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ABSTRACT: Suction caissons have been widely adopted for anchoring offshore structures, providing silent installation
and the potential for removal and reuse. The pressure difference generated during suction installation can induce significant
seepage flow in sands, altering the effective stresses. In some cases, this can cause soil instability and internal erosion or
piping and result in installation refusal. This study looks at the development of a method for investigating suction caisson
installation in sands using a scale model and non-destructive, non-invasive X-ray computed tomography (CT). Fine sand
mixed with coarse-grain markers was used to prepare a model seabed. A precision syringe pump withdrew water at a constant
flow rate from a suction caisson model, while water pressure inside the caisson was continuously monitored. To investigate
soil deformations during the suction installation process, X-ray CT scans were collected before, between and after two suc-
cessive suction installation runs. Preliminary experimental data to assess soil deformations and movements near the caisson
are presented. Significant internal movement of the soil plug is evident and deformations outside the skirt and below the
caisson can be seen from digital image correlation. A simplified seepage analysis provides a means to assess the hydraulic
gradient around and inside the caisson during the experiment. It is believed that with further refinement, this may be a viable
method to investigate soil deformation and suffusion processes experienced during suction installation refusal. Further work
is required to improve the quantitative soil deformation analysis and sample preparation.

Keywords: Suction caisson; Installation; Off-shore energy; X-ray computed tomography.

1 INTRODUCTION suction or under pressure can be created in this vol-
ume. This results in a pressure acting downwards
over the lid of the caisson and a force that can be uti-
lised to push the skirt further into the seabed (Cathie
et al., 2019). In sands, the suction, or under pressure,
causes flow of water into the caisson from the sur-
rounding seabed. This reduces the effective stress in
the soil held within the caisson. At high flow rates,
this process results in low to zero effective stress that
can cause soil mobility (Andersen et al., 2008;
Houlsby and Byrne, 2005). Beneficially, this reduces
the internal wall friction and tip resistance of the cais-
son in the soil, lowering the total resistance force
when compared to jacking without suction (Tran,
2005; Wang et al., 2021). However, seepage induced
deformation and soil heave may result in reduced soil
density and altered strength characteristics (Kim and

Suction caissons are a relatively modern offshore an-
chor and foundation solution. Some advantages of
suction caisson technology include near silent and
fast installation (Lacal-Arantegui et al., 2018; Ragni
et al., 2020a), which has the potential to minimise the
impacts of offshore development on marine life, as
well as the potential for reversal of the installation
process for removal (Sharma and Bubel, 2023). As
such, suction caissons are a promising anchor and
foundation choice for offshore renewables. However,
in the case of anchors for floating infrastructure, the
maximum aspect ratio achievable by suction installa-
tion in sands is a current limitation of the anchor tech-
nology (Cerfontaine et al., 2023). This limit arises
due the relationship between resisting forces and pen-

ctration depth and the maximum suction pressures Kim, 2020). Furthermore, the development of piping
achievable without causing significant soil plug in- . ) L . .

bilitv. 1 ¢ d 1 and refusal channels or ‘ratholes’ can result in installation failure
stability, loss of an adequate seal and refusa (Cathie et al., 2019).

(Houlsby and Byrne, 2005).

The process of installing caissons relies first on
self-weight penetration and formation of a seal be-
tween the seabed and caisson skirt. By pumping wa-

Movement and deformation of sands around the
caisson tip and internally within the caisson during
suction installation has recently been investigated in
L . centrifuge tests (Mohiuddin et al., 2022; Ragni et al.,
ter out from the volume trapped within the caisson, a 2020a, 2020b) and through numerical modelling
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(Huang et al., 2024). The common technique to mon-
itor internal deformations in the centrifuge is to use a
split model in contact with a transparent window
(White, 2020), requiring a strong yet low friction seal
between suction caisson and window, which can in-
troduce boundary effects. The results from these
studies have elucidated the movement of soil around
the caisson tip and internally during suction installa-
tion and the soil plug heave process, but the presence
of boundary effects, if any, is not completely clear.
Similarly, numerical models are powerful analytical
tools that can provide realistic three-dimensional
field information, but, these models also require care-
ful validation and calibration (Byrne, 2020; Taborda
et al., 2020). With that said, numerical and centrifuge
modelling have the benefit of accurately modelling
soil behaviours at in-situ stresses, which is important
given the stress dependant behaviour of soil.

X-ray computed tomography (CT) is an imaging
technique that uses multiple X-ray scans to non-de-
structively investigate internal structures of soils
(Withers et al., 2021) and has successfully been used
to study geotechnical phenomena at single-gravity
(Zhao et al., 2020). Furthermore, physical single-
gravity scale laboratory models have been used to
evaluate suction installation of caisson foundations
(Cotte, 2009). Here a novel method is proposed to as-
sess the three-dimensions soil deformation and mo-
bility during suction caisson installation using X-ray
CT imagery of a single-gravity scale model.

2  METHODODOLGY

2.1 Installation System and Testing Materials

A system was developed to monitor the internal de-
formations of sand due to suction caisson installation
at single-gravity. As illustrated in Figure 1, a model
suction caisson was fabricated from a cylindrical
plastic tube, 3 cm in outside diameter (D) and 6 cm
long with wall thickness (t) of 1 mm. Thus, the model
has a D/t ratio of 30 and was weighted using model-
ling clay to be neutrally buoyant. It has been shown
that while scaling effects of 1g models are apparent,
comparability of results is still possible and can pro-
vide valuable insights into phenomena such as failure
mechanisms (Cotte, 2009).

To validate the utility of CT imagery to monitor
suction caisson installation, a simple idealised seabed
was prepared using poorly graded silica-rich sand,
with particles between, 150 um and 300 pm, a range
selected for compatibility with the resolution of the
CT system available. As a result, the model has a low
skirt tip thickness to median particle size ratio, as

t/dso = 4. This parameter is used to estimate if the
model will obey constitutive material properties or if
scale related effects, namely if some particle domi-
nated interaction between the skirt tip and soil are ex-
pected. While these geometric parameters are lower
that desirable when compared to real-world caissons,
the results should still be comparable to other tests
described in the literature as discussed by Ragni et
al., (2020b). Furthermore, local particle effects at the
caisson tip are unlikely to alter the general soil be-
haviour but will impact model penetration. Expanded
polystyrene (EPS) beads, with diameters in the range
of 1.0 to 1.8 mm were mixed into the sand at a ratio
approximately 3% by volume. This ratio was chosen
to provide a spatial density of markers sufficient to
track motion, but not so many as to significantly af-
fect soil behaviour. These particles have a significant
optical density difference in the X-ray spectrum com-
pared to silica sand (SG ~2.65), and thus provide
identifiable points in the sand fabric.
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Figure 1: Suction caisson model dimensions and seabed
mixture in CT scan area
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Figure 2: Sketch of the suction caisson installation system
with the apparatus fixed in the CT scanner

The model caisson was connected via separate

ports to two 1 mm internal diameter flexible silicon
tubes. The first tube connects the model to a syringe

Proceedings of the 5th ISFOG 2025



An X-ray computed tomography (CT) assessment of soil movement during suction caisson installation

pump and the second to a high-sensitivity electronic
pressure transducer with a measurement range of
+70 cm H,O, as shown in Figure 2. The entire model
was housed in an acrylic cylinder of 100 mm external
diameter and 3mm wall thickness. A relatively large
radius, low friction roller was installed on the assem-
bly top cap to allow free movement of the hydraulic
hosing into and out of the cylinder during suction in-
stallation. An internal stopper to position the model
seabed at the correct height in the X-ray beam and a
grip to fit the assembly securely into the rotating
stage of the CT scanner were necessary ancillary ad-
ditions to the apparatus.

2.2 Installation and scanning procedure

The model caisson was first inserted into the prepared
sand seabed manually (jacked) to a depth of approxi-
mately 24 mm, using striations marked on the outside
of the model skirt. This depth was selected to achieve
an initial penetration (z) to diameter (D) ratio of 0.8,
a reasonable point at which suction installation fail-
ure may occur (Houlsby and Byrne, 2005). After
jacking the model into the seabed a baseline CT scan
was acquired (Figure 3.a). A constant flow rate of
0.6 ml / second was then withdrawn from model suc-
tion caisson for a duration of 100 seconds, during
which time the suction pressure in caisson was digi-
tally monitored. Once flow had stopped, a second
scan was acquired (Figure 3.b). Following comple-
tion of the second scan, the same suction process was
repeated for a further duration of 50 seconds. Once
suction flows had ceased, a third and final scan was
acquired (Figure 3.c).

The X-ray CT scans achieved a spatial resolution
of ~60 um using the Vtomex X-ray CT scanner (Gen-
eral Electric) located at the UCD Rosemount centre.
All steps of the experiment were performed without
removing the apparatus from the scanner’s rotation
stage to avoid sample disturbance and maintain a
consistent coordinate system between scans. Images
collected from the Vtomax system were compiled
into 16 bit greyscale tiff image stacks. To assess local
internal soil deformations, virtual sections from all
scans were visually inspected at the same coordinates
and magnification. Further analysis was undertaken
to measure deformations between scan 1 and 2 and 2
and 3, respectively using digital image correlation
(DIC) in the SPAM software package (Stamati et al.,
2020). The histograms of strain measurements are
provided in Figure 4, which also serve as a key to the
superimposed strain data in Figure 3.b. and c. Further
work is planned to use machine learning approaches
to track markers based on morphology and location
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parameters (Xu et al., 2024) and to develop a repeat-
able sand pluviation sample preparation technique
(Ko et al., 2024).

2.3 Seepage analysis

The soil plug formation inside the suction caisson is
driven by seepage flow around and within the model.
Therefore, to aid interpretation of the imagery results,
seepages paths and pressure gradients were evaluated
using a steady-state, linear elastic and axisymmetric
finite element model. The model consists of an elastic
porous media, or sand, surrounding an impervious
open ended cylinder, following an approach similar
to Andersen, et al. (2008). The finite element model
was configured with vertical rollers and pins at the
vertical and horizontal boundaries of the sand, re-
spectively, and maintained symmetry around the cen-
tral vertical axis. A unit pressure difference was im-
posed in boundary condition porewater pressures in
the surface elements in- and outside the caisson. The
baseline hydraulic conductivity was set to 1x10~°m/s,
and initially, only the case of uniform permeability
was considered. Several models were created to re-
flect geometry changes during suction installation,
namely movement of the caisson downwards and
heave of soil into the caisson, as well as changes to
the permeability of the soil plug. A parameter was in-
troduced to represent the height of soil plug heave,
denoted by # in Figure 5.

Regarding selection of a flow rate in the physi-
cal model, a rate was selected to induce soil plug in-
stability and erosion failure. This was taken as the
flow rate at which the critical under pressure was
achieved and was assessed with the aid of the simple
finite element analysis, mentioned earlier. Due to the
soil deformation within the caisson caused by upward
flows, the permeability of the internal soil plug is
likely be higher than the outside soil, and so, the seep-
age analysis was also conducted with an internal per-
meability 1.6 times greater than externally after Kim
and Kim (2020).

3 RESULTS

3.1 Seepage induced soil deformation during
installation

Figure 3 shows three grey-scale longitudinal sections
of the three-dimensional X-ray CT imagery, focusing
on a window around the model caisson skirt tip. An-
notations of phenomena observed in the scans by vis-
ual interpretation of the imagery during the process
are provided as text overlays in the figures. Further,
superimposed on scans 2 and 3 are vertical strain
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measurements obtained by DIC between the scan
shown in the figure and the scan preceding it. In other
words, the colour gradient in Figure 3.b represents
the vertical soil strains between scan 1 and 2, and
similarly Figure 3.c represents the strain defor-
mations between scan 2 and 3. In areas where DIC
did not converge, likely due to large deformations,
values in the strain overlays are transparent.

ip surface visible
| greyscale CT

Figure 3: Localised comparison of scans 1, 2 and 3 (shown
in plots a, b and c respectively). Plots b and c have vertical
strains overlaid. Annotations of changes observed by the
author are provided.
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Figure 4: Histograms of vertical strain field values for the
deformations between a) scan I and 2, shown in Figure 3.b
and b) scan 2 and 3, shown in Figure 3.c.

Figure 4.a) and b) provide the histograms and colour
gradient scales of the vertical strain measurements
overlaid in Figure 3.b) and c), respectively.

In general Figure 3.a), b) and c) depict two incre-
mental upward movements of the soil plug from scan
1 to scan 2 and from scan 2 to scan 3. This incurs
corresponding downward subsidence of the sand
around the outside of caisson skirt. Near zero down-
ward displacement of the model caisson itself is visi-
ble. This is illustrative of a suction installation failure
and plug instability. Based on the steady state seep-
age analysis and pressure readings from within the
caisson, it is expected that the critical hydraulic gra-
dient occurred within the internal volume of soil in-
side the caisson during suction installation. This up-
ward movement of soil within the caisson is due to
migration of sand into, and loosening of the sand
within the caisson, as discussed by Kim and Kim
(2020), and will change the hydraulic gradient and
the critical under pressure.

The DIC analysis allowed quantification of local
strains and provides information on the location of
large strains where soil mobility may have occurred.
It is posited that, the areas of the imagery Figure 3.b)
and c) where computations did not converge illustrate
zones of large displacement or soil mobility and mix-
ing as the DIC algorithm typically performs best for
smaller strains (Stamati et al., 2020). Further, areas
where computations did converge provide interesting
insight into the strains of the soil around these zones
of larger displacements. Figure 3.b) shows the strains
between scans 1 and 2 and illustrates negative (com-
pression) vertical strains around the outside and pos-
itive (extension) below the model. This is as ex-
pected, as the downward seepage force on the soils
around the caisson should act to compress and cause
some migration of sand downward, while the upward
seepage inside the model caisson should reduce the
stress in this zone and cause upward movements or
extension strains. It should be noted that there is no
seepage when the scan is preformed and so, no elastic
strains due to seepage forces should be visible. Fig-
ure 3.c) shows the strains between scans 2 and 3. The
results largely agree with Figure 3.b), however, only
negative (compressive) strains are measured in the
areas where DIC converged. Seepage flows were ap-
plied for half the time between scans 2 and 3, and
there should thus be less displacement overall. It may
be that some failure surfaces initiated prior had al-
ready created conduits of preferential flow through
the soil.

It is prudent to note, that while such mechanisms
are possibilities, the true phenomena at play remain
open to debate. Furthermore, the stresses involved in
this experiment are very small and thus the sand is
expected to behave in a stiffer manner than would be
the case at prototype scales.
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3.2 Analysis of seepage flow

To assess if hydraulic failure and refusal occurred
during the caisson suction installation runs per-
formed, estimated equipotential lines from finite ele-
ment analysis are shown in Figure 5. Each equipoten-
tial line represents the proportion of under pressure
present in the soil at that set of locations, denomi-
nated by fractions between zero and unity. Under the
assumed uniform soil permeability, approximately
80% of the hydraulic gradient is concentrated inside
the caisson, along the inside wall, corresponding to
an o value of 0.8. Where «a represents a factor to ac-
count for the proportion of the pressure drop along
the internal wall. The sand inside the caisson skirt is
likely to become unstable when the effective stress is
zero, due to the upward seepage flow. This under
pressure was estimated using equation 1,

Alonir = (Vsoil-sat—Ywater)'(Zz+h) (1)
crit X Ywater

which assumes a linear distribution of equipotential
lines along the inside wall of the caisson skirt, based
on the equipotential lines shown in Figure 5.a) and
b). With the starting embedment depth of 2.4 cm, the
critical gradient will be achieved for an under pres-
sure of approximately 2.6 cm H>O, using a saturated
unit weight of 18.5 kN/m? for the soil and an & value
of 0.8.

Considering soil plug uplift, the length over which
the upward hydraulic flow occurs increases, as illus-
trated in Figure 5 b, changing the hydraulic gradient.
This is accounted for by the addition of % in Equa-
tion 1. Therefore, as soil is pulled into the caisson, the
critical under pressure increases. Another factor to
consider is the increase in permeability of the dis-
turbed soil within the caisson because of loosening of
the soil fabric during high flows, changing a. Based
on further finite element model with an internally in-
creased permeability, a tends to reduce as the perme-
ability inside the caisson increases, in agreement with
the work by Andersen, et al. (2008).

The critical under pressure, given the skirt pene-
tration of 2.4 cm and the soil plug heave of approxi-
mately 1.0 cm and with a value of between 0.8 and
0.7, is in the region of 3.6 to 4.5 cm H2O based on
Equation 1. During suction installation between
scans 1 and 2, an under pressure of between 3.0 cm
and 3.5 cm H,O was measured. During suction instal-
lation between scans 2 and 3, an under-pressure head
of between 3.5 and 4.0 cm H,O was created. Thus,
the installation of caisson model reached the critical
suction value for both steps.
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Figure 5: Steady-state flow equipotential lines for an un-
der pressure of Au and geometry of z/D of 0.8, a) without
soil plug upheave, and b) with soil plug upheave of
h=0.25z.

During suction installation and soil plug upheave
and instability the soil fabric is changed and may re-
sult in a higher permeability through enlarged pores
and preferential flow path (e.g. along sidewalls). Re-
vising the finite element model with an internal sand
permeability to be 1.6 times greater than the sur-
rounding soil indicates that this ratio of the pressure
head reduction over the internal wall may drop to ap-
proximately 70%, or an a value of 0.7, with a con-
centration of the hydraulic gradient change around
the caisson tip.

Based on the above, it should be sufficient to jus-
tify interpretation of the CT results under the notion
that erosion and soil instability are at play. Still, it
should be noted that this simple seepage analysis
does not consider the distribution of pressure locally
around the caisson tip, where a high hydraulic gradi-
ent may exist, or the effects of the downward drag
force of the caisson skirt on adjacent soil.
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4  CONCLUSION AND FURTHER WORK

This paper discusses the development of a novel
physical model to investigate internal soil defor-
mations during model suction caisson installation and
X-ray chromatography (CT) imaging without sample
disturbance or boundary effects. A critical hydraulic
gradient was targeted to induce soil instability during
installation of the model suction caisson. Three X-ray
CT scans acquired before, in-between and after suc-
tion installation, were assessed to investigate the fail-
ure mechanics under the induced seepage flow con-
ditions.

Significant displacement of the soil plug upward
in the model caisson can be seen in the acquired im-
agery, indicative of heave. Subsidence of the soil sur-
rounding the caisson is also apparent indicating some
migration of the surrounding soil into the caisson.
Evidence of internal soil erosion and possible slip
planes are also apparent. Digital image corelation
analysis (DIC) indicates compressive strains in the
soils around the outside of the skirt and extension of
the soils below the caisson, but did not converge in
areas of the model where very large deformations are
expected to occur. This non-convergence suggests
soil mobility in these zones.

Steady state finite element model seepage analy-
sis was used to assess the distribution of hydraulic
pressures within the caisson model during application
of suction pressures and changing model geometry
and soil permeability. This analysis confirmed that
critical hydraulic conditions were likely present dur-
ing the tests.

Further analysis is to be undertaken using ma-
chine learning based particle tracking to quantita-
tively assess large soil deformations. Relaxation of
the soil during the slow CT scanning is a potential
limitation of this method as well as the fact that the
tests are conducted at very small stresses where the
soil is expected to be stiff. The imaging methodology
developed by Baker et al., (2018) on the use of suc-
cessive high-speed radiographs to directly recon-
struct three-dimensional velocities is a potential ave-
nue to follow for refinement of this experimental ap-
paratus to monitor seepage related processes in real-
time. In conjunction, a practicable method to create
realistic stresses is the geotechnical centrifuge
(White, 2020). Future work may investigate the com-
bination of non-destructive high speed X-ray imaging
techniques and centrifuge testing to investigate the
deformation and suffusion processes presented here.
From the perspective of rigor and repeatability, this
experiment will greatly benefit from measurement of
the achieved sand density and development of a plu-
viation technique to reproducibly create it.
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