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ABSTRACT: The installation of monopile foundations through pre-installed scour protection layers presents
challenges for offshore wind projects. This paper presents the development of a semi-empirical modelling
framework to predict the maximum penetration resistance in such conditions. The work was carried out within
a research joint industry project on optimisation of pile installation through scour protection. The model
integrates data from physical experiments, field measurements, and numerical simulations. Governing variables
such as sand density, intruder thickness, rock size, and the thicknesses of the armour and filter layers were
identified and included in the formulation. A weighted regression approach was applied to develop a predictive
surface, with separate fits for loose and dense sand conditions. The results show that empirical data, when
combined with physical interpretation, field observations, and numerical simulations, can be used to develop a
predictive tool with high accuracy. The work contributes to the development of methods for offshore foundation
installations and demonstrates the value of integrating physics, field, and numerical approaches into a predictive
model.

1 INTRODUCTION effects, layer heterogeneity, and scale-dependent
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. . . . challenge in offshore foundation and installation
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coarse, discrete armour layers because of particle-scale



Complementary  numerical studies provide
additional insight into penetration mechanisms that are
difficult to isolate experimentally (Li et al. 2018;
Miyai et al., 2019).

Current offshore guidance, including DNV-RP-
0618 (DNV, 2022) and DNV-RP-C212 (DNV, 2019)
provide general principles for scour protection design
and offshore soil behaviour but offers limited guidance
for predicting monopile penetration resistance through
pre-installed coarse granular layers during installation.

The OPIS research project (Cengiz et al., 2024)
directly addresses this gap by integrating
experimental, numerical, and field approaches to
develop a robust predictive framework. Preliminary
results from OPIS (Cengiz et al., 2025; Shi et al, 2025),
present findings from the experimental testing and
numerical modelling programmes, respectively, and
demonstrate the importance of understanding pile—
scour protection interactions and identifying the key
controlling parameters. The research is conducted by
a consortium of 12 partners, including research
institutions, offshore developers and operators,
contractors, engineering firms and suppliers. The
collaborative nature of the project provides access to
dedicated testing facilities, field data, and high-fidelity
numerical modelling capabilities.

The present study builds on the preliminary
findings from the OPIS project to outline a semi-
empirical framework for estimating monopile
penetration resistance through pre-installed scour
protection layers. The framework combines empirical
evidences from laboratory experiments and field
measurements, with insights from numerical
simulations and physical interpretation. Regression
analysis is used to identify and quantify the influence
of key governing variables, such as pile geometry,
rock size, armour and filter thicknesses, and sand
density. The objective of this contribution is to present
the structure and governing trends of the proposed
framework rather than a fully deployable model.
Detailed model formulation, its coefficients and
applicability domain are intentionally omitted.

This paper is organised with an overview of the

database, comprising experimental, field and
numerical sources (Section 2); details of the semi-
empirical modelling  framework  (Section 3);

presentation of representative predictive behaviour
and model performance (Section 4); and discussion
and conclusions (Sections 5 and 6).

2 DATABASE

The semi-empirical model uses a combination of data
collected through: (i) experimental test campaigns at
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both small and medium scales, (ii) offshore field
measurements and (iii) results from numerical
simulation at large scale. Table 1 provides an
overview of the database. In the table and throughout
this paper, the term ‘tests’ refers collectively to
experimental tests, numerical simulation results, and
field measurements; while ‘data points’ refers to
unique test conditions and configurations, as further
explained in Section 3.1.

Table 1. Summary of tests and unique test conditions (data
points) for each data source and scale.

Source Scale Tests Data points
Experiments Small 220 74
Experiments Medium 4 3
DEM Large 33 22
Field Large 15 15

All - 272 114

Each of these three sources has a specific contribution
to the overall model development. The experimental
test results are used to identify critical parameters
governing the penetration of an intruder (i.e. a plate or
a pile) into granular media. The study is based on
scaled configurations that preserve representative
dimensionless ratios, such as pile wall thickness to
armour size and relative layer thickness. These tests
also provide the inputs for calibrating and validating
the numerical model. The numerical simulation
predictions provide inputs at larger scales, which are
not covered by the experimental programme. The field
measurements provide real data to both verify the
numerical model and provide real-scale inputs to the
semi-empirical predictive model.

2.1 Physical experiments

Experimental results consist of tests carried out at
Deltares’ Soil and Water Flume facility where an
intruder (plate or pile) is being moved vertically into
the soil with various levels of complexity (Figure 1).
Hereafter, the term ‘intruder’ is used to refer
generically to both plates and piles.

As part of the wider OPIS project, 678 penetration
tests were conducted, on both a plate and pile, at small-
and medium-scale, under both displacement and force
control, varying a wide range of parameters, such as
the intruder thickness (t), the armour rock size (Dsg 4),
the armour and filter thicknesses (t4 and tr), and the
density of the underlying sand layer (loose and dense).
The effects of disturbance, a surcharge, sand
accumulation, cyclic loading conditions and bevelled
intruder edge were also considered. First, 357 small-
scale penetration tests were performed on a 700 mm-
thick plate under displacement control to understand
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the evolution of penetration resistance in granular
media. Then, 311 small-scale tests were performed on
a 323.9mm outer diameter pile under both
displacement and load control, to increase the realism
associated with the tests. Next, 10 tests included
medium-scale 1.5 m-diameter pile penetration tests, to
assess how the small-scale tests can be related to
medium-scale experiment and fit the field data into
perspective.  Further details of the experimental
programme can be found in Cengiz et al. (2025).

A number of 224 tests results is selected over the
678 tests to structure the experimental database in
preparation for the semi-empirical model development
and refined it according to the following criteria:
undisturbed tests with significant scour protection
thickness, under displacement-controlled conditions.

SURCHARGE
DISPLACEMENT
FORCE
d —>
SAND ACCUMULATION t
ARMOUR Dsoa ta

FILTER \ tp

BEVELLED EDGE
(WHERE APPLICABLE)

SAND (LOOSE or DENSE)

Figure 1. Sketch of experimental tests (not on scale).

Figure 2. Completed experimental test setup for medium-
scale pile penetration tests.
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An exception is made for the medium-scale tests, for
which only force-controlled conditions are available,
hence monotonic force-controlled tests are also
included in the final database. Figure 2 provides an
overview of a completed medium-scale experimental
test, with the pile footprint clearly visible on the rock
surface.

2.2 Field measurements

Field measurements were provided by OPIS
consortium partners and used for further development
(refinement) of the semi-empirical model. This data
consisted of 15 measurements during offshore pile
installations and covered monopile and scour
protection dimensions larger than those used in the
medium-scale experimental tests. Therefore they were
of valuable use for refining the model to larger scales.
To maintain anonymity, only qualitatively results are
shown in this paper.

2.3 Numerical simulations

Numerical simulations were performed by means of a
discrete element method (DEM) in the commercial
software Altair EDEM (version 2022.3). Following an
extensive set of numerical analyses dedicated to model
development, calibration, verification and validation,
a second set of numerical analyses was carried out
purely in a predictive mode to contribute to the semi-
empirical framework development.

(a) (b)

(© (d)

Figure 3. DEM simulation setups: (a) penetrometer,
(b) plate penetration on rock, (c) plate penetration on scour

protection and (d) pile penetration on scour protection.



The development of the DEM model follows the
framework described in Shi et al. (2025), which is only
summarised here for clarity; the corresponding DEM
simulation setups are shown in Figure 3.

Calibration and verification were performed by
means of comparison against experimental results
described in Section 2.1.  Sand behaviour was
calibrated using penetrometer simulations (Figure 3a).
Plate penetration simulations into rock assemblies
(Figure 3b) were used to generate initial packings and
identify the sensitivity of the model parameters on
distinct packings of armour and filter materials.
Calibration of the armour and filter rock materials was
made through plate penetration simulations into
layered armour and filter rock layers (Figure 3c).
Additional verification was carried out by comparing
plate penetration simulations with corresponding
physical tests.

The DEM model was then validated with pile
penetration simulations through scour protection
layers (Figure 3d), with numerical predictions
compared against both experimental results and field
measurements. Validation against experimental data
is presented in Figure 4 for one of the test cases,
showing good agreement between experimental
results and numerical predictions. This step
demonstrates that the calibrated DEM model is
capable of reproducing observed penetration
behaviour across different scales and boundary
conditions.

Once calibrated, verified and validated, the DEM
model is used in a predictive capacity to generate an
additional set of 33 numerical simulations, which are
used for the development of the semi-empirical model.
The simulated pile geometries span outer diameters
from 3239 mm to 12,000 mm and thicknesses
between 9 mm and 120 mm, extending beyond the
practical limits of physical laboratory testing.
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Figure 4. Validation of DEM model against experimental
data (Shi et al., 2025). The red shaded area represents the
experimental variation; the red dots represent the mean
across the experiments.
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3 SEMI-EMPIRICAL MODELLING
FRAMEWORK

The semi-empirical model is developed to predict the
maximum resistance during pile penetration through
pre-installed scour protection layers. The approach is
termed semi-empirical because it combines empirical
data from laboratory experiments and field
measurements, with insights from numerical
simulations and physical interpretation, to identify the
key variables governing penetration behaviour. The
model development consists of two main streams of
work: (i) the integration and processing of the various
data available, and (ii) the weighted regression
analysis.

3.1 Data preparation

The results from the 224 selected experimental tests
are systematically processed to ensure consistency in
data smoothing, extraction, and sampling while
reducing the potential for manual errors. The
standardised process supports robust comparisons
across different test conditions.

The overall dataset of selected 272 tests, combining
224 experiments, 15 field data and 33 numerical
simulations, are then further analysed to identify
recurring conditions, that are, tests with identical setup
and slightly different results. Only unique
configurations (with results averaged) are retained for
the model development to avoid bias from repeated or
overlapping test cases. Such unique configurations are
referred to as ‘data points’ in Table 1 and throughout
this paper.

3.2  Weighted regression approach

A regression approach is adopted to formulate the
model, identifying key governing variables such as
sand density, intruder thickness, rock size, and the
thicknesses of the armour and filter layers. The entire
process, as illustrated below, is implemented in
Python, ensuring consistency and reproducibility.

The linear regression approach, using the least
squares method (LSM) estimates a regression surface
by minimising the squared vertical distances between
the predicted surface and the observed data points.
The method involves fitting a hyperplane to the data in
four-dimensional space. In this context, a hyperplane
is a generalisation of a plane to higher dimensions.
Here, it represents a regression surface defined by a
linear combination of three independent variables:

Z=ax+ by+ éw+ d (1)
with Z representing the natural logarithm of the

expected dependent variable, x, y, and w the natural
logarithm of the expected independent variables,
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and @, b and ¢ the estimated regression coefficients,
determined by minimising the residual. The analysis
incorporates dataset weights to account for the varying
number of tests across different configurations,
particularly within the experimental programme where
repeated tests (up to five times) under identical
conditions were performed. Field measurements
correspond to unique site and installation conditions
and therefore do not involve repeated configuration.
Numerical simulations include limited repetitions (up
to two cases) associated with sensitivity checks.

The dataset is then divided into training and testing
subsets using a 70/30 train/test split, that is, 70% of the
data used for training the model and 30% for testing.

The study assesses model performance using,
amongst other metrics, residuals, standard deviation of
the residuals (o.s) and the coefficient of
determination (R?).

3.3 Model formulation

The model predicts the maximum resistance (qpax)
during penetration into the scour protection rocks,
expressed as it follows:

m@ﬁ: @)

f (intruder thickess, rock size, armour, filter)

Loose sand bed

Loose sand bed

where f is a linear combination of three independent
dimensionless variables and regression coefficients,
which differ for scour protection layers placed on
loose and dense sand beds, resulting in two separate
models.

The three independent variables, expressed in
dimensionless form, capture key aspects of (i) intruder
thickness to rock size ratio, (ii) armour thickness, and
(iii) filter thickness. The maximum pressure within
the rock layer (q,,x) is normalised by the atmospheric
pressure (p,), providing a scale-independent measure
of the response.

A standard deviation (o), accounting for
contributions from both the dataset and the regression
residuals, is included in the prediction of the
penetration resistance to capture model uncertainty.

4 MODEL BEHAVIOUR

Figure 5 presents the model response for the loose and
dense sand datasets, illustrating parameter sensitivity
and trend consistency. FEach subplot shows the
relationship between an independent variable (x, y
and w) and the penetration resistance ratio (Z ~ qmax)»
along with the corresponding best-fit trend. Data
points correspond to test results, while the lines
represent model predictions.
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Figure 5. Two-dimensional representation of data points and model predictions for (top) loose and (bottom) dense sand

beds (axis values omitted).

Proceedings of the ICPMG 2026



Loose sand bed

N
o

t(mm)
3

o
o

8.8
125

o
o

o
~

Normalised pressure ()

o
[\

0.0 * * * * * *
00 02 04 06 08 10 12 14

Normalised depth (-)

Macaro et al.

Dense sand bed

-
o
T

t(mm)
3

o
©

8.8

o
o

125

o
~

o
(N

Normalised pressure ()

g
=

00 02 04 06 08 10 12 14
Normalised depth (-)

Figure 6. Effect of intruder thickness (t) on experimental pile tests: (left) loose and (right) dense sand. Depth is normalised
by maximum depth across the presented test set; pressure is normalised by maximum pressure across the presented test set.

Figure 5 shows that, for both sand conditions,
penetration resistance exhibits a negative correlation
with intruder thickness to rock size ratio, indicating
that resistance decreases as the ratio increases. In
contrast, the armour layer parameter exhibits a clear
positive correlation with penetration resistance. The
filter layer parameter shows a comparatively weak
influence, with near-horizontal trends and vertically
clustered data points, suggesting limited sensitivity
within the investigated range. Scatter around the
trends reflects the inherent variability of granular
materials and the combined influence of secondary
factors not explicitly represented in the two-
dimensional projections.

The overall standard deviation, o, is higher for
loose sand bed (0.43) than for the dense sand (0.24),
reflecting the increased model uncertainty.
Coefficients of determination, R? = 0.84 and R? =
0.96 for loose and dense sand, respectively, indicates
good to excellent predictive capability, with particular
strong agreement for dense sand conditions.

Figure 6 illustrates the influence of intruder
thickness on penetration resistance, based on
experimental tests with fixed armour size (11 mm) and
armour and filter layer thicknesses. For large intruder
thickness, resistance curves are smooth and calculated
pressures are lower, reflecting stable load transfer over
a larger contact area engaging multiple armour
particles. This reduces sensitivity to individual grain
positions and results in a more uniform response, for
which resistance pressure (force divided by the
intruder area) provides a reliable measure. In contrast,
small intruder thicknesses lead to pronounced pressure
fluctuations due to highly localised interactions, where
resistance depends strongly on whether individual
rock particles happens to lie directly beneath the

intruder. The observed reduction in maximum
penetration resistance with increasing intruder
thickness is consistent with findings from Figure 5.

5 DISCUSSION

The proposed framework provides a practical
approach for predicting penetration resistance through
scour protection layers on loose and dense sand beds.
Given characteristics such as intruder thickness, rock
size, and armour and filter thicknesses, the model
predicts the expected penetration resistance during
monopile installation through pre-installed scour
protection systems. Although the precise ranges of
these variables are confidential, the study explores
representative values covering typical variations
encountered in offshore fields, including relative pile
wall thickness to armour size, armour layer thickness,
filter layer thickness, and sand density. In this way,
the framework provides predictions that are directly
relevant for engineering assessment and can help
reduce installation-related uncertainty.

The experimental programme uses scaled absolute
dimensions, but the study focuses on dimensionless
ratios that govern pile—scour protection interaction
mechanisms, such as pile wall thickness to armour size
and relative layer thickness. These ratios are
representative  of current offshore monopile
installations. Numerical simulations complement the
experimental work by enabling exploration of
configurations closer to field-scale geometries,
allowing trends and parameter sensitivities to be
interpreted beyond what is directly observable in the
laboratory. Together, these approaches provide a
robust basis for understanding how different variables
interact to influence penetration resistance.

Proceedings of the ICPMG 2026



Pile penetration through scour protection: integrating physical, field and numerical approaches into a predictive tool

The strength of the proposed framework lies in the
integration  of  physical experiments, field
observations, and numerical simulations. Physical
testing provides controlled insight into governing
mechanisms, field data capture scale effects and site
conditions, and numerical modelling enables
exploration of parameter interactions not directly
observable in experiments. Their combined use is
therefore essential for developing physically grounded
predictive models for offshore applications.

Future work should focus on expanding the
available database, particularly with inclusion of
additional field data, thereby improving reliability and
extending the applicability range. Additional
development could include broader material
characteristics, including a wider range of rock
gradations, sand densities, presence of a clay below
scour protection, and scour protection configurations,
particularly to increase variability in filter layer
thickness. Such developments would further
strengthen the predictive capability of the framework
and its relevance to offshore foundation installations.

6 CONCLUSIONS

This paper has presented a semi-empirical framework
for predicting penetration resistance of monopiles
through pre-installed scour protection layers,
developed by combining empirical data, physical
interpretation, and numerical modelling. The
framework captures the influence of key geometrical
and material parameters, and is formulated as a
regression surface with coefficients fitted separately
for loose and dense sand beds, achieving high
predictive accuracy, particularly for dense sand
conditions.  Penetration resistance is shown to
decrease with increasing intruder thickness relative to
rock size, with armour layer thickness also exerting a
dominant influence on the response.

This study demonstrates the value of integrating
physical experiments, field observations, and
numerical simulations to develop predictive models
that are both scientifically robust and practically
relevant. While detailed model formulation and
exhaustive validation are beyond the scope of this
contribution, the presented framework provides a
sound basis for estimating penetration behaviour
during monopile foundation installation and supports
future development more comprehensive predictive
tools for offshore applications.
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