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ABSTRACT: Suction caissons have recently become a popular foundation type to support offshore Wind Turbine Generator
(WTG) structures. Suction pumps are mounted on the lid of the foundation and apply flow rate which induces pressure inside
the caisson, causing the skirts to penetrate the seabed. Seabed sediments under the skirt tip are displaced to the outside and
the inside the caisson. Seepage flow due to applied suction may cause particle flow from the exterior to the interior of the
caisson in cohesionless soils. Upon the completion of installation, grout is typically injected inside the void under the lid.
Sufficient void space should be maintained to prevent potential refusals and ensure grouting operations. Therefore, a reliable
plug heave prediction model is required. This paper presents a new method for predicting plug heave inside suction caissons
during installation in cohesionless soils. This study is based on a dataset from 72 caisson installations in clean sand, totalling
approximately 750 meters in depth for the Seagreen Offshore Wind Farm project in the North Sea, UK Sector. A predictive
model is proposed to estimate plug heave which incorporates caisson geometry (diameter D and wall thickness t,,), pene-
tration depth (Zpen), and a soil plug heave factor (a). The soil plug heave factor is estimated using cone tip resistance (q,)
from Cone Penetration Test (CPT) and suction pressure (s) based on installation parameter. The model demonstrates rea-
sonable predictive capability, achieving a coefficient of determination (R?) of 0.599 and a Root Mean Square Error (RMSE)
of 0.070 m.
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1 INTRODUCTION phenomenon of plug heave, upward soil movement in-
side the caisson during installation, remains a chal-
lenge.

Accurate prediction during the design and manage-
ment of plug heave, during installation, is crucial for
ensuring sufficient void for post-installation grouting.
Excessive plug heave can lead to installation refusals
and/or insufficient void space between the caisson lid
and the soil for post-installation grouting to ensure
load transfer to the soil. Addressing this challenge is
essential for optimising suction caisson installations
and increasing the reliability of installation prediction
models.

This paper presents a data-driven approach for pre-
dicting plug heave (Jy) in cohesionless soils during
suction caisson installation. A dataset comprising rec-
ords of 72 caisson installations in clean sand, about
750 meters of installed caissons for the Seagreen Off-
shore Wind Farm (OWF) project in the North Sea’s
UK Sector, has been utilised to develop a predictive
plug heave model. The predictive model incorporates
caisson geometry (diameter D and wall thickness t,,),
soil data from Cone Penetration Test (CPT) such as
cone tip resistance (q.) and installation parameter like
suction pressure (s). This approach aims to increase
the accuracy of plug heave predictions and mitigating

By the end of 2023, global offshore wind capacity
reached a significant 75.2 GW (GWEC, 2024). As na-
tions worldwide pursue ambitious renewable energy
targets, the development of efficient and reliable foun-
dation systems for offshore wind turbines has become
increasingly critical, with suction caissons emerging
as an innovative and promising solution among vari-
ous foundation types.

Suction caissons, originally developed for the oil
and gas industry in the 1980s (Senpere and Auvergne,
1982), are gaining popularity in the offshore wind sec-
tor. These large, hollow cylinders are embedded into
the seabed using self-weight stage followed by a suc-
tion pressure phase, offering advantages to conven-
tional impact driven piles or monopiles such as re-
duced environmental impact, rapid installation, and
potential reusability (Ehrmann, et al., 2016; Houlsby,
2016).

The installation process involves an initial self-
weight penetration followed by suction assisted phase,
which in sandy soil creates seepage flow that facili-
tates deeper penetration. While methods exist to pre-
dict required suction (Andersen, et al., 2008; Houlsby
and Byrne, 2005; Senders and Randolph, 2009), the
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the potential risk of refusal during installation suction
caissons for offshore wind farm projects. In a compan-
ion paper by the authors in these proceedings, Kamp et
al., (2025), the authors utilised the Random Forest ma-
chine learning to predict plug heave in cohesionless
soils.

2 CONCEPT

Plug heave development during suction caisson instal-
lation is a complex phenomenon influenced by various
soil-structure interaction factors as well as seepage in-
duced seabed sediment movement. This process is pri-
marily driven by soil displacement due to caisson wall
penetration, seepage flow induced by the differential
pressure between the inside and outside of the caisson
during the suction operations, and soil dilation or con-
traction effects. The seepage flow reduces the effective
stresses at the caisson tip, facilitating further penetra-
tion, while also drawing more soil particles to the in-
side the caisson. Figure 1 illustrates the resulting plug
heave inside a suction caisson.
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Figure 1. lllustration of plug heave inside suction caisson

During suction-assisted installation, an asymmetry
in soil movement happens, with soil preferentially
moving upwards inside the caisson. The majority of
plug heave is believed to be attributed to soil displaced
by the advancing skirts, with a contribution from sand
dilation or contraction, depending on the in-situ soil
state. The applied suction pressure does not only facil-
itate deeper penetration but also actively draws more
soil inside the caisson, significantly contributing to in-
creasing plug heave. These mechanisms have been ob-

served and validated through centrifuge tests per-
formed by Ragni, et al., (2020) and from observations
during installation in layered soils (Hamdan et al.,
2023a); where the ground risk mitigation is recom-
mended be planned in advance prior to installation
(Hamdan et al., 2023b).

The following sections present soil characteristics,
caisson geometry, and installation data across all the
datasets in order to quantify plug heave development.

2.1  Soil Characteristics

Tip Resistance (g.) Sleeve Friction (fs)

Min-Max Range
—— Average

Min-Max Range
—— Average

N

Depth [m]

[«

10

0 20 40 60
Tip Resistance (g.) [MPa]

80 0.00 0.25 0.50 0.75 1.00 1.25
Sleeve Friction (fs) [MPa]

Figure 2. Distribution of q. and f; profiles for assessed lo-
cations
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Figure 3. Distribution of friction ratio and estimated fines
content for assessed locations
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For each of the 72 caisson installations, at least one
CPT was conducted at each caisson location. Figure 2
presents the distribution of cone tip resistance (q.) and
sleeve friction (f;) across the dataset. Figure 3 shows
the distribution of friction ratio (Ry) and estimated
fines content, determined using the method proposed
by Yi (2014), with input parameters calculated based
on Robertson & Cabal (2022).

The average friction ratio is approximately 1%
while the estimated fines content is around O to 20%
across all locations. These characteristics confirm the
presence of relatively clean sand conditions through-
out the data set.

2.2 Caisson Geometry

The suction caissons used in this study have outer di-
ameters (D) ranging from 10.5 m to 11.5 m, with wall
thicknesses (t,,) varying between 55 mm and 60 mm.
These dimensions result in diameter-to-wall thickness
(D/ty,) ratios ranging from 190 to 210. The final in-
stallation depth (L) for these caissons is equal to their
diameter (D), with a length-to-diameter ratio (L/D) of
approximately 1.

2.3 Suction Caisson Installation Prediction
Models

Suction caissons are typically installed in two phases:
self-weight penetration and suction-assisted penetra-
tion. During the self-weight phase, the caisson pene-
trates the seabed under its own weight. Once self-
weight penetration is complete, flow rate is applied to
generate suction pressure inside the caisson interior,
creating a pressure differential between inside the cais-
son and the outside pressure which facilitates further
penetration.

Several methods have been developed to predict
the required suction pressure for installation. These in-
clude the CPT-based method proposed by Andersen et
al. (2008), Houlsby and Byrne (2005), and method by
Senders and Randolph (2009). These models consider
factors such as soil properties, caisson geometry, and
installation depth to estimate the necessary suction
pressure. Soil resistance for installation can be esti-
mated from the COT-based method as highlighted in
DNV-RP-C212:

R =k (d) Ap Gean(@d) + A [ ke (2)qe.an(2)dz (1)

where R refers to the soil resistance, d is the tip
depth, k;, & ks are the empirical tip and skin friction
coefficients (‘tentative values’ are given in DNV-RP-
C212), A, is the caisson tip area, A; is the total shaft
area and ¢ 4y, s the average CPT cone tip resistance.
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For bearing capacity predictions, various methods
have been developed, considering both drained and
undrained conditions. These methods often incorpo-
rate soil strength parameters, effective stress condi-
tions, and caisson geometry.

2.4 Plug Heave Measurement During Installa-
tion

All field installations were recorded at a frequency of
2 Hz. The measurements included depth, penetration
rate, plug heave, suction pressure, and total flow. The
installation process begins with self-weight penetra-
tion, recorded from 0.5 m to 2 m, followed by suction-
assisted penetration until achieving target penetration
depth.

Figure 4 shows the suction pressure and plug heave
across the 72 caissons as a function of depth, with val-
ues averaged over depth intervals. During installation,
plug heave was measured continuously using a laser
sensor fitted inside the caisson, providing measure-
ment values throughout the process. The data shows a
general trend of increasing plug heave with depth, with
final values ranging between 0.1 m to 0.5 m at the end
of suction operation phase.
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Figure 4. Distribution of measured suction pressure and
plug heave over depth

Minimal plug heave occurred during self-weight
penetration, with significant development typically
started during suction-assisted installation. Few loca-
tions showed an initial decrease in plug heave within
the first meter of penetration, likely due to the speed of
self-weight penetration causing inaccuracy in meas-
urement due to soil flowing and causing error in laser
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rather than actual soil volume reduction. Other possi-
ble explanations could be related to the presence of
stiff surficial soil crust and the restricted seepage from
outside the caisson to the inside.

3 ANALYSIS AND RESULTS

3.1 Proposed Model

The measured installation records are processed to un-
derstand plug heave development and its potential
mechanisms. A prediction model has been developed
and proposed for plug heave predictions in cohesion-
less soils based on the processed field measurements.
This model is based on a modified soil volume balance
between soil displaced by the advancing skirts and the
soil developed as plug heave:

_ 4ty (D—tw) " Zpen .
(D-2. ty)?

Sn 2

where 8, refers to the plug heave (m), z,., being the
penetration depth (m), D is the outer diameter of suc-
tion caisson (m), t,, is the wall thickness (m), and «a
represents a dimensionless soil plug heave factor.

The dimensionless soil plug heave factor () is a
parameter that quantifies the amount of soil entering
the caisson during installation, which can be estimated
using the following expression:

22745+ Qo

a =05+ 830 -1y

3

where s refers to the measured or predicted suction
pressure (kPa), q., s the weighted average cone tip

resistance (kPa), and p, being the atmospheric pres-
sure, 100.3 kPa. The values of 227.4 and 830 in Eq. (3)
were derived from the best-fit correlation through re-
gression analysis between field measurements and pa-
rameters.

This approach includes two key factors influencing
plug heave. The first is the suction pressure where the
analysis showed a strong correlation between « and s,
with higher suction pressure tends to draw more soil
into the caisson. While the measured suction pressures
are used in this study, for design purposes, s can be
estimated using established methods (Andersen, et al.,
2008; Houlsby and Byrne, 2005; Senders and Ran-
dolph, 2009).

The second factor is the weighted average cone re-
sistance (G, ). This term accounts for the dilation and
contraction effects, in relation to the distance from the
caisson tip. The weighted average cone resistance is
calculated as:

- LW qci
Gow = 5 )
w; = i/t )

where w; is a weighting factor that increases with ;
(the vertical distance between soil and caisson tip) and
q.,; is the tip resistance at depth i. This calculation is
performed only above the soil tip, assuming volumet-
ric strain increases with distance from the tip, leading
to greater dilation.

The use of g_, provides a practical estimation

method, based on the continuous measurements and
widespread use of CPT in the offshore geotechnical in-
vestigations. By including this weighted average, the
model accounts for the varying influence of soil prop-
erties along the caisson length. Consequently, a larger
weighted average m, especially when it occurs fur-

ther from the tip, indicates a greater potential for soil
dilation and thus a larger plug heave.

3.2 Predictions Against Recordings

To assess the performance of the proposed model, a
comparison between the predicted heave values and
the actual recorded heave for all 72 installation loca-
tions has been made. The model’s performance is eval-
uated using the coefficient of determination (R?) and
the root mean square error (RMSE), which are defined
as follows:

_ Ii=3)?
X(i-y)?

RMSE = /mT‘W (7)

where y; are the observed values, ¥, are the predicted
values, y is the mean of the observed values, and n is
the number of data points.

R?=1 6)
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Figure 5. Proposed model performance: measured vs. pre-
dicted plug heave values

Figure 5 illustrates this comparison, revealing a R?
of 0.599 and RMSE of 0.070 m. The density of data
points, represented by varying levels of transparency,
shows a strong alignment with the ideal prediction
line, particularly in areas of higher data concentration.
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Further analysis of the model accuracy is presented
in Figure 6, which displays the distribution of differ-
ences between measured and predicted plug heave val-
ues. This distribution shows a normal distribution,
with a bell curve cantered near zero. The mean (i) dif-
ference is -0.002 m, with a standard deviation (o) of
0.066 m. The 95% confidence interval for the predic-
tion error ranges from 0.130 m to 0.127 m.

These results demonstrate a reasonable predictive
capability, particularly when considering the limita-
tions in accuracy associated with plug heave measure-
ments using a single underwater laser as a representa-
tive value. The integration of CPT data with installa-
tion parameters provides a robust foundation for plug
heave prediction. Furthermore, the model reliance on
readily available data increases its potential practical-
ity for field applications.

4  CONCLUSIONS

This study presents a plug heave prediction method for
suction caisson installation in cohesionless soils, based
on data from 72 installation locations in the Seagreen
OWEF. The proposed model estimates plug heave by
incorporating caisson geometry (diameter and wall
thickness), penetration depth, and a soil plug heave
factor (a). The soil plug heave factor can be estimated
using cone tip resistance from CPT data and suction
pressure based on the installation parameter. The
model demonstrates reasonable predictive capability,
with a coefficient of determination (R?) of 0.599 and
a root mean square error (RMSE) of 0.070 m. This
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performance is noteworthy given the limitations in ac-
curacy associated with plug heave measurements us-
ing a single underwater laser.

The model’s reliance on readily available data in-
creases its potential for field applications. However, its
current applicability is limited to relatively clean sand.
Future work should focus on validating the model with
independent datasets from diverse locations, soil con-
ditions and stratigraphy. This study contributes to
more accurate planning and execution of suction cais-
son installations in offshore environments, particularly
for the growing offshore wind energy sector.
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