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Abstract

When installing suction caissons in sand, the suction process will induce an upward flow, which reduces the
effective stress in the soil inside the caisson. The suction pressure cannot be increased indefinitely. If a critical
suction pressure is exceeded, liquefaction, boiling and/or piping occurs. This will halt the installation process.
This paper presents results from a novel laboratory upward flow test (LUFT), to investigate the soil
mechanisms affecting the critical suction pressure. The LUFT apparatus is based on a conventional
permeameter. As suggested by the results of published full/small scale installation tests, LUFT results confirm
that, in dense to very dense sand, most conventional critical suction prediction models underestimate the
values observed in reality. It is argued that soil arching contributes to the achievable high values for critical
suction pressure. Higher allowable suction pressures may be cost effective.

1. Introduction

Suction caissons have been deployed in the last three
decades in a growing number of offshore
developments, for bottom-fixed and floating
structures, in shallow and deep waters (Tjelta, 2015).
The number of suction caisson installations in sand
is much lower than in clay.

When installing suction caissons (also referred to as
suction piles or suction buckets) in sand, the suction
pressure is limited by a critical value. At the critical
suction pressure liquefaction, boiling and/or piping
will occur, which may lead to excessive plug heave
and may halt the installation process.

The literature about successful installations of
suction caissons in sand indicates that in quite a few
cases suction pressures have been applied above the
level predicted by conventional critical suction
pressure models. If a higher critical suction pressure
can be relied upon, then the length of the skirts may
be increased and thus the capacity for the same
diameter. Indeed increasing the skirt length is more
cost effective than increasing the diameter. It is
noted that for higher suction pressures there is
potential for loosening the soil inside and below the
caisson, which may lead to a reduction in capacity.
However, experiences from several prototype and
model test suction caisson installations have shown
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that gradients close to critical can be applied without
significant detrimental consequences (Andersen et
al., 2008). In this article, the results of simple
upward flow laboratory tests are discussed to gain
qualitative insight into the possible factors that
enhance the resistance of the sand plug to
piping/liquefaction during suction installation.

2. Field Observations

Conventional design approaches define the critical
suction pressure as the pressure for which the
effective vertical stress in the sand reduces to zero
inside the caisson. This is often related to the critical
(exit) hydraulic gradient icrth (-) (Senders and
Randolph, 2009) and the effective unit weight '
(kN/m?) of the soil:

. !
i =— 1
cr,th Yw ( )

where yw = unit weight of water (kN/m?).

Different models to assess the critical suction
pressure in sand have been proposed, such as
described by Erbrich and Tjelta (1999), Feld (2001),
Houlsby and Byrne (2005), Senders and Randolph
(2009) and Ibsen and Thilsted (2010). Houlsby and
Byrne (2005) describe a theoretical model to assess
the critical suction pressure, where they considered a



change in the permeability inside the suction caisson
by a ratio of kr = ki/ko (-), due to a reduction in
effective stress, where ki (m/s) is the permeability of
the soil inside the caisson and ko (m/s) is the
permeability of the soil outside the caisson. The
Erbrich and Tjelta (1999) method and Houlsby and
Byrne (2005) method for kr = 1 and for kr = 3
encompass all the other models. The Houlsby and
Byrne (2005) method for kr = 1 and for kr = 3 has
been compared with suction caisson installation data
from six locations in the North Sea (Table 1), all
involving silica/quartz sands.

Table 1: Suction installation data from
six locations in the North Sea

Project L D Dy Reference

(m) (m)
Europipe 1.65 1.5  Very dense Senders and
field test Randolph (2009)
Tenby 14 20 Dense Houlsby and Byrne
(2005)
Calder 5.75 9.25 Verylooseto Heuvel and Riemers
very dense (2005)
Lucebay 1.0 1.5 Dense Houlsby et al.
1.5 3.0 (2006)
Jacky 7.0 10.0 Denseto Chatzivasileiou
B12/21 very dense (2014)
L6-B 10.0 10.0 Verylooseto Alderlieste and Van
very dense Blaaderen (2015)

where L = skirt length, D = caisson diameter and D, = relative
density.

Suction Installed Foundations -

Figurel 2: LUFT test set-up — (1) permeameter, (2) side
cameras, (3) light source, (4) inflow tank, (5) standpipe board

The penetration curves in Figure 1 show that in most
cases the applied suction pressure was above the
theoretical critical suction pressure predicted
according to Houlsby and Byrne (2005), for kr = 3.
No adverse effects, such as excessive heave, were
reported in any of the cases considered — in
agreement with the above mentioned observations
by Andersen et al. (2008).

3. LUFT model

To gain more insight into the suction installation
process, LUFTs were carried out (Panagoulias,
2015). The experimental set-up is presented in
Figure 2. For the test a standard permeameter was
used as described in ASTM (2006). The tests were
performed under normal gravity (1g) conditions.

3.5
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z/D () ** Houlsby and Byrne (2005) method
Figure 1: Normalised suction penetration curves.

Where s = applied suction (kPa), y' = effective soil weight (kN/m3) and z = penetration depth (m)
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The permeameter set-up was slightly modified to
serve the purpose of the research (Figure 2):

e The permeameter was endowed with six
piezometers.

e Vertical upward displacement of the soil was not
prevented.

e Partially filled permeameter. Different specimen
height Le (m) over diameter D (m) ratios A (-)
were set by varying the height of the sand
specimens (Figure 3).

e Metallic spheres were inserted beneath the sand
specimens to ensure high permeability at the
bottom, obtain uniform upward flow and have at
least one piezometer measuring the pore pressure
within the specimen (Figure 3).

D=60

m P tank ‘

overflow L _
specimen gl ©7
: ! inflow
metallic 80 =
spheres 5l — L4=150
’ = 3
S L=30[-27%0, "
80
100 \
datum 35 Ny

1l

Figure 3: Schematisation of the LUFT with four different
specimen heights (L1, Lo, L3 and Ly)

Two cameras were placed to capture images from
opposite sides of the permeameter and allowed to
quantify sand heave via particle image velocimetry
(PTIV) (White et al., 2003) analysis. The open-source,
Matlab-based software PIVIab was used for PIV
analyses (Thielicke & Stamhuis, 2014).

LUFT experiments target a simplified experimental
simulation of prototype suction installation. These
simple experiments focus on the interaction between
soil plug and upward flow excluding factors that
would bring in additional complexity, such as skirt
skin friction and transient flow conditions. As
outlined below, LUFT experiments are not
exhaustive  physical ~modelling of  suction
installation, but certainly help shed light on
important factors affecting the achievement of
critical suction conditions.

The prototype suction caisson installation process is
a two-dimensional (2D) axisymmetric process with
curved flowlines, whereas the LUFT experiment is a
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one-dimensional (1D) process with straight
flowlines (Figure 4). The assumption of uniform
flow pattern is valid for aspect ratios A greater than
1.0, as the pore pressure difference across the tip
level is less than 10% of the applied suction
(Panagoulias, 2015). Different seepage conditions
were tested in the LUFT apparatus by keeping the
same soil configuration in each test, i.e. by
producing a steady-state flow representation of
different installation stages/scenarios. Although
transient flow conditions arise during prototype
installation, finite element method transient flow
analyses indicated that the time needed to obtain
steady-state flow conditions is small compared to the
installation time and hence the flow conditions for a
prototype installation are in fact close to steady-state
(i.e. in the time needed to obtain steady state, the
suction caisson will only have advanced a little
further into the soil) (Panagoulias, 2015). Steady
state conditions are also assumed in conventional
suction caisson installation design.

LUFT experiments were performed using a Perspex
permeameter. It should be noted that real prototypes
feature steel skirts with a different interface friction
than that of the Perspex permeameter.

4. Specimen characteristics and preparation
“Calibrated/filter sand” (fine grained with natural
rounded particles, quartz percentage: 96%) and four
different gradations were used (ASTM, 2011):

e specimen type S1, uniform, fine sand;

e specimen type S2, uniform, medium sand;

e specimen type S3, gap-graded, fine to medium
sand, internally stable (Chang & Zhang, 2013);
and

e specimen type S4, poorly graded, fine to medium
sand.

The particle size distributions (PSDs) associated
with each specimen type are presented in Figure 5
and further detailed in Table 2.

LUFT simplified flow
conditions (1-0)

real seepage flow
conditions (2-D)

Figure 4: Flow conditions of prototype and LUFT



All specimens were prepared by combining wet
pluviation and moist tamping, while ensuring full-
saturation according to ASTM (2006) procedures.
Prior to each experiment, a hydraulic steady- state
condition in the specimen was achieved.

5. Experimental programme and procedures
Twenty-five LUFT experiments (Table 3) were
performed to investigate the effects of:

e Sand relative density Dr (-) — dense, medium
dense and loose specimens have been tested.

e Specimen gradation — the four types as indicated
in Table 2.

e Specimen aspect ratio A — four different values:
0.5, 1.0, 1.5 and 2.5 (the last case was considered
to confirm trends, even though installation of
suction caissons with A =2.5 is unlikely to be
feasible in sand).

Table 2: Specimen properties

Parameter Unit S1 S2 S3 S4

Omax mm 0.21 0.50 0.50 0.50
Omin mm 0.15 0.42 0.15 0.13
dio mm 0.16 0.43 0.18 0.15
dso mm 0.17 0.45 0.33 0.25
dso mm 0.18 0.46 0.39 0.36
deo mm 0.19 0.47 0.43 0.43
Cu=dso/d1o - 1.20 1.09 2.35 2.83
CC:d302/d10dso - 0.97 0.99 1.43 0.98
€min - 0.60 0.56 0.51 0.50
€max - 0.86 0.75 0.71 0.57
Gs - 2.64 2.65 2.64 2.64

where 0max = maximum sand grain diameter, dmin = minimum
sand grain diameter, d, sand grain diameter at n% of the
cumulative particle size distribution, C;, = coefficient of
uniformity, C¢ = coefficient of curvature, emin = minimum void
ratio, €max = maximum void ratio and Gs = specific gravity of
solids.
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Figure 5: Particle size distributions of the specimen types
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At the beginning of each LUFT experiment a low
hydraulic gradient icre (<0.1) was first enforced.
Stepwise, the de-aired water level of the inflow tank
was increased to the next desired hydraulic head
difference Ah (m), initially with step increments of 5
to 10 mm and then with smaller increments of 1-2
mm when approaching critical conditions. After
reaching steady-state flow conditions, the hydraulic
head h (m) of each piezometer and the flow rate ¢
(m/s) were measured. Depending on the specimen
height, one or more piezometers were used to
calculate the global mean value of the hydraulic
gradient along the specimen. Photos were also taken
to enable PIV analysis.

The hydraulic head was step-wise increased until
specimen instability, occurring in the form of global
liquefaction, local piping or cracking. From this
hydraulic head the critical difference in hydraulic
head Ahcre (m) over the specimen and the average
critical gradient icre = Ahcre/Le (-) were calculated
and compared with icrth as defined in Equation (1).

6. Experimental results

The results of the LUFT experiments are presented
in Figures 6 and 7. As for the field data, the LUFT
results indicate that the hydraulic gradient can be
higher than the theoretical value (Equation 1). From
the experiments the following trends were observed:

e for loose and medium dense specimens the
icr.e/icrth ratio was around 1 (Figures 6b and 7b);

e for dense to very dense specimens the icr.e/icr.th
ratio increased up to 1.2 with increasing A for non-
uniform specimens (S3 and S4) (Figure 6a); and

e the uniformly graded specimens (S1 and S2; lower
Cu) generally had a lower lcreficrt; ratio than the
non-uniformly graded specimens (S3 and S4;
higher Cu) (Figure 7a).
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Table 3: LUFT experimental programme

Experiment A D, Specimen type
1 and 2 0.5 Medium dense S1
3 0.5 Very dense S1
4 1 Loose S1
5and 6 1 Very dense S1
7 1.5 Very loose Sl
8 1.5 Very dense S1
9 0.5 Medium dense S2
10 0.5 Dense S2
11 1 Loose S2
12 and 13 1 Very dense S2
14 and 15 1.5 Very loose S2
16 and 17 1.5 Very dense S2
18 2.5 Very dense S2
19 0.5 Very dense S3
20 1 Medium dense S3
21 1 Very dense S3
22 and 23 1.5 Very dense S3
24 2.5 Very dense S3
25 1 Very dense S4
6.1 Experimental uncertainty

The inherent wuncertainty of experimental

measurements was estimated through an error
propagation analysis based on the following
assumptions:

e the absolute errors are normal (Gaussian) random
variables;

e the variables are independent; and

¢ the variables are uncorrelated (i.e. covariance is
Zer0).

[ ]

The absolute uncertainties estimated for the main

variables of the experiments are listed in Table 4.

For each test the uncertainty is also represented by

error bars in Figures 6 and 7.

Table 4: Estimated uncertainties

Variable Symbol Uncertainty  Unit
Specimen diameter dDin +0.04 mm
Specimen height dLe +0.2 mm
Specimen degree of 3Sr +2.0 %
saturation

Hydraulic head dh +0.5 mm
Time ot +0.1 S

Note: For experiment 24 steady-state could not be reached at
the end. This has resulted in a high assessed uncertainty for
experiment 24 (Figures 6a and 7a).
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Figure 6: Results of the experiments including uncertainty
range for (a) dense to very dense and (b) very loose to medium
dense sand

6.2 Soil arching

It was expected that soil arching would provide
resistance to withstand a hydraulic gradient larger
than the theoretical critical gradient in Equation 1.

Soil arching is the transfer of pressure from yielding
soil masses onto adjoining stationary parts by shear
resistance, reducing the pressure on the yielding part
and increasing the pressure on the stationary part
(Terzaghi, 1943). As for the skirts of the prototype,
the wall of the permeameter is stiffer than the soil
and hence the load arches onto the structure during
the upward water flow, due to structure-soil
interface friction (Villalobos, 2007). Friction and
granular interlocking mechanisms enhance the
vertical effective stresses in the soil, and in turn the
critical suction pressure. These effects are
expectedly magnified in denser specimens by the
interaction between soil dilation and the lateral
constraint imposed by the rigid permeameter wall.
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Figure 7: Results of the experiments including uncertainty
range for (a) dense to very dense and (b) very loose to medium
dense sand

The following phenomena observed during the
experiments may be attributed to arching effects:

e The increasing trend of the icre/icr th ratio with
respect to the relative density (Figure 6a and
6b). A higher relative density results in a
higher initial horizontal c'no (kPa) to vertical
c'vo (kPa) effective stress ratio Ko = c'ho/c'vo,
a higher soil-wall interface friction, increased
vertical effective stress and hence higher
critical suction pressure.

e The increasing trend of the icr.e/icr th ratio with
respect to A for dense to very dense
specimens (Figure 6a). An increase in
specimen height provides more soil-wall
interface friction.

As the interface friction of the prototype (soil-steel)
is higher than the soil-Perspex interface in the
LUFT, higher hydraulic gradients may be expected
for offshore suction caissons.

Suction Installed Foundations -

These findings are also corroborated by the
experimental results of Fleshman & Rice (2014),
who performed upward flow tests in both uniform
and graded sands by keeping A=2.5. Fleshman &
Rice reported icre/icrih ratios in the range from 1.15
to 2.4. These values, which are higher than found in
the LUFT experiments, are likely to stem from the
silicone gel used to enhance wall friction.

6.3 Specimen gradation

A higher icref/icrtn ratio for non-uniformly graded
specimens was observed compared to specimens
with a uniform particle size (Figure 7). Although the
reason for this finding is not readily apparent,
possible explanations may be:

e Uniformly graded specimens generate less
wall friction compared to the non-uniformly
graded specimens, as for the latter specimens
the smaller particles fill in the voids between
the larger particles and hence there is more
particle contact.

e There is more particle contact within the
non-uniformly graded specimens. The larger
voids are filled with fine particles, and hence
the granular structure of non-uniform
specimens is expected to be stronger when
compacted.

e Migration of fine particles into larger voids
in the non-uniformly graded specimens. This
affects the granular structure of the
specimens, increasing the particle contact
and making them possibly stronger or more
stable.

6.4 Observed failure mechanisms

Two types of failure mechanisms were observed
during the LUFT experiments, piping and localised
cracking (Figure 8).

Piping, occurred either inside the specimen or along
the Perspex wall. The uniform specimens (S1 and
S2) primarily failed by piping. In presence of
sufficiently high hydraulic gradients, seepage forces
displace sand particles until the formation of a
preferential flow path (Figure 8a).

Localised cracking has been mainly observed in
non-uniform specimens (S3 and S4) (Figure 8b).
While increasing the hydraulic gradient, a horizontal
crack occurred, lifting part of the specimen upwards.
Possibly the arching mechanism prevented piping
while the wall friction allowed the specimen to resist
a hydraulic gradient higher than icrih. In this case
arching increased the resistance to piping and
cracking, in a possibly less densified part of the
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specimen, was a weaker mechanism. It should be
noted that localised cracking might be a typical
feature of the LUFT, and in fact no field data are
available to confirm that cracking might be a failure
mechanism for the prototype.

(a) Piping (b) Localised cracking

(c) Piping (top view)

Figure 8: Observed failure mechanisms

6.5 Deformations

The PIV analysis allowed to quantify specimen
deformations, including heave. Results are plotted in
Figure 9 as vertical strain (ev = AL/Le) against the
coefficient of uniformity (Cu).

The mean &v observed in the experiments, at the
onset of failure, was approximately 1%, with
maximum observed values of up to 3% in tests #12
and #13 (Table 3).

Lower vertical strain values have been observed for
non-uniform specimens, possibly due to arching
effects. The vertical strain, measured in the LUFT
experiments was much lower than the heave (hs)
over installation depth (L) ratio of 8% to 10% for the
centrifuge tests reported by Allersma et al. (1997)
and the hs/L ratio of 4% to 20% measured in 1-g
tests by Tran (2005). The experiments by Allersma
et al. (1997) and Tran (2005) both involved actual
penetration of a model caisson into sand, whereas
that was not the case for the LUFT experiments.
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Hence the observed differences might be (partially)
due to:

e The volume of the skirt pushing the sand aside
during installation, which due to the suction inside
the caisson is assumed to mainly displace into the
caisson interior. For the experiments by Allersma
et al (1997) and Tran (2005) the wall thickness (d)
to diameter ratio was between 0.5% to 2%. Since
the hs/L ratio is approximately four times the d/D
ratio the hs/L ratio was between 2% and 8%.

¢ Displacement of sand from below the base of the
caisson into the caisson interior due to suction.

7. Concluding remarks

Published suction caisson installation data indicate
that hydraulic gradients higher than predicted by
conventional models may be applied without
inducing soil plug failure in the form of piping,
boiling or excessive heave. The LUFT experiments
support the expectation that this may be attributed to
soil arching inside the suction caisson. The
experiments also indicated that arching may not
occur for:

e very loose to medium dense sand;
e possibly for small L/D ratios; and
e possibly for uniform sand.

It is recommended, if arching is not expected to
occur, not to exceed the hydraulic gradient assessed
with conventional models such as Equation 1. For
non-uniform dense to very dense sand, higher
hydraulic gradients than assessed with conventional
models can be achieved.

Although restricted to 1g-1D conditions, the LUFT
investigation provides factual insight into which
sand conditions have potential for increased critical



suction pressure, and on the expected associated
geotechnical mechanisms. In the authors’ view,
contributions kept on the descriptive side can impact
the state of the art by warning on current practice,
provision of possible optimisation opportunities and
indicating the route for further investigations. In this
case, centrifuge testing seems a future viable option
to better quantify critical hydraulic gradient
conditions.
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