N N N mm | kPa kPa kPa
FV1.3 0.17 0.20 50 250 1500 | 1.00 148.0 | 0.2 0 0
FV14 0.17 0.40 | 100 250 1500 | 1.01 148.1 | 0.2 0 0.2
FV1.5 0.17 0.80 | 200 250 1500 | 1.02 148.8 | 0.9 6 9
FV1.6 0.17 0.40 | 100 250 1500 | -0.40 148.5 0 1 9.5

FV17 0.17 0.80 | 200 250 1500 | -1.2 149.0 | 8.6 1.4 7.4
FV1.38 0.17 0.80 | 200 250 1500 | -0.77 149.0 | 14 1.5 1

FV3.3 0.24 0.21 | 100 474 2000 | 1.99 1474 | 1.6 0 -3.2
Fv34 0.24 0.21 | 100 474 2000 | 1.00 147.3 | -0.8 0 0.7
FV3.5 0.24 0.21 | 100 474 2000 | 1.00 147.3 | -2 0.2 1

FV3.6 0.24 0.21 | 100 474 2000 | -0.99 1474 | -2 0 0.5
FV3.7 0.24 0.21 | 100 474 2000 | -0.50 147.4 0 0 0.1
Fv4.3 0.26 0.77 | 500 650 2500 | 1.01 147.0 6 -25  -3.5
Fv4.4 0.26 -0.75 | -487 650 2500 | 0.96 146.7 | -04 -4 -4.3
FV6_12 0.31 0.20 | 100 500 1600 | -0.89 154.4 0 0.1 0.25
FV7.155 | 040 0.62 | 494 800 2000 | 1.02 151.8 | 0.6 0 1.2
FV7.16S | 0.45 0.81 | 732 900 2000 | 1.06 154.7 | 4.6 0 2.4
Fv7.17S | 0.45 095 | 82 900 2000 | 1.04 156.0 | 8.3 0 2.2
Fv2.3 0.60 0.44 | 400 900 1500 | 1.02 148.0 | 20 -2 -3.5
Fv2.4 0.60 0.22 | 200 900 1500 | 1.01 148.0 | 124 -24 -64
FVv2.5 0.60 0.11 | 100 900 1500 | 1.00 148.0 | 3.8 -1 -3.5
FV2.6 0.60 -0.11 | -100 900 1500 | 0.98 1479 | -3 -2 -1.5
FvV2.9 0.60 0.22 | 200 900 1500 | 0.50 149.2 | 144 -3.5 -3.5
Fv2.10 | 0.60 0.00 3 900 1500 | 0.47 148.8 6 0 -1.4

M SuP Sw?
Test Kmi K}”‘ TRU Hy Kmf th G]W QR%GP 2ng01’

N/mm N N N/mm MPa

FV1.3 776 300 | 86.1 82.5 13 11 10 1.240  0.001
Fvi4 776 251 | 87.7  85.1 16 11 10 1.264 0.121
FV1.5 503 129 | 376  37.1 39 23 10 1.450  0.122
FV1.6 588 -258 | 23.5 -69.0 | -333 500 | 0.6 | 0.460 -0.310
FV1r7 1503 -128 | 126.3 -80.0 | 120 -263 | 2.5 | 0.570  0.402
FV18 800 -500 | 53.2 -200.0 | 52 179 2 0.300 -0.080
FV3.3 2500 150 | 187.5 91.6 41 23 25 1.115  0.035
Fv34 1800 350 | 118.8 116.5 18 16 30 1.107  -0.008
FV3.5 1599 450 | 138.8 137.3 18 16 25 1.091  0.015
FV3.6 1750 -215 | 54.2 -50.0 | 165 -323 | 2.5 | 0.633 0.399
FV3.7 550  -377 | 110.4  -190 165 328 | 0.5 |-1.993 0.900
Fv4.3 2824 500 | 2259 218.3 38 31 50 1.158  0.061
Fv4.4 1029 349 | 89.0 878 4 7 10 0.850 -0.808
FV6.12 824 2034 | 51.1  -46.0 | 140 -606 2 0.300  0.080
FV7.155 | 800 800 | 38.0  36.0 25 33 10 0.760  0.330
FV7.16S | 1200 1000 | 38.4  36.0 28 36 20 0.730  0.610
FV7_17S | 2000 1850 | 47.0  48.1 22 24 30 0.675  2.019
Fv2.3 1263 404 | 132.8 1314 15 13 20 0.971  0.038
Fv2.4 1370 400 | 143.9 140.0 12 13 20 0.943  0.001
FV2.5 1085 312 | 1439 139.1 13 15 26 0.942  0.021
FV2.6 1500 320 | 106.7 106.5 -7 -8 23 0.800 -0.400
Fv229 700 900 | 59.5 1184 12 21 12 0.940 -0.061
Fv2.10 | 1000 1200 | 38.0  78.0 98 151 18 1.007  -0.170
S: caisson installed by suction

to the application of a tensile load (test FV4_4), and ii) very small or simply no vertical

movement for % = 0.2, 0.4 and 0.77. Note that the concept of parallel point or parallel
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Figure 7.19: Tests with V" < 0.32, 2RH =1and “f values in brackets, showing normalised: (a)
plastic vertical dlsplacement versus plastic rotation, and (b) excess pore water pressure variation
versus rotation

line introduced in Chapters 5 and 6 for caissons in sand seems to apply for a range of
values since in ii) Jw? = 0 for five tests with 0.2 < % < 0.77. In test FV4_3 the initial
negative Au’ was due to the double effect of previous inclination of the caisson caused
by a swipe event and the PPT location at the rising side of the lid. Nevertheless, once
those initial effects disappear the Au' trend switched from negative to positive due to
the slight settlement of the caisson. In tests FV3.4 and FV3.5 the ' — 6 curves tend
to a zero absolute value of u’/. In general the level of Au’ was much higher in the swipe
tests because of the larger caisson rotations and also the larger variation in V' seems to
affect more than the w variation. The two trends are linked with the curves of pore water
pressure variation with rotation Aw’ — 6 as shown in Figure 7.19(b) (with the exception

of the initial part of tests FV4_4 and FV4_3 owing to the location of the ppt under the lid).

Tests with high values of “f—z are shown in Figures 7.20(a) and 7.20(b), representing a
‘normally loaded’ condition (JOCR| < 1.1). It can be observed that the order of magni-
tude of -—Fr ) —5mye in these curves are fairly similar to the curves in Figure 7.18(a). Conversely,
the effect of a different range of V, values is obviously evident comparing Figures 7.20(b)
and 7.18(b) since V, is used in the normalisation of the moment load. Although larger V,

values cause an increase in the moment capacity (compare for example tests under similar
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Figure 7.20: Tests with V" > 04, 2RH = 1 and % values in brackets showing normalised

moment-rotation curves

%; FV1.3 with FV2 .4 and FV1 4 with FV2_3 in Table 7.4), the increase in moment load
capacity does not compensate the increase of V,, resulting in a reduction of 5=~ RV from 0.4

to 0.16.

Three trends of plastic vertical displacement can be identified in Figure 7.21(a). The

two first trends were found and described in Figure 7.19(a). The third trend corresponds

-0.02 1
o @
-0.015 & 08 I3
] <
) 0.6
001 L FV2_6 (-0.1)
04 - FV7_17 (0.95)
-0.005 - Fv2.5(011) 02 - /FV7_16 (0.81)
: 4~ FV7_15(0.63)
Fv2 4 (0.22)
0 0 1 : 1
0.008 \ 0012 0.008 0.012
0.005 FV7 15 (0.63) FV2_3(0.44) -0.2 .
FV7_16 (0.81) \ e FV2_3 (0.44)
-0.4 FV2_6 (0.1) M
0.01 FV2_5 (0.11)
-0.6 | “ ’
0.015
FV7_17 (0.95) -0.8 FV24 (0.22)
¢ P. H . -
0.02 Rotation 36" rad 1 Rotation 6: rad
(a) (b)
Figure 7.21: Tests with V" > 0.4, Z%H =1, and Vl values (numbers in brackets) showing:

(a) plastic vertical dlsplacement versus rotation, and (b) pore water pressure variation versus
rotation



CHAPTER 7. SUCTION CAISSONS IN CLAY 256

to the increasing caisson settlement with % Figure 7.21(b) shows that suction appeared
under the caisson lid for values of % < 0.45. This reveals that during the caisson rotation
the underside of the lid and the top of the soil plug kept in contact. Full contact during
uplift is a strong assumption made in numerical analysis of undrained moment capacity

of skirted footings (Gouvernec and Randolph, 2003; Gouvernec, 2003).

7.3.4 Yield surface and flow vectors

The results of constant V"’ tests are shown in Figure 7.22 as yield points (values listed
in Table 7.4) in the normalised moment versus horizontal load. In the same figure two
calculated yield surfaces are included based on the yield surface formulation presented in
Chapter 5. Despite the lack of data for load ratios different to one, two major groups
can be identified regardless of the value of ‘é—;: one group with high deviatoric load capac-
ity forming an exterior boundary, and a second group with low deviatoric load capacity
forming an interior boundary. The yield surfaces were estimated relying mainly on the
few yield points with negative load ratios. The parameters h,, m, and e obtained from
these estimations are summarized in Table 7.5. Obviously, more data for a wider variety
of load ratios is required to confirm or not these tentative values. However, in the next
stage of this analysis these values will be validated using a three dimensional yield surface

formulation (expression (5.43) or (6.3)).

Figure 7.23 coalesces the results from swipe tests and from constant V' tests in the

M

RV, — % plane. The data is divided according to the % ratio, from where two groups

can be recognized as well, at least for the data with load ratio of one. Based on the
values of h,, m, and e estimated from Figure 7.22 two yield surfaces were calculated for
% > 0.4 and for % < 0.32, as shown in Figure 7.23. Table 7.5 presents the values of the
parameters 3; and (35 determined by fitting the experimental results. In the light of these
results, it appears a third group of data above the yield surface for data with % < 0.32.
This reflects that larger capacities were obtained owing to higher degree of OC (samples

4 and 3 had the highest values of s,). In addition, series of tests FV3 and FV4 had V,
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Figure 7.22: Normalised yield points in the % — % plane and fitted yield surfaces

values much closer to V. rather than V,. The set of parameter values estimated for this

outer yield surface are presented in Table 7.5.
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Figure 7.23: Normalised yield points in the % — % plane and fitted yield surfaces

The study of the flow rule follows the analysis of section §5.4.3. Associated flow has been
assumed in the calculations, hence the association factors are equal ay; = ay. The the-
oretical flow rule is compared with the experimental results in Figure 7.24(a) using the

parameter values summarized in Table 7.5. Although associated flow may hold for the



CHAPTER 7. SUCTION CAISSONS IN CLAY 258

Table 7.5: Parameter values of the yield surface

’ Yield surface for % My ho t, e ‘ 01 63 ‘
<0327 0.7 0.6 0.8 -05 104 0.35
<0.32 0.5 045 0.77 -0.52 0.8 0.675
> 04 0.25 0.225 0.37 -0.6 | 0.8 0.675

fclay heavily overconsolidated with the highest values of s,

results presented more data (with different load ratios and load histories) is required for
a definitive conclusion. Experimental and theoretical predictions of the vertical plastic
displacement increments are shown in Figure 7.24(b), where associated flow has been as-
sumed, making the association factors ay, = ay, = 1. The study of the flow rule becomes
more complex not only for the variation of the flow vector directions with % and % as
presented in section §5.4.3, but also due to the different load history % and pore pressure
variations. The development of suction can modify substantially the vertical displacement

of the caisson. Some of the larger values of Au’ are shown in Figure 7.24(b) next to each

point.
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Figure 7.24: Experimental and theoretical predictions of incremental plastic displacement ratios
in the 7 plane assuming normality (numbers in (b) refer to v’ and points without numbers imply
u’ ~ 0 kPa)

7.3.5 Cyclic moment loading tests

The cyclic rotational response of suction caissons in clay is a fundamental issue owing

to the cyclic nature of the offshore environmental loads as mentioned in Chapter 1. Pre-
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Table 7.6: Summary of cyclic moment loading tests. Field test taken from Houlsby et al.
(2005)

L Vv’ vV’ M
fest U A I A el o A
m kPa | kN mm
FV7_128 0.15 1 9.9 | 0.75 -0.13 -0.44 1 -5

FV6.10 015 1 84 | 0.5 0.20 0.45 1 -0.2
Field trial | 3 0.5 144 | 200 0.21 0.33 1 5

vious research of cyclic combined loading has concentrated on suction caissons as anchors
for deep water floating structures, which include eccentric vertical cyclic loading in ten-
sion leg platforms TLP (Andersen et al., 1993; Clukey et al., 1995) and laterally moored
systems (House, 2002). Therefore, it was regarded as important to investigate the cyclic
moment loading response of monopod suction caisson foundations due to the differences
prevalent in offshore wind turbines as pointed out in section §7.3.1. Recently, results from
cyclic moment loading tests with large scale caissons at the Bothkennar site have been
reported by Houlsby et al. (2005) for offshore wind turbine applications. Consequently,

comparisons of laboratory results with field results will be pursued.

Cyclic moment loading tests FV7_12S and FV6_10 were performed using caisson D un-
der the soil and loading conditions listed in Table 7.6. Both tests were conducted after
a series of cyclic vertical loading events, for that reason it was thought that the clay
samples were not so seriously damaged in the lateral direction. Figure 7.25(a) shows the
moment-rotation curve of test FV6_10 with the strength normalisation by s, on the left
hand side and the load normalisation by V,, on the right hand side of the plot. The first
four cycles present the typical growing hysteresis loops with increasing rotation ampli-
tude. But beyond the fourth cycle a hysteresis loop constriction appears added to the
fact that the moment capacity stabilizes and even decreases slightly with larger rotation
amplitudes. This modification in the hysteresis loop shape is not considered in the Masing
rules, in which cycles are reproduced following the first loading curve. This issue may

cause modifications in the modelling.

Figure 7.25(b) shows the curve response of test FV7_12S, with the caisson installed by

suction and experiencing tension. It is noteworthy that the onset of a hysteresis loop con-
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Figure 7.25: Results from two cyclic moment loading tests
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striction starts earlier (third cycle) and is much more pronounced than in test FV6_10,
causing a considerable moment capacity decrease. Constriction of the hysteresis loops is
the result of gaps simultaneously opening and closing from top to bottom, and vice versa,
next to the skirt during each rotational cycle. This phenomenon is also found when cracks
appear in cyclic shear loading of reinforced concrete elements. Then the onset of gapping
is an indication of foundation failure and further opening of the gaps reveals the level of

damage.

The resulting vertical displacement evolution in test FV6_10 is shown in Figure 7.25(c),
where the arrows indicate the direction of the vertical displacement. It is interesting to
note that initially the caisson moves upwards, but when it reaches the fourth cycle the
caisson rocks with a small vertical movement during three cycles. Thereafter, the caisson
rocks moving downwards although it was not able to return to the initial point. This
pattern of vertical displacement evolution does not agree with the monotonic tests with
% = 0.2, in which zero vertical displacement was observed. However, it is similar to
the behaviour observed in test FV80_13_1B with also a caisson aspect ratio of one but in
dry loose sand (section §5.5.3). This agreement leads to the same conclusion related to
the transition or parallel point being reached between uplift and settlement. Conversely,

Figure 7.25(d) shows that in test FV7_12 there was not a transition point since the up-

lift increased steadily with the amplitude of rotation due to the tensile load being applied.

Figure 7.25(e) shows the pore pressure variation during cyclic rotation in test FV6_10. A
significant reduction of «’ in the first four cycles from an initial value of 5 kPa to a value
close to 1 kPa is seen. In the next cycles u’ reduces even more although at a lower rate
since the caisson is not moving upwards any more. Nevertheless, suction appears in the
last three cycles. By comparison, in Figure 7.25(f) the tensile load causes the appearance
of suction from the beginning and the onset of rotational cycles increases the suction even

more.

In a moment wersus vertical displacement plot the pattern followed by the curve of test
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Figure 7.26: Effect of hysteresis loop constriction on the higher rate of uplift during moment
reloading and unloading (test FV7_12S)

FV6_10 (not shown) in the last cycles is identical to that shown in Figure 5.34. The cais-
son settles smoothly during reloading and unloading, whereas uplift occurs when reaching
the maximum positive and negative moment load in each cycle. Conversely, in Figure
7.26 it is clear that only uplift occurs with a pattern totally different to that mentioned
above. The largest uplifts occur not near the maximum moment load, but at a lower and
almost constant value which is reached during constriction or gapping. This indicates
that under tension the reduction of moment capacity induced by gapping also increases

the rate of caisson uplift.

Houlsby et al. (2005) undertook a series of large scale tests under load-controlled con-
ditions at the Bothkennar site using a suction caisson with the dimensions and loading
conditions listed in Table 7.6. The Bothkennar clay is an estuarine clay with an OCR <
1.6 (Hight et al., 1992). Results from the field offer an invaluable opportunity for com-
parison with laboratory results. In this context, Kelly et al. (2006) reproduce the same
normalised cyclic rotational displacement paths (and normalised V') in the laboratory to
those in the field with the intension of studying effects of scale on the moment capacity.

Although the purpose of the present study was not to replicate the conditions of the
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Bothkennar tests, it is very interesting to see whether similar patterns and trends exist or
not. Figure 7.27(a) reproduces the moment-rotation curve from the field, which can be
compared with test FV6_10 owing to closeness in the normalised vertical load (although
the caisson aspect ratios are different). The normalised moment capacity for the first

cycles in both tests is comparable (around - sieRp 0.3) as well as for the final cycles

(2R

(around —5 =3 ~ 0.4). This agreement reveals that the effect of higher level of stresses in

Su (QR)
the field is not as important in clay as it is in sand. In terms of the normalisation by V,
test FV6_10 exhibits less moment capacity because of the larger V, value caused by the

further penetration during the cyclic vertical loading.
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Figure 7.27: Large scale test results (adapted from Houlsby et al., 2005)
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It is worth noting the influence of the loading control mode in Figures 7.27(a) and 7.25(a).
The load-controlled mode applied in the field forces the caissons to reach in each cycle an
increased moment load target, to cope with that the rotation in each cycle should recover
from the previous cycle. With the appearance of plastic rotations, larger rotations will
develop in order to complete the cycle as it can be observed in the last cycle shown in
Figure 7.27(a), where for a minor increase in moment load a very large rotation results.
Even much larger rotations will develop to achieve a very small increase in moment load
in the next two cycles as shown in Figure 7.27(b). Conversely, the displacement-controlled
tests performed in the laboratory target rotations instead, therefore the moment load is
free to increase, decrease or stay the same. The gapping response obtained in the labo-
ratory under small rotations (6 > 0.005 rad) also occurred in the field, but for rotations

one order of magnitude less (f > 0.04 rad) as shown in Figure 7.27(b).

By comparing Figures 7.27(c) and 7.25(c) it can be observed that the normalised vertical
displacement obtained in the field shows initially a four times smaller upward movement
of the caisson than the obtained in the laboratory. Afterwards, the caisson moves down-
wards with the largest settlements occurring at reversals. Although the laboratory result
also shows a switch from upward to downward movement, normalised settlements in the
field are three times larger. In addition, in the laboratory the largest settlements occur
around # = 0 rad and the minimum settlements at reversals, hence opposite to the field.
Figure 7.28 depicts the rotation mechanism of the caisson in the field occurring around the

centre and the rotation mechanism of the caisson in the laboratory lifting up on the edges.

Vv’ Vv’
%Jm\/% %J&%
7 % X X
Field: caisson rocks \. / .
Laboratory: caisson lifts
around the centre
up on edges

Figure 7.28: Rotation mechanisms observed in the field and in the laboratory
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Figure 7.27(d) shows the variation of the pore pressure underneath the caisson lid and
inside the caisson skirt near the tip. It is interesting to observe that there is a minor
variation of u’ under the lid, not agreeing with the laboratory results, whereas a small

increase of v’ develops close to the tip.

7.4 CONCLUSIONS

The results of an experimental study of suction caisson foundations in clay for offshore
wind turbines have been described. This study was necessary to obtain the data to
determine the parameters required to model the response of suction caisson foundations. A
suction caisson with an aspect ratio of 1 was tested in heavily overconsolidated kaolin clay.
This study considered three stages. Firstly, installation and pullout capacity, secondly,

cyclic vertical loading, and thirdly, the monotonic and cyclic moment capacity.

7.4.1 Installation and pullout

The calculation procedure proposed by Houlsby and Byrne (2005) was used to back-
analysed the inside and outside adhesion factors. Similarly, remoulded s, values obtained
from shear vane tests provided reliable values of adhesion factors as the inverse of the
clay sensitivity following Andersen and Jostad (2002). This allowed the prediction of the
penetration resistance for caissons installed by pushing. However, the prediction of the
suction for suction assisted penetration should account for a diminished adhesion factor
due to non-dissipated pore pressures. No substantial difference was found between the
net vertical load required to install a caisson by pushing and by suction, agreeing with

previous findings for normally consolidated kaolin clay found in the literature.

A reverse N, = 8.6 was determined from a pullout test, value that is slightly lower than
the lower bound solution for smooth skirts. Furthermore, an even lower N, = 6.4 was

determined from a large scale pullout test.
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7.4.2 Cyclic vertical loading

Results of cyclic vertical loading tests are relevant for applications of multiple-caisson
foundations. The cyclic vertical loading around a mean vertical load equal to the maxi-
mum installation load induced permanent settlement of the caisson, whereas the cycling
around a mean vertical load equal to zero induced permanent uplifting of the caisson,
although for large load amplitudes temporary settlements were observed during compres-

sive loading.

It was found that in the short term substantial difference occurred in the vertical cyclic
loading response between a caisson installed by pushing and a caisson installed by suc-
tion. The large magnitude of non dissipated pore water pressure generated during the
suction installation influences the load-displacement response, diminishing substantially

the amount of caisson uplift and increasing the bearing capacity failure in 50%.

7.4.3 Moment loading

Results from cyclic moment loading tests revealed hysteresis loop constriction at small
level of rotation, reducing the caisson moment capacity and increasing the rate of uplifting
under tensile load. This was caused by the opening and closing of gaps next to the skirt
amidst the reloading and unloading. Recently, this phenomenon has been reported in the
literature for large scale caisson tests, but for rotations one order of magnitude higher.
Furthermore, the parallel point or transition from uplift to settlement was found to occur

at the onset of the hysteresis loop constriction.

Swipe and constant V' tests were performed to determine the yield surface. It was found

that the size and shape of the yield surface depend on the caisson load history and bearing

capacity, expressed as the ratio % For values of % > 0.4 the yield surface size was found

to reduce, whilst for % < 0.32 the yield surface size increased.

The parallel point was found to extend for a wide range of % values, namely from 0.2 to
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0.77 for low V, and from 0.11 to 0.44 for high V,. Despite the acceptable agreement of the
associated flow assumed with the experimental results, more data is required to confirm

the assumption of associated flow.

7.4.4 Discussion and recommendations

The majority of tests concentrated on 2RﬂH = 1 at different V' values, with only few
tests with 2}% # 1. As a consequence, these series of combined loading tests carried out
are not sufficient to cover exhaustively other load paths needed to define accurately the
size and shape of the yield surface, hence the parameters for modelling. The preparation
of kaolin samples is time consuming and is not possible to obtain more than two fresh
sites per specimen. Therefore, further experiments in undisturbed samples are required to
increase the data base, using not only a caisson with % = 1, but also including caissons
with other geometries. Moreover, a study of the effect of the installation method on the
caisson moment capacity is necessary. It has been confirmed that no significant difference
exists, whether the caisson is installed by pushing or by suction. However, this similarity
accounts only for the penetration resistance and not for the subsequent moment capacity.
Furthermore, such a study should consider the case of combined loading immediately after

suction installation (no dissipated pore pressures) and cases accounting for some degree

of consolidation (dissipation of pore pressures).



Chapter 8

CONCLUSIONS

This thesis has presented the study of an experimental research programme of suction
caisson foundations for offshore wind turbines. The results were interpreted within the
framework of force-resultant plasticity models. From the analysis of the results, it was
possible to estimate the parameter values needed to apply hyperplasticity formulations
to the modelling of suction caissons. Conclusions and discussions of each part of this
research programme have been included in the previous chapters. In this chapter the

principal conclusions are summarized and suggestions for future research are proposed.

8.1 CONCLUDING REMARKS

In this investigation a variety of testing conditions were used: i) different caisson
geometries, ii) five type of soils: two dry sands - loose and dense, two dense saturated
sands - water-saturated and oil-saturated, and a heavily overconsolidated Kaolin clay,
and iii) different loading systems and regime: pure vertical and combined loading and
monotonic and cyclic loading. From these conditions valuable comparisons between tests
were possible using normalised expressions, which also allow preliminary estimations of

the scaling of prototype load capacity, displacements, pressures and stiffnesses.

268
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8.1.1 Main findings

The study of monotonic vertical loading in sand revealed that once the full bearing
capacity is mobilised, caisson stiffness reduced considerably, nevertheless, permanent soft-
ening did not occur as in flat footing, on the contrary, in loose sands the vertical load
increased further with penetration. In dense sands hardening occurred after a sequence of
peak response followed by relaxation and softening. A new formulation for the hardening

law was proposed for this observed response.

The results from caisson installation tests showed considerable reduction of the net verti-
cal load when suction was used to assist the penetration, owing to the creation of hydraulic
gradients. Krynine’s expression (Handy, 1985) was used to calculate the passive earth lat-
eral pressure coefficient for caisson penetration and the active pressure for caisson drained
pullout. The calculation procedure proposed by Houlsby and Byrne (2005b) to estimate
the suction was found to be very sensitive to the permeability ratio, which is the soil
permeability inside the caisson divided by the soil permeability outside the caisson. Good
estimations of the suction were obtained with values of the permeability ratio between 2
and 4. However, for rapid penetrations of a caisson with large thickness ratio high values

of the permeability ratio were required to obtain good estimations of the suction.

The yield surface was determined from moment loading tests under low constant vertical
loads. A yield surface expression including tensile loads was fitted to the experimental
results, which allowed the estimation of the parameters required to construct plasticity
models. The flow rule formulation was derived from the yield surface expression rather
than from a potential function. The flow rule was found to be associated in the plane of
radial plastic displacement increments. Moment and horizontal association factors a,s,
ag were found to be identical. Conversely, a strongly non-associated flow rule was found
in the radial-vertical load plane, leading to the vertical association factor ay, to be differ-
ent to the other association factors. From symmetric and non-symmetric cyclic moment

loading tests under constant V' it was found that Masing’s rules were obeyed. However,
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from cyclic swipe tests Masing’s rules were not obeyed.

In the analysis of moment and lateral loading under drained, partially drained and
undrained conditions the effect of the installation method has been considered. Un-
der drained conditions and in the short term, the moment resistance of a suction caisson
depends on the method of installation. However, the ratio of plastic radial displacement
increments was independent of the installation method. Conversely, the suction instal-
lation reduced the caisson uplift during rotation. Under partially drained conditions the
caisson resistance diminished with the build-up of excess pore pressures in comparison
with that under drained conditions. However, the caisson rotational stiffness was sim-
ilar to that under drained conditions. To model in the laboratory the wave periods of
extreme waves, and the range of permeabilities of the seabed and prototype caisson diam-
eters, the scaled rotation velocities applied to the caisson to induce undrained conditions
were determined. Moment loading tests under low constant vertical loads simulating those
conditions revealed a dramatic reduction of the caisson resistance and stiffness. Without
a substantial increase of the constant vertical load, the caisson moment capacity and stiff-

ness did not recover.

In the study of cyclic vertical loading of suction caissons in clay it was found that in
the short term negative excess pore pressures, induced by suction installation, reduced
the caisson uplift compared with that from a caisson installed by pushing. Cyclic mo-
ment loading showed the effect of gapping at smaller normalised rotations than in the
field. The change of hysteresis loop shape due to gapping cannot be reproduced using
only the Masing rules. From moment swipe and constant vertical load tests it was found
that the moment capacity diminished with the increase of the ratio between the preload

V, and the ultimate bearing capacity load V. Since for suction caissons for offshore wind

Vo

v ~ 0.2, it is expected that the caisson moment capacity will

turbines this ratio is low,

be high.
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8.2 SUGGESTIONS FOR FURTHER RESEARCH

The bearing capacity of skirted footings in sand was determined using the bearing ca-
pacity factors for flat footings. Therefore, bearing capacity factors N, and N, considering

the geometry of skirted footings are necessary.

It was found that high values of permeability ratio were necessary to obtain a good
estimations of the suction in rapid caisson penetrations. It is suggested that suction in-
stallation experiments using the same caisson aspect ratio but with different thickness
ratios, soil densities as well as different penetration rates should be carried out. Calcu-
lation procedures including penetration rates related to the field would be necessary to

estimate the suction.

A series of moment loading tests under high constant vertical loads is necessary to com-
plete the analysis of the flow rule, so as to estimate the value of the association factor ay,

and (5, which have been assumed in this study equal to 1 and 0.99 respectively.

There was not great difference between results of moment loading tests performed 48
hours after suction installation and moment loading tests of caissons installed by push-
ing. This proved that soil strength was recovered. It is suggested that subsequent moment
loading tests should consider different consolidation times, i.e. after suction installation.
It is well established that fine-grained soils and clays have strength properties and behav-
iour that change over time as a result of consolidation. The way in which the strength of
the soil, disturbed by the flow induced by the suction, changes with time is not known.
However, it is known that ageing effects can include the contribution of creep processes,
continuous viscous rearrangement of particles (no densification as in secondary consoli-
dation). Therefore, the effect of the suction on the soil strength should be considered in

the study of caisson moment capacity.

Research that includes the long term effect of small ocean wave loading amplitude, where
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the period is much lower than 12 s is required (between 2 s and 7 s). Although, this
loading train has small loading amplitude, their period is closer to the period of the struc-
ture, which may induce resonance. Furthermore, it is the prevalent regime of loading
offshore, which accounts for millions of cycles per year (from 1 to up to 5 millions). This
unexplored condition needs experiments that consider saturated sandy and clayey soils to
measure possible build-up of excess pore pressure. It is also of fundamental importance to
know if the cyclic response encountered in this investigation continues for larger number

of cycles or stabilizes. Vertical loading as well as combined loading should be studied.

Offshore loading of a wind turbine is three dimensional. Therefore, the extension of
this study from two dimension to three dimensions is necessary to account for simultane-

ous loadings along different axes and the inclusion of torsion.

The effect of anisotropy has not been included in the estimation of elastic displacements,
since a unique value of elastic shear modulus has been assumed in the calculations. Re-
search to find out whether anisotropy is important or not is suggested. It would be
necessary to know the sensitivity of the displacement calculations to the different shear
modulus values in each direction to assess whether is worth to include different shear

moduli.

In combined loading tests the vertical load has been kept constant. However, moment
loading tests where the vertical load varies during rotation could be carried out. For
instance, the vertical load could be reduced or increased keeping the ratio between the
moment load and vertical load constant. For instance, this would reflect the combined
loading occurring in a multiple caisson foundation. It would be interesting to find out
whether, through different load paths with all the loads varying, the same yield surface

is reached and the same flow vectors are obtained or not.

It has been found that the pore pressure is a key parameter. However, the measurement of

the pore pressure at one point on the caisson lid limits the analysis, since variations across
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the lid as well as along the skirt occur during caisson rotation. Therefore, it is suggested
that model suction caissons be instrumented with at least two pore pressure transducers
on the lid and at least two at the skirt. At the skirt the use of miniature PPT will be
required. Additionally, knowing in advance the final caisson penetration PPT could be

located from below within the soil to measure pore pressures during and after installation.

Further experiments are necessary in clay to confirm or not the parameter values of
the yield surface and flow rule expressions presented in this investigation. In particular,
experiments with load ratios different to one should be considered. The evaluation of the
effect of different consolidation times on the moment response of suction caissons is also

suggested.

Finally, research that integrates the experimental results with hyperplasticity formula-
tions is necessary. It is suggested that a parametric calibration study of hyperplasticity
models with experimentally obtained parameter values should be pursued to use those
models with confidence in the design of suction caisson foundations for offshore wind

turbines.
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absolute permeability, 31 critical state condition, 68

adhesion, 226 critical state line, 192

adhesion factor, 224 CSSM critical state soil mechanics, 34
anchorage system, 18 cumulative displacement, 22

arching, 84, 95, 101 cyclic flow regime, 200

arching effect, 82
association factors, 17, 129, 153
atmospheric pressure, 110

Darcy’s law, 89, 206
deep failure mechanism, 46
deep plane strains, 224

backbone curve, 22, 168, 195 deep water structures, 223

bearing capacity, 59 deviatoric load, 170, 190
reversed failure, 96 differential pressure, 82
inverse, 118 diffusion time, 206, 210
potential, 179 dilatancy, 60
surcharge component, 103 dilation, 69, 71, 103

behaviour dilative behaviour, 70, 112
partially drained, 29 dimensionless footing velocity, 225
undrained, 29 dimensionless time, 206

bleed valve, 54, 201, 211 displacement

boundary conditions, 45, 46 deviatoric, 26

boundary effects, 47 drained behaviour, 29

breakage of particles, 30 effective load, 105

caisson uplift, 188 elastic behaviour, 16, 126
Cam Clay critical state model, 15 elastic metacentre, 126
cavitation, 22, 110 elastic shear modulus, 127
coefficient end bearing, 224

of consolidation, 206 equipotential, 89

of volume compressibility, 206 erosion, 83
coefficient of permeability, 31 excess pore pressure, 91
cohesion bearing capacity coefficient, 224 extraction, 232
collapse, 14, 66 extraction rate, 22

consolidation time, 206

constant V' tests, 188

constrained modulus, 206

contact load, 66, 97

contact penetration, 59

control algorithm, 52

Coulomb failure criterion, 84

CPT approach, 21

critical hydraulic gradient, 94, 113, 118
critical penetration, 118

failure, 60, 66
general shear, 64
local shear, 64, 68
punching, 64, 68

field trials, 23
Bothkennar, 24
Frederikshavn, 24
Luce Bay, 24, 108, 197
Sandy Haven, 108
Tenby, 108
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floating structures, 19
floating units, 18
flow channel, 89
flow parameter F, 89
flow rate, 88
flow rule, 152
associated, 153
non associated, 155
flow vectors, 188
fluid valve, 54
force-resultant model, 15, 17
foundation
stiffness, 184
cellular, 19
driven piles, 9
elastic vertical stiffness, 192
gravity base, 12
lateral stiffness, 218
monopile, 9
monopod caisson, 26
multiple caissons, 22, 26
pile, 19
plastic vertical stiffness, 192
rotational stiffness, 218
secant stiffness, 24
stiffness, 23, 209, 217
stiffness degradation, 21
tripod pile, 12
frequency, 23
turbine natural, 24

gain, 52

gapping, 24, 197, 204
general shear failure, 14
geostatic stress, 82
geotechnical model, 207

hardening, 60, 70, 76
hardening law, 15, 17
heat transfer analogy, 92
heave, 70
hold subroutine V', 52
hold subroutine w, 52
hydraulic gradient, 19
hyperplasticity, 25
hysteresis, 161

loop, 195

loop constriction, 259

loops, 202
hysteretic, 161

increment of suction, 115
incremental displacement, 22
installation, 59

by pushing, 26, 180

by suction, 26
interface angle of friction, 67
interface friction angle, 84
irreversible deformation, 139
isotropic hardening, 25

jacket structures
Draupner E, 108
Sleipner T, 108

kinematic hardening, 25
Kozeny-Carman equation, 93

lateral capacity, 21

lid contact, 97

limit depth of penetration, 95
lines of parallel points, 192
load envelope, 124
load-controlled mode, 232
loading rate, 16, 21, 208

macro-element framework, 15
Masing behaviour, 22
Masing hysteretic behaviour, 25
Masing’s rules, 161
maximum lateral displacement, 47
maximum rotational displacement, 47
maximum roughness, 43
metacentre, 123, 125
elastic, 151
plastic, 151
minimum lateral displacement, 47
mixed isotropic-kinematic hardening, 25
mobilised angle of friction, 69
mobilised volume of soil, 45
model
continuous hyperplasticity, 25
hyperplasticity, 25
kinematic hardening, 129
multiple yield surfaces, 25
work-hardening plasticity, 25
Model B, 16
Model C, 17
modified Cam Clay, 25

mooring, 18

negative pressure, 82



net vertical displacement, 171

net vertical load, 91, 119
non-dimensional footing velocity, 181
non-symmetrical tests, 166

normal compression line, 34
normalised roughness, 43

OCR overconsolidation ratio, 34
oedometer test, 206
offshore cyclic loading, 158
offshore wind farm, 4

cost, 12

seabed sediments, 8
offshore wind turbines, 223
one-way cyclic loading, 167

packing of grains, 60
parallel line, 15
parallel point, 15, 170, 177, 219
partially drained, 16, 210
oil-saturated tests, 218
peak friction angle, 66
peak load, 60
penetration by self weight, 109
penetration rate, 23, 26, 109
peristaltic pump, 53
permeability, 88, 206
absolute, 206
permeability ratio, 20, 89, 117
piping, 54, 94
local, 118
piping failure, 23, 83, 108
plastic potential, 15
plastic stiffness, 78
pore pressure build up, 27
post failure, 60
preconsolidation load, 97
preconsolidation pressure, 97
pressure factor, 19, 90, 117
probe tests, 189
pullout, 104
rapid, 22
rate, 22
pump, 53
pump cavitation, 54
pure kinematic hardening, 161
pushed installation, 180
Pyke’s rules, 22

radial displacement, 170

rate effects, 117

relaxation, 60, 70, 79

reloading and unloading curves, 202
rig flexibility matrix, 51

rotational velocity, 211

sand
Baskarp, 31
Dogs Bay, 30, 66
Leighton Buzzard, 30, 66
Redhill, 33
Western Australia, 68
scale effects, 180
scaling
laws, 205
time, 206
sealing, 82
secant shear modulus, 166
seepage, 92, 112
seepage forces, 116, 180
sensitivity, 228
serviceability, 23
shaft friction, 84
shear strength ratio, 34
shear stress, 84
sideswipe tests, 15, 188
silicon oil, 31, 206
silo effect, 82
skin friction, 84
softening, 60, 70, 79
soil plug, 59
soil plug heave, 23, 68, 74, 112
soil-footing interaction, 17
soil-skirt interface, 84
Speswhite kaolin clay, 33
steady flow, 89
steady load state, 192
steady state flow regime, 116
stiffness degradation, 21, 161, 165
unloading, 22
stress distribution
exponential, 94, 95, 110
linear, 91, 101, 110
non-linear, 94, 110
stress distribution factors, 108
stress level, 198, 207
structure-foundation interaction, 11
submerged caisson, 82
submerged load, 83



submergence, 180 expansion, 16

suction, 23, 82 shape, 16, 186
critical, 24, 94 size, 16
duration, 109 tensile capacity, 26
limits, 82, 118
rate, 109

variation with penetration, 109
suction caisson, 18

concrete, 19

installation, 26

multiple, 11

tetrapod, 11

tripod, 11
suction percussive technique, 54
suction pile, 19
surcharge, 70
swipe tests, 188

cyclic, 200

rotational, 189
syringe pump, 53

tensile capacity, 104
tension leg platform, 19
torsional load, 18
transient response, 22

ultimate bearing capacity, 21, 59
ultimate resistance, 23

undrained footing response, 181
undrained shear strength, 35, 224
unloading-reloading line, 34

velocity vector, 170
vertical displacement
cumulative, 22
incremental, 22
plastic increment, 219
verticality, 82
viscosity, 206
absolute, 31
dynamic, 31
kinematic, 32

wave train, 200
wave-induced pressure, 200
work-hardening plasticity model, 15, 17

yield, 14, 66, 68

yield load, 66, 182

yield surface, 15
cigar shaped, 15



