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ARTICLE INFO ABSTRACT

Keywords: As renewable energy demand increases, protecting subsea cables from ship anchor damage has become

Subsea cables essential. This research comprises numerical simulations of the anchor penetration process in Baltic Sea sand

Burial depth ) (for an AC-14, a Hall and a Spek anchor). We apply a coupled Eulerian-Lagrangian (CEL) framework and a

gnlct}_wr penetration hypoplasticity constitutive model to analyze the influence of different anchor characteristics on penetration
altic sea

depth and seabed stress distributions. We conducted investigations under high velocities (v > 1m/s) with

Coupled Euler-Lagrange Method (CEL) . . . . . . . . o
focus on inertial effects only. Furthermore, this study introduces stress circles to visualize a simplified anchor-
induced spatial stress distribution in the seabed. Findings show that heavier anchors and slower drag velocities
generally result in deeper anchor penetrations. Fluke geometry significantly affects penetration depth, with
pointed designs penetrating more deeply. The observed trends align with previous results from centrifuge tests
and numerical modeling of ship anchors. This research improves understanding of soil-structure interaction in
maritime environments, offering insights for the protection of subsea installations in the Baltic Sea and similar
regions.

1. Introduction are available for regions like the North Sea, there is limited data for
the Baltic Sea (Bjerrum, 1973; de Kuiter and Beringen, 1979; Andresen
et al., 1979; Byrne et al., 2018; Jostad et al., 2020; Jensen and Kellezi,

2023). This leads stakeholders to rely on data from other regions

The shift to renewable energy is accelerating, growing the need
for adequate transportation and storage infrastructure for offshore-
generated energy (O’Shaughnessy et al., 2021). Numerous offshore in-
frastructure projects, including submarine cables in the Baltic Sea, have
been planned to support this transition and ensure international energy

despite the seabed variation in its genesis and therefore its composition,

its grain size and corresponding mechanical behavior depending on the

supply (50Hertz Transmission GmbH, 2024). Protecting these cables
against external hazards such as anchor drops and dragging is crucial
for their reliability and longevity (Attwood, 2000; Dinmohammadi
et al.,, 2019). Consequently, determining the optimal burial depth for
subsea cables and the penetration depth of ship anchors is critical.
Traditionally, the burial depth of subsea cables is determined using
empirical and statistical methods accounting for factors such as anchor
penetration depth, thermal effects induced by the cable, fishing gear,
water depth, wave height and seabed conditions (Allan, 1999; Mole
et al., 1997; Jongergouw, 2001; Trust, 2015b,a). The penetration depth
of ship anchors is estimated using empirical methodologies and numer-
ical simulations, considering variables such as anchor geometry, fluke
opening angles, water depth and soil properties (Watson et al., 2022;
Lee et al., 2022; Gao et al., 2016; Zhu et al., 2019; Dao and Grabe, 2022;
Grabe et al., 2015; Grabe and Wu, 2016). While comprehensive data
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body of water (Randolph and Gourvenec, 2017; Atkinson, 2017). Thus,
the purpose of this study is to contribute towards ensuring safe and
reliable development within the Baltic Sea area. This study represents
an inaugural effort in investigating various anchor types, specifically
the AC-14, Hall, and Spek anchors, in a Baltic Sea sand environment.

The main objectives of this research are to investigate the penetra-
tion depths of different anchor types and explore the factors influencing
depth, and subsequently derive implications for the optimal burial
depths and design of subsea cables. To accomplish these objectives, this
study leverages the Coupled Euler-Lagrange (CEL) approach to simu-
late the anchor penetration process. The results of this study provide
insights for offshore operators, aiding in the design and protection of
submarine infrastructure.
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Fig. 1. Front (left) and side (right) view of a penetrating ship anchor and definition of the depth of lowering DoL, according to DNV (2021).

2. Theoretical background
2.1. Assessing the cable burial depth

Identifying the minimal burial depth, also defined as the depth of
lowering (DoL), is essential to ensure the resilience and reliability of
offshore cable networks. It is defined as the vertical distance between
the top of the cable and the undisturbed mean seabed level (mud-
line), as shown in Fig. 1. Multiple factors, including thermal effects,
electromagnetic effects, and mechanical loads, influence the DoL for
subsea cables. Mechanical loads present as the most crucial factor for
consideration and include trawling, and anchoring. These factors form
the critical inputs for the analytical and statistical methods employed
to determine the required burial depth.

Recent studies by Hutchison et al. (2021) and Lux et al. (2019) have
measured thermal and electromagnetic fields around subsea cables to
develop analytical methods capable of deriving the DoL. Legislative
bodies such as Germany’s Federal Maritime and Hydrographic Agency
have introduced related environmental protection standards, such as
the 2K-criterion. This directive restricts the permissible increase in
sediment temperature to 2 Kelvin at a depth of 0.2 m below the seabed
surface, thereby mitigating potential adverse effects of cable heating on
marine ecosystems and benthic communities (BSH, 2020).

Established in the 1990s, the Burial Protection Index (BPI) served as
a guide to define protective measures for submarine fiber optic cables
across diverse seabed conditions. However, the BPI approach is limited
to specific anchor sizes, and often overestimates the required protection
from fishing gear. In response to these limitations, offshore industries
have shifted to more risk-based approaches. The Offshore Wind Accel-
erator (OWA), an industrial initiative under the Carbon Trust, created
the Cable Burial Risk Assessment (CBRA) method to define the optimal
and minimum burial depth. This method is recommended by standards
such as the DNV-ST-0359 and is applicable to the subsea cable at
any point in its life cycle (DNV, 2021). The CBRA approach considers
potential risks such as anchor strikes and evolves based on updated
site survey data (Trust, 2015b). This approach requires the input of
the maximum anchor penetration depth, however the procedure to
determine this depth remains undefined. Analytical solutions, as pro-
posed by Neubecker and Randolph (1996a,b,c) and Aubeny and Chi
(2010), are well-recognized but appear to overestimate the penetration
when compared to field data (Trust, 2015a). Such discrepancies may
arise from limitations in accurately determining the soil properties and
penetration depth on site during field tests. They may also result from
neglecting spatial effects and the use of oversimplified soil constitutive
models in the theoretical approaches, as discussed by Dao et al. (2023).
When examining physical tests under controlled conditions and 100g,
the penetration depths observed are very similar to those predicted

by analytical solutions (Sharif et al., 2023; Moore et al., 2021), which
likely provide limits on possible penetration depths. Consequently, in-
tegrating not only field tests but also physical and validated numerical
models for the anchor penetration depth can offer greater reliability
and more refined evaluations of the DoL (Trust, 2015a).

2.2. Field tests analyzing anchor penetration depth

Vryhof Anchors (2018) presents a series of field tests conducted at
various locations. However, the anchors tested were all permanent an-
chors used for station-keeping of floating platforms. Luger and Harkes
(2013) and BAW (2012) conducted comprehensive field tests that are
publicly accessible and were conducted in the North Sea using Side
Scan Sonar (SSS) and Sediment Echo Sounder (SES) to analyze the
penetration depth of anchors in North Sea seabed. Surface measure-
ments were conducted using SSS both before, and after anchor drops to
determine anchor penetration depth. SSS, an area-based procedure, is
able to record seafloor surface structures and textures but lacks depth
accuracy, making it most applicable as a preliminary step for subse-
quent SES measurements. The SES, capable of penetrating the seabed,
was primarily employed to detect disturbances in the sediment layers,
specifically the change of density. SES, operating along a profile line,
sends high-frequency acoustic signals to capture sound reflections from
the seabed layers. These field tests are referenced by industry standards
and guidelines (Trust, 2015a). The specific anchors assessed during
these tests were a high holding power (HHP) AC-14 anchor, weighing
8.3 t, and an 11.5 t Hall anchor, both corresponding to a 294 m long
container ship with a carrying capacity of 80,000 DWT. Detailed site
investigation data for these locations are not freely available due to
third-party ownership. Luger and Harkes (2013) report that the relative
densities of the first 3 m of sediment were determined from CPT results
which typically encounter difficulties in accurately determining such
parameters.

The US Naval Civil Engineering Laboratory (1982) conducted a
field study in which various anchors were dragged to evaluate their
holding capacity and position during dragging. Water pressure sensors
were used to measure the pressure at the depth of the fluke to derive
the final anchor penetration depth. The study reported anchor depths
across various soil conditions at different sites. However, the absence
of detailed soil properties makes it difficult to determine the specific
conditions under which these depths were achieved and to predict
similar outcomes at other locations.

Overall, field tests evaluating anchor penetration are scarce and do
not specifically exist for the Baltic Sea.
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2.3. Centrifuge tests

Neubecker and Randolph (1996b) and O’Neill and Randolph (2001)
executed centrifuge tests in sand and clay. However, the models they
used were drag anchors for floating offshore structures. Moore et al.
(2021) conducted a centrifuge study to directly measure the penetra-
tion depth of an AC-14 anchor at different g-levels in sand immediately
after the drag test, rather than deriving it from sensor data. Their find-
ings demonstrated that penetration depth increases with fluke length,
indicating a linear relationship between anchor size and penetration
depth. Based on these results, they provided recommendations for cable
burial depth that account for anchor size and introduced correlations
to anchor mass and ship mass. When compared to previous findings,
there is a trend of penetration depth decreasing with increasing relative
density. Sharif et al. (2023) investigated the penetration behavior of
an AC-14 anchor at prototype scale (8.5 t) in sand, focusing on the
impact of relative density. Their study confirmed the significance of soil
density, showing that the anchor penetrates more deeply in very loose
sands than predicted by previous analytical solutions and guidelines.

2.4. Analytical predictions for anchor penetration

The number of existing analytical solutions for determining the tra-
jectory of anchors is limited, specifically ship anchors. However, drag
embedment anchors (DEAs) function similarly to ship anchors by mobi-
lizing resistance as they are dragged through the seabed. The analytical
models presented by Neubecker and Randolph (1996a), Thorne (1998),
and Dahlberg (1998) utilize the Limit Equilibrium Analysis Method to
predict the trajectory and bearing capacity of DEAs in clay. Models
by Neubecker and Randolph (1996b,c) apply this method to sand
environments. These models address the typical loading conditions on
DEAs, which include combined normal, tangential, and moment forces.
The fundamental analysis is based on principles initially proposed
by Murff (1994) for shallow foundations, which were later adapted and
expanded by O’Neill et al. (2003). Further refinements by Aubeny and
Chi (2010) and Aubeny et al. (2011) have been integrated into inter-
national standards, such as those published by the American Bureau
of Shipping (2018). The implementation and a detailed examination of
the latter are provided in Dao et al. (2024).

2.5. Numerical anchor penetration in sand

A majority of existing research on anchor structure dragging has
been conducted within the context of offshore infrastructure, such
as the anchor installation of floating platforms, which are similar to
ship anchors in function (Peccin Da Silva, 2021; Maitra et al., 2022;
Dao et al.,, 2022; Dao and Dicke, 2024). The CEL method is often
applied to analyze the behavior of anchors in soil in these studies.
Since this method is able to simulate large deformation problems. It
can provide valuable insights into the performance of different anchor
types in sandy environments and the risks associated with subsea cable
burial due to anchoring activities. It has been applied and validated in
numerous geotechnical offshore applications, as shown in Stapelfeldt
et al. (2020) and Bienen et al. (2021). The following summary presents
the findings on ship anchor penetration derived from CEL simulations.

Table 1 provides a summarized overview of penetration depths from
physical tests and numerical simulations. The data presented comprises
solely anchors within comparable weight classes and their interactions
with sandy seabed conditions.

Although Zhu et al. (2019) and Gao et al. (2016) conducted sim-
ulations with Hall anchors of various masses, they only considered
vertical penetration, i.e., the anchoring of a ship from a stationary
position. Grabe et al. (2015) investigated the penetration behavior of
a dragged AC-14 anchor (8.5t) in sand under varying soil densities,
comparing the results with field tests. Based on these findings, they in-
troduced an empirical approach to determine the maximum penetration
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depth. Osthoff et al. (2017) conducted a numerical case study on an AC-
14 anchor (8.3t) in North Sea sand to investigate its interaction with
an embedded steel body, showing that damage can occur even without
direct contact due to additionally induced stress. Factors influencing
penetration depth included the soil density and the dragging velocity.
Dense sand resulted in lower anchor penetration depths and caused a
constant alternation between penetration and resurfacing of the anchor
over the soil. In some cases, the anchor did not penetrate the soil at all.
In addition, lower drag velocities resulted in greater penetration depths.

3. Numerical modeling methodology

In this study, simulations are performed using the finite element
method (FEM) with direct explicit time integration in Abaqus/Explicit
2020. The size of the critical time step size Ar; results from the
quotient of the characteristic element length L and the current dilatory
wave velocity ¢4 in the element, as shown in Eq. (1).

L
Mg =5 with ¢ = \/ % @

Here, E represents the modulus of elasticity and p the density of
the material. By keeping Ar.;, it is ensured that waves in the model
do not move through more than one one element per time step. Thus,
At is determined by the finite element with the largest stiffness or the
smallest element length. As a result, in geotechnical simulations, stiffer
components made of concrete or steel usually dominate the critical time
step and thus the calculation time. The formulation by rigid bodies
avoids this dominance, since these are not deformable and thus are
excluded from determining the critical time step (Dassault Systémes,
2018).

3.1. The coupled Euler-Lagrange method

The coupled Euler-Lagrange (CEL) approach is employed in this
study to address the challenges associated with large soil deformations,
which can lead to significant element distortions in the classical FEM
with the Lagrange approach and potentially cause the termination of
simulations. In this study, the CEL approach is applied to investigate
the penetration depth of anchors under drained conditions in the
seabed, without considering the dissipation of pore water pressure. The
CEL method discretizes structural elements using Lagrangian elements,
while the soil is modeled with Eulerian elements. Both descriptions are
compared in Fig. 2. In the Lagrangian description, the computational
grid is bound to the solid body, deforming with the solid. Each grid
point is assigned to a single material point, facilitating the modeling
of materials with time-dependent behavior and maintaining a clearly
defined solid edge. The motion of the continuum is expressed as a
function of material coordinates and time, resulting in an exact surface
description but potentially leading to mesh distortions during large
deformations.

The Eulerian approach is employed to describe the continuum’s
motion as a function of spatial coordinates and time. The material can
move freely within the Eulerian domain, with the FE mesh serving as a
reference mesh that is reset at each simulation timestep. This approach
effectively limits the risk of mesh distortions to exceptional cases. How-
ever, the properties of the elements are defined by the filling degree
of one or more materials, which can result in inaccuracies concerning
surface definition and element stiffness. As such, the discretization must
be carefully selected. Additionally, a void area must be defined to allow
material to uplift. This void possesses neither mass nor stiffness. By
utilizing the Eulerian description, a spatially fixed mesh is achieved,
allowing the moving and deforming material to flow through the mesh,
thereby preventing mesh distortions and ensuring a stable simulation
environment.
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Table 1
Maximum anchor penetration depths in sand from various sources.
Anchor Mass Relative density Loading Penetration Method Location Source
type (1) Iy () mechanism depth (m)
AC-14 8.3 0.15 to 0.35° Drag 0.88 Field test North Sea Luger and Harkes (2013)
Hall 11.5 0.15 to 0.35% Drag 0.69 Field test North Sea Luger and Harkes (2013)
AC-14 14.4 0.50 Drag 2.58 Centrifuge test - Moore et al. (2021)
AC-14 8.5 0.55 Drag 1.10 Centrifuge test - Sharif et al. (2023)
Hall 12.5 0.15 to 0.35° Drop 1.60 Numerical - Zhu et al. (2019)
AC-14 8.5 0.15 Drag 1.82 Numerical North Sea Grabe et al. (2015)
AC-14 8.3 0.50 Drag 0.70 Numerical North Sea Osthoff et al. (2017)
2 Based on given relative density classification.
Lagrange Euler Fig. 5 shows the grain size distribution for this particular Baltic Sea
sand sample. The majority of the grains are smaller than 0.2 mm in
% size. The sharp increase in the curve around this value, along with
® a uniformity coefficient U of 1.875, indicates that the sediment is
3 well-graded.
£ In order to simulate the penetration of an anchor into the seabed
realistically, the deformation behavior of the soil must be accurately
o o mathematically formulated for an FE analysis using a stress—strain
© model. This requires considering the pressure and density-dependent
g stiffness, shear strength, and dilatancy of the soil. The hypoplastic
g model according to von Wolffersdorff (1996) combined with the exten-
S / / sion of the intergranular strain by Niemunis and Herle (1997) meets
3 these requirements for coarse-grained soils. The hypoplastic model

= active node

material . .
oinactive node

I:I finite element .

Fig. 2. Deformation of the computational grid with the material (Lagrangian approach,

left) and movement of the material through a stationary computational grid (Eulerian
approach, right).

Table 2
Depth and relative density of sand layers according to DIN 14688-2 (2020).

Depth range (m) Soil type Classification Relative density® I (-)
-16.5 to —18.8 fS Medium dense 0.35 to 0.65
—18.8 to —20.6 fS, v’ Dense 0.65 to 0.85
—20.6 to —21.4 S, v’ Medium dense 0.35 to 0.65
-21.4 to -22.4 fS, Dense to very dense 0.65 to 1.00

2 Based on given relative density classification.

In the CEL simulation, both approaches are combined, as presented
in Fig. 3. Here, the interaction of the materials or discretization ap-
proaches is implemented by a contact algorithm. For the simulations
performed here, the penalty contact implemented in Abaqus is used.
In case of contact, the structural surface prevents large overlaps of the
material boundaries (Dassault Systemes, 2018).

In application of component penetration, the structure is discretized
as a Lagrangian region. The structure can penetrate the Eulerian region
and displace the soil in the process. The principle of the CEL method
with respect to penetration processes is shown in Fig. 3.

3.2. Modeling of Baltic Sea sand

The sand sample used for this study was collected by vibratory core
sampling at the location corresponding to Fig. 4 at a water depth of
16.5 m (MSL). The area surrounding the sand extraction point is part
of the Falster-Riigen Sand Plateau (Dao and Banduch, 2023). This flat
region consists predominantly of fine sands with varying densities. The
relative density of the investigated soil was estimated based on core
descriptions in accordance with DIN 14688-2 (2020). Table 2 presents
the different layers of the soil sample.

with intergranular strain is freely available as a Fortran user routine
on SoilModels.com (2024), along with a documentation for implement-
ing it in FEM programs such as Abaqus. It uses a singular non-linear
tensorial equation to represent the soil’s state, correlating the stress rate
"I“ with the deformation rate D:

o

T= M(T,e) : D. (2)

The fourth-order stiffness tensor M is a function of the stress T and
the void ratio e. Admissible void ratios are limited by e;, e, and e,.
The three distinct void ratios decrease with increasing mean pressure
(trace of T or 3p,) and reaching their limit values ¢;,, ¢, and ey, at van-
ishing mean pressure, as described by following relationship proposed
by Bauer (1996). This function includes the granulate hardness z, and
the exponent n.

R [<—‘“ace(T)) ] ®3)

€0 €0  €do hy

Laboratory tests were conducted to determine the constitutive pa-
rameters (Dao and Banduch, 2023). In oedometer tests, the void ratio
e is determined as a function of stress. These tests are used to deter-
mine the granulate hardness h; and the exponent n. Here, hg is the
density-independent parameter of compression and is influenced by
the mineral, grain shape and size distribution, among other factors.
The parameter » influences the pressure-dependent compression value
and depends on the average grain size and the non-uniformity number
of the soil particles. To determine the granulate hardness A, a one-
dimensional compression (oedometer) test is performed on a medium
dense sample (I3 = 0.47). The Eq. (3) is used applying a void ratio at
zero pressure. The value of A4 is then determined by fitting this equa-
tion to the experimental compression data, ensuring no grain crushing
within the pressure range being considered. The exponent »n accounts
for the pressure sensitivity of the soil skeleton and influences how the
incremental stiffness increases with pressure. The compression indices
C, and C, at two different pressures pg; and py, and corresponding void
ratios e; and e, are used to determine n. The value of » is calculated
from the following relationship:

_ In(e;C,/e,Cy)

4
n(oa/250) @
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Fig. 3. Schematic 2D representation of the anchor penetration process using the CEL method, showing the initial state (left) and the following state (middle) and the corresponding
soil filling degree in correspondence with the resulting soil deformation (right).
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Table 3
Hypoplastic parameters for Baltic Sea sand.
Parameter Value Unit Description
p 1.9 t/m? Density
@ 33.58 ° Critical state friction angle
hy 924.9 MPa Granulate hardness
n 0.343 - Pressure-sensitivity exponent
eqo 0.648 - Minimum void ratio at zero pressure
e 1.059 - Critical state void ratio at zero pressure
e 1.218 - Maximum void ratio at zero pressure
a 0.094 - Exponent for density dependence of the peak friction angle
p 1.03 - Exponent for density dependence of the stiffness modulus
my 1.87 - Stiffness increase factor
my 3.33 - Stiffness increase factor
Riax 5.82 x 107¢ - Maximum intergranular strain
B, 0.975 - Exponent for intergranular strain development
X 4.01 - Stiffness degradation exponent

Sweden

4. Soil sample collection point of the Baltic Sea sand.
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Fig. 5. Grain size distribution of Baltic Sea sand.

This equation derives from the slope of the compression curve
in a logarithmic plot and reflects the curvature of the compression
curve. Using the test to determine the lowest and highest relative
density according to DIN 18126 (2022), the void ratios for eq, and
e.o are measured, from which ¢, is estimated. Here, ¢4y corresponds
approximately to the minimum void ratio e ;, and e, corresponds
approximately to the maximum void ratio e_,,. The void ratio ¢, is
estimated by 1.15 to 1.20 times e,,,, (Herle and Gudehus, 1999).

For a loose (I3 = 0.27) and a dense (I3 = 1.00) sample, one
triaxial test is performed on each sample to determine the exponents
a and pB. Both are constant parameters that are used to calculate
the stiffness change. The parameter « describes the influence of the
density dependence of the peak friction angle ¢, of coarse-grained soils.
Here, f is the factor for the stress rate at constant deformation rate
and constant mean pressure, which increases with increasing density.
The critical state friction angle ¢, is determined from the angle of
repose. An alternative method for determining the critical state angle
is provided by Santamarina and Cho (2001). Furthermore, the authors
note that although the effects of confining pressure on soil dilation
are considered, there may be some discrepancies due to the absence
of a specific peak friction angle determined for very low confining
pressures (Giampa and Bradshaw, 2018).

The five parameters of the extended small strain stiffness model
are determined by means of three triaxial tests under different strain
history specifications. From these, the values for the parameters Ry,
my and my are determined. The material constant R,,, is independent
of pressure and gives the maximum value for the intergranular strains.
The parameters mp and my describe the stiffness when the strain
direction changes. A more detailed description for the determination
of all parameters is given by Herle and Gudehus (1999).

Table 3 shows the determined material properties for the sand.

In Fig. 6, the results of a series of three CU triaxial tests from
laboratory tests (I; = 0.96,0.98,1.03) and FE analyses with the hy-
poplastic model are shown to validate the calibration of the constitutive
parameters.

The numerical prediction shows a gradual increase in stress with
strain but at a lower rate than the experimental data. This underes-
timation of stress for a given strain results in a conservative estimate
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Table 4
Dimensions of the AC-14, Hall and Spek anchor models.
Anchor type Mass (kg) A (mm) B (mm) C (mm) D (mm) E (mm) F (mm) G (mm) H (mm) 0 (°)
AC-14 675 1398 1254 387 236 828 654 167 215 35
AC-14 8325 3221 2890 893 556 1961 1548 400 540 35
Hall 11100 3638 2803 1297 433 1970 1970 437 600 45
Spek 29000 4621 3438 1494 748 2494 2494 748 820 40
Simulation ««-eeeee- Experimental 3.4. Geometry of the soil domain and boundary conditions
800+ To describe the soil, a Eulerian domain of size 100m X 20m x 6m
04= 200 kPa [;=1.03 is created as depicted in Fig. 9. In the initial configuration, the lower
T oannl e e 18 m are filled with soil, while the upper 2 m are modeled as void space
Q 600 T T to allow for any soil deformations in this region. Taking advantage
- of the existing symmetry, half of the real area is assumed for the
o~ 400} 0,=100kPa /;=0.98 calculation, so that the anchor can only move in the symmetry plane. At
D B AR e the reference point on the free chain link, the horizontal drag velocity
) 200 0,=50kPa —o006 U v; acts at the beginning of the drag phase. The distances between
g_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, the boundary and the rigid structures were selected to ensure that, in
the y-direction, at least 2.5 times B/2 (half of the anchor width) is
0 . . . maintained, and in the x-direction, at least 2.5 times the anchor length,
0 5 (o )10 15 including the chain length, is preserved. Passive wedges are expected to
E (7o

Fig. 6. Comparison of CU triaxial tests (/4 = 0.96,0.98,1.03) for Baltic Sea sand from
laboratory tests and numerical simulations.

of the soil’s stiffness. At peak stress, the numerical predictions slightly
underestimate the peak in some cases, leading to safer assumptions as
well. In the post-peak region, the numerical model’s predictions show a
more gradual decline in stress compared to the sharper drop observed
in the experimental results, with overall differences in the post-peak
region being less than 10 %. Overall, the numerical calculations gener-
ally show good agreement with the laboratory test for the given sand,
thus ensuring safe predictions. Adjusting the constitutive parameters
to better fit the initial stiffness resulted in an increase in the overall
error. Therefore, we decided to proceed with the current parameter set,
accepting this limitation.

3.3. Anchor models

For the analyses, commercially available anchors, the AC-14 weigh-
ing 8325 kg and the Hall weighing 11 100 kg, were selected due to their
similar weight class to the anchors discussed in Section 2.2. Addition-
ally, to derive conclusions on the influence of weight, an extremely
light anchor, the AC-14 at 675kg, and an exceptionally heavy anchor,
the Spek at 29 000 kg were included. Fig. 7 shows the modeled anchors
and Table 4 summarizes the dimensions.

In terms of computational effort, the number of surfaces resulting
from the geometry was kept low. Recesses of the anchors were omitted
under the assumption that the structures opposite to the drag direction
have little influence on the penetration behavior. Bulges and curves
were replaced by edges in the models. Likewise, the anchor chain was
greatly simplified geometrically according to Fig. 8.

The chain links are connected by hinges that allow twisting but
prevent relative displacement. The chain is attached to the shank, and
the shank to the fluke body, in the same way. Therefore, the anchor
can adjust its opening angle which are limited between 0 and 35° or
40°, as summarized in Table 4, to adapt to in-situ conditions.

The aspect ratios of the AC-14 anchor are the same for both the
675 kg anchor and the 8325 kg anchor. The corresponding dimensions
can be found in Table 4. In each anchor model, the shank and anchor
flukes are connected by hinges, which allow rotation according to
Fig. 7.

Due to the low deformations compared to the soil, all anchor
structures are modeled as rigid bodies.

extend significantly in front of the anchor fluke. In lateral pile analysis,
studies such as Al-Baghdadi et al. (2017) suggest lateral boundaries up
to 60 times the pile diameter. In our study, lateral boundaries in x-
direction directly in front of the anchor range from 15.5 to 56 times
the anchor length. In addition to the minimum limits from preliminary
investigations, we also considered the recommendations of Ullah et al.
(2017), who evaluated boundary impacts from their physical tests
and suggested limits between 2 and 5 times the structure width. In
the preliminary investigations, no significant wave acceleration was
observed at the model boundaries throughout the entire simulation.
Therefore, the boundary space was considered sufficient. The entire
domain is discretized into cuboidal Eulerian elements of type EC3D8R
according to Fig. 10 and consists of a total of 256,166 elements.

Fig. 10 shows the boundary conditions for the Eulerian domain. The
edges of the model section are unmovable and the upper edge of the
seabed is exposed. For the anchor structures, the degrees of freedom in
y-direction and the rotation around the x- and z-axis are suppressed.

3.5. Contact model for the anchor-seabed-interface

The interaction between Eulerian and Lagrangian materials is man-
aged by a general contact approach based on the penalty contact
method, as presented in Fig. 11. This algorithm introduces numerical
softening through the implementation of penalty springs, but it does not
explicitly enforce contact between Lagrangian and Eulerian elements.
Therefore, Lagrangian elements can move through the Eulerian mesh
freely until they encounter a Eulerian element filled with material
(Eulerian volume fraction # 0). As this interaction occurs, seeds are
activated on the edges and faces of Lagrangian elements and anchor
points are established on the surface of the Eulerian material.

This penalty method offers an approximation of hard pressure-
overclosure behavior, permitting slight penetration of the Eulerian
material into the Lagrangian domain. The contact force, denoted as
F, applied between seeds and anchor points, is proportional to the
penetration distance x:

F = kx, 5)

where k signifies the penalty stiffness, which is dependent on the prop-
erties of both the Lagrangian and Eulerian materials. No tensile stresses
are transferred in this interaction. However, forces in the tangential to
the anchor-soil-interface are propagated through a linear-elastic, ideal-
plastic static-slip model, which considers Coulomb’s friction law. For
this, the wall friction coefficient y is chosen with a value of tan 5. This
model’s underlying assumption is derived from the empirical value in
the EAU (2020) that estimates the mobilized wall friction angle for the
interaction between a rough steel surface and soil as 6 =2/3¢.
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Fig. 10. Discretization of the model domain with Eulerian elements of type EC3D8R
and its boundary conditions.

3.6. Load history and analysis procedure

Dynamic deformation analyses at fully drained conditions are per-
formed to simulate the anchor penetration into the saturated seabed.
At the beginning of the simulation, the earth pressure coefficient is
assumed to be K, = 0.5. The constitutive parameters for the soil
correspond to Table 3. The initial void ratio of e, = 0.8, (I = 0.63) was
chosen for the whole soil domain, which corresponds to the medium
dense seabed that was found at the sample extraction location. The
homogeneous void ratio distribution was adopted. The ship is sim-
plified as a reference point with a horizontal velocity v;, which pulls

Fig. 11. Penalty contact algorithm.

the anchor and the chain. The reference point engages the free end of
the chain, according to Fig. 9. At the beginning of the simulation, the
anchor lies on the surface of the seabed. Here, the initial configuration
corresponds to the results from simulations of drop tests of an AC-14
anchor in water (Grabe et al., 2015). In the second step, the restrictions
in the z-direction are removed so that the anchor begins to penetrate
the soil under its own weight. Then, the restrictions of the first chain
link in the horizontal direction are deactivated and the velocity v;
is activated, starting the horizontal movement of the anchor. In the
process, the anchor penetrates further forward into the seabed and
causes stress on the soil. Consequently, the soil’s resistance increases
until further penetration is prevented, causing the anchor to resurface.

3.7. Validation of the numerical model

Fig. 12 compares the prediction of the numerical model for an
8.325t AC-14 anchor in medium dense (I3 = 0.63) Baltic Sea sand of
the current study with centrifuge test data for an 8.5t AC-14 anchor at
various relative densities of sand (I4 = 0.82, 0.55, and 0.38) by Sharif
et al. (2023) under well-controlled conditions. The centrifuge tests
demonstrate reduced penetration in denser sands.

The numerical model accurately replicates the sharp initial pen-
etration observed in the centrifuge tests. As the anchor is dragged
horizontally, the model shows a decrease in penetration depth, re-
flecting the increasing horizontal resistance of the sand, which aligns
well with the centrifuge results. The overall shape and trend of the
model’s curve are close to those of the centrifuge tests, particularly for
I4 = 0.55, also with a medium dense seabed. Throughout the range of
horizontal displacements, the model’s predicted penetration depth stays
within the bounds of the centrifuge tests. The peak penetration depth
in the model is lower than that in the I; = 0.82 test and slightly higher
than the I4 = 0.55 test, indicating that the penetration is consistent with
the expected behavior for the specified density. Overall, the comparison
reveals a strong correlation between the numerical model and the
centrifuge test results. The model successfully captures key trends in
anchor penetration and displacement, including the initial penetration
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Fig. 12. Simulated penetration of the AC-14 anchor (8.375 t) compared to centrifuge
tests with an AC-14 anchor (8.5 t) by Sharif et al. (2023) over the course of the
horizontal displacement.

Table 5

Conducted drag phase simulations.
No. Anchor m v; dy, fin

type ®) (m/s) (m)

1 AC-14 0.675 1 12.5
2 AC-14 8.325 1 25.0
3 Hall 11.110 1 12.5
4 Spek 29.000 1 12.5
5 AC-14 0.675 3 12.5
6 AC-14 8.325 3 18.0
7 Hall 11.110 3 12.5
8 Spek 29.000 3 12.5

and subsequent reduction in depth observed in the centrifuge tests.
This consistency demonstrates that the numerical model is reliable for
predicting anchor behavior in sand.

4. Results and discussion

A series of eight simulations were executed under fixed drag veloc-
ities, which are summarized in Table 5. Two distinct velocities v; were
selected for the simulation to analyze inertial effects: 1 m/s and 3 m/s.
The choice of 1 m/s, approximately equivalent to 2 kn, aligns with the
commonly used velocity for the CBRA method (Trust, 2015a). On the
other hand, 3 m/s, translating to roughly 6 kn, represents the upper
threshold of realistic velocities for vessels. These selections ensure
that our simulations encompass both standard and extreme operational
conditions.

These simulations aim to mimic the penetration process of each
anchor model into homogeneous Baltic Sea sand. Selected stages for
each simulation are illustrated in Fig. 15.

In our analysis, we consider the penetration depth for horizontal
displacements ranging from 0 to 25 m until a steady state of penetration
is expected to be reached. The mudline is defined at d, = 0. The
penetration is negative when the anchor tip is above the seabed surface.

Additionally, we introduce the concept of stress circles to provide a
visual representation of the altered stress state in the soil resulting from
anchor penetration, offering a simplified representation of the changed
stress.

4.1. Parametric study

The progression of the penetration depth for different anchors in
Baltic Sea sand under different velocities is depicted in Fig. 13.

For AC-14 (8.375 t), at a velocity of v; = 1 m/s, the anchor begins
with a rapid penetration, followed by a more gradual increase in
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depth. In contrast, at v; = 3 m/s, the penetration is shallower for
the same horizontal displacement. AC-14 (0.675 t) exhibits a similar
trend but initially resurfaces before penetrating the seabed, with deeper
penetration at v; = 1 m/s. The Hall anchor shows a steeper curve for v;
=1 m/s and even resurfaces in the beginning for v; = 3 m/s. The Spek
anchor penetrates quickly at the start, with the growth in penetration
depth decreasing over time, especially at v; = 1 m/s. At v; = 3 m/s, its
penetration is relatively steady. A general trend across all anchors is an
initial rapid penetration, slowing as horizontal displacement increases,
and eventually approaching a plateau at maximum penetration depth
due to increased soil resistance. This behavior aligns with expectations,
considering initial soil disturbance and increasing soil resistance as the
anchors move horizontally. Overall, the Spek anchor exhibited the most
significant penetration depth under both velocities, followed by the
8.325 t AC-14, the Hall, and the 0.675 t AC-14 anchor from high to
low penetration depth. Factors, such as velocity, weight, along with
geometry, are influential in determining penetration capability.

4.1.1. Velocity impact

The AC-14 anchors show differences in penetration depths between
the two velocities, with deeper penetration at the slower velocity. The
Spek anchor shows less pronounced differences. Slower dragging speeds
result in greater penetration depths, while higher speeds may result in
the anchor gliding over the seabed, as shown in studies by Dao and
Grabe (2022) and Grabe and Dao (2024). This observation is expected
due to less dynamic impact at higher velocities to penetrate deeper
before being dragged further. We assume that at higher velocities,
the anchor’s movement can impart more kinetic energy to the soil
particles, potentially pushing them aside more easily than at slower
velocities. The soil’s resistance then becomes more a function of inertia
and momentum rather than its mechanical properties at these higher
velocities. A possible reason for this time-dependent behavior might
be that the longer an anchor remains stationary or moves slowly,
the more it can potentially penetrate vertically. At slower speeds or
under stationary conditions, there could be a reduced dynamic impact,
allowing a more consistent and deeper penetration as the soil below
the anchor is compressed or moved aside gradually.

4.1.2. Weight impact

For further evaluation, Fig. 14 shows the calculated penetration
depths for velocities v; = 1 m/s and 3 m/s with the associated anchor
mass and confirms previous findings from numerical and physical
tests (Grabe et al., 2015; Dao and Grabe, 2022; Moore et al., 2021).

The efficiency of penetration, measured as depth per ton, varies
among the anchors. Notably, the heavier AC-14 anchor, despite not
being the heaviest, achieves a significant penetration depth relative to
its weight, even penetrating deeper than the heavier Hall anchor. This
finding underscores the fact that other factors, such as anchor shape,
also play crucial roles in determining penetration depth.

The field tests by Luger and Harkes (2013) also maintain the same
trend as the simulations regarding the anchor’s mass efficiency. The
exact magnitudes of penetration depth differ between the simulation
and field tests, but performance of the AC-14 in the field tests was
still efficient given its weight, indicating that it can achieve significant
penetration with a moderate weight. The 11.1 t Hall anchor, despite
being heavier than 8.325 t AC-14, did not demonstrate dramatically
greater penetration depth either in simulation or field tests, nor did it
achieve proportionally deeper penetration despite its greater weight.

4.1.3. Shape effects

The anchor’s shape emerged as a significant determinant of pene-
tration behavior. Pointed structures, such as anchor flukes, facilitated
greater penetration into the soil, confirming findings from Dao and
Dicke (2024). The influence of weight appeared to reduce for anchors
above 8325 kg. For instance, the AC-14, with its narrow, sharply
pointed flukes, achieved superior penetration depths compared to the
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Fig. 13. Calculated penetration depth of different anchors at a drag velocity of v; = 1m/s (left) and v; = 3m/s (right) in homogeneous Baltic Sea sand.
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Fig. 14. Calculated maximum penetration depth of four anchors in homogeneous Baltic
Sea sand at different velocities.

Hall anchor, despite its lighter mass. The Hall anchor’s flukes are rela-
tively blunter and shorter, limiting penetration. Fig. 16 shows the plate
structure below the flukes (palms) of the Hall anchor highlighted in red.
The larger plan surface area of approximately 1.6 m? perpendicular to
drag direction causes soil to accumulate before moving sideways. This
effect is more pronounced compared to the inclined surfaces of the AC-
14 anchor with an area of about 1.2 m? when projected perpendicular
to the drag direction. The flukes of the Spek anchor are also relatively
blunt compared to those of the AC-14. However, the considerable mass
difference between the 8325 kg AC-14 and the 29 t Spek anchor exert
more influence on the penetration depth than that observed between
the 8325 kg AC-14 and the 11.1 t Hall anchors.

In conclusion, the behavior of the anchors is significantly influenced
by their design, weight, and the dragging velocity. The slower dragging
velocity generally leads to deeper penetration across all anchors, but
the rate and efficiency of penetration vary depending on the anchor
type. The Spek anchor distinguishes itself in performance, achieving
the greatest depth. The Spek’s significant penetration at both velocities
is consistent with its considerable weight, showing that the influence
of weight is a significant factor, but not the sole determinant.

4.2. Stress circles

Generally, the resulting stress arch is complex. Fig. 17 shows an ex-
ample for the normalized absolute maximum principal stress p, showing
a cross-section of the soil and its stress state when the anchor fluke
tip is at the maximum penetration depth d;, ... Note that Fig. 17 is
a snapshot of the stresses when the anchor is at its deepest point,
focusing on the cross-section at the fluke tip and not representing the
whole anchor nor the entire pulling phase. In the following analysis,
We compare the stress exerted by the fluke tip. The anchor fluke is

Table 6

Stress depths d,; of analyzed anchors.
Anchor type dp,max dg, dgs dg, dgs
AC-14 (0.675 t) 0.32 0.39 0.34 0.22 0.21
AG-14 (8.325 1) 1.45 1.93 1.73 1.68 1.61
Hall 1.09 1.42 1.26 1.18 1.15
Spek 1.85 2.35 2.12 2.03 1.93

included for reference, while the shank is omitted for clarity. In the at-
rest earth pressure state, Abaqus automatically groups the stress levels
into 2-m layers, which we adopted, e.g.: 0 to 2 m as o;; 0, 2 tO
4 m as 20 ,,x0 and so on. These stress groupings form the basis for
representing stress distributions in the stress circles. Varying shades in
Fig. 17 depict grouped areas of the normalized stress p. Therefore, p
is a multiple of the initial level of the maximum principal stress at a
depth of up to 2 m ¢;;

ii,max,0*

|Gii,max I

be ©

|O'ii,max,0|
The stress depths d; , are defined as maximum distance between the
mudline and the outline of the corresponding stress area around the
fluke tip when an anchor has reached its greatest penetration depth
dp max- In each simulation, o;; . o Was measured at the specified stress
depths d, , when the anchor fluke tip reached d}, .-

While cable damage due to direct contact with ship anchors is
evident, the implications of anchor-induced stresses extend beyond
mere physical interactions. As shown in Osthoff et al. (2017), not
only can direct contact with the anchor influence a cable, but the
stresses introduced by the anchor into the soil can also indirectly impact
the cable’s integrity. Given the inherent challenges in measuring such
induced stresses in situ, simulations offer a valuable alternative for
assessing these interactions. Here, the extent of different stress levels,
measured from the top of the undisturbed seabed according to Fig. 17,
are summarized in Table 6.

A simplified representation of the stress field as stress sphere or
stress circle is introduced. The radii r,; are calculated, according to
Eq. (7).
rsp=4ds, = dp max 7

The stress depth d; , is determined according to Fig. 17 and is ex-
tracted from Abaqus. An example 3D representation is shown for a half
anchor in Fig. 18. Each anchor presents its unique stress distribution,
with weight and geometry playing a crucial role in the stress sphere’s
size. The size and spread of the circles give insights into the depth and
reach of an anchor’s influence. For instance, a larger circle for a specific
anchor denotes that its stress influence penetrates further into the soil
compared to an anchor exhibiting a smaller circle at the same stress
level. This offers an intuitive way to compare how different anchors
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Fig. 15. Selected phases of the penetration process for different anchor types at a drag velocity of v; = 1m/s in homogeneous sand.

Hall

Fig. 16. Non-scale comparison of the fluke shapes of the AC-14 (left, top), Spek (left,
bottom) and Hall (right) anchors shown without shank.

influence soil at various stress levels and depths. Note that the actual
shape of the stress field in real scenarios is considerably more complex
than the representations used in this study. In reality, the stresses
experienced on the side of the flukes not facing the direction of drag are
expected to be significantly lower. The stress circle approach presents
a simplified circular distribution. It does not account for detailed
localization or the upward stress concentration associated with passive
wedge formation, as demonstrated in pipeline plough studies using PIV
by Dingle et al. (2008) and White and Dingle (2011), or as discussed

10

dp.max

Fig. 17. Definition of the penetration depth when reaching its maximum d, ., (left)
and the resulting stress arches (of the normalized absolute maximum principal stress
p) with corresponding depths d,, (right).

by White and Cathie (2010) and Neubecker and Randolph (1996b).
The chosen spherical shape of the stress circles, though beneficial for
visualizing and understanding the magnitude and general distribution
of stress, is therefore a conservative approximation.

Fig. 19 shows a comprehensive visual representation in 2D using
stress circle plots for the four anchor types analyzed. Each anchor type
is provided its subplot, allowing individual analysis and comparison.

The plots essentially represent the spatial extent of stress fields (or
stress spheres) exerted by the anchor’s fluke tip Rp in the surrounding
soil. Rp is represented by a black point at the center of each subplot,
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Fig. 18. Three-dimensional representation of the simplified stress field as stress sphere

for an AC-14 anchor half at its maximum penetration depth d}, .

serving as the originating point from which the stress circles radiate
outwards. The mudline in each subplot represents the undisturbed
surface of the seabed. The point of application of a load will induce
stresses in the surrounding material, with stresses dissipating as we
move away from the load point. As we move further from the source,
the stress influence diminishes. Therefore, the concentric rings sur-
rounding the fluke tip denote varying levels of stress with the outermost
ring representing the least stress, and each inner ring representing
progressively higher stress levels. A larger circle overall implies a more
extensive stress distribution. The normalization of the stress is achieved
by dividing by the maximum initial stress level |6;; .| Of 16.67 kPa
that is present up until 2 m embedment depth. Furthermore, the circles
are distinguished by different shades, each representing a particular
normalized stress.

The AC-14 (8.325 t) showcases the largest stress sphere among
the four, with a wider and deeper influence. Given its substantial
weight, this is expected. It implies the largest area of disturbance when
penetrating the soil. Despite the same design as its heavier version,
the much lighter weight of the AC-14 (0.675 t) results in a drastically
smaller stress sphere, emphasizing the significant role of weight in
stress distribution. Furthermore, the smaller AC-14 anchor exhibits a
distinctive behavior where, under the same conditions, it does not
form its maximum stress sphere at the tip of the fluke, but rather
slightly above it, at a higher edge that penetrates the ground earlier,
see Table 6. For the illustration of the stress circles, the tip of the fluke
for the AC-14 was therefore shifted to the center of the stress circle to
accommodate this anomaly. The Hall anchor exhibits a moderate-sized
stress sphere. The Spek anchor displays a stress circle comparable to

Ocean Engineering 314 (2024) 119674

the Hall anchor but with a slightly deeper influence. A heavier anchor’s
deeper penetration can result in larger stress spheres. Additionally, it
can induce higher stresses in the soil, leading to a pronounced stress
distribution. Sharp flukes like the ones from the AC-14 anchor penetrate
more efficiently, influencing the stress spheres’s extent. Broad flukes
lead to shallower penetration.

The stress circles identified in this study showcase the zones of soil
disturbance that extend beyond the direct path of anchor penetration.
The stress induced by the anchor could compromise the soil integrity
in these zones.

For typical sea cables, such as AC or DC, the maximum tensile
stresses in the elastic range are between 50000 and 55000 kN/m?”
(Ehlers et al., 2023). The stresses occurring up to the stress ring n = 4
are thus well below the limit. For n > 5, the corresponding circles show
diameters around the maximum penetration depth d, 1, that do not
exceed 0.16 m. Thus, the extension of these high stresses are already
included in the safety margins when determining the minimum burial
depth by existing standards.

5. Conclusions

The results from the simulations of high-speed emergency deploy-
ment and subsequent anchor drag lead to several key conclusions:
The drag velocity of anchors was determined to have a significant
influence on their penetration depth. For instance, slower drag veloc-
ities consistently resulted in deeper anchor penetrations, while higher
velocities often yielded shallower penetration due to potential gliding
over the seabed. These installation rate effects on penetration are due
to anchor inertial effects only, as neither viscous nor drainage effects
were considered.

Anchor weight emerged as a pivotal factor influencing penetration
depth. As observed, heavier anchors, due to their increased downward
force, generally achieved greater penetration depths. However, when
considering penetration efficiency, quantified as depth per unit weight,
there were variations among the anchors. For example, the AC-14
(8.325 t) anchor achieved deeper penetration relative to its weight
compared to the heavier 11.1 t Hall anchor due to shape effects.

The size and design of the anchor, particularly the configuration
of its flukes, played a crucial role in impacting penetration depths.
Anchors designed with pointed structures achieved greater penetration
into the seabed than those with broader or blunter designs with larger
surface areas perpendicular to drag direction.

The introduction of stress circles provide a practical, simplified
visualization of the spatial stress distribution exerted by the anchor’s
fluke tip within the seabed. The size of these circles are correlated
with the depth and breadth of the anchor’s influence, with larger
circles indicating a more profound effect. Additionally, the outer rings
of the stress sphere, which represent areas of lower stress, suggest

p=2.0 p=3.0 p=4.0 ) p=5.o|
AC-14 (8.325 1) AC-14 (0.675 t) Hall (11.1 t) Spek (29 t)
2 2 2 2
mudline
mudline
1 1 1 mudline| 1
0 - . 0 . mudline 0 Py 0 - P
-1 T T T -1 T T T -1 T T T -1 T T T
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2

Fig. 19. Stress circles of various ship anchors at their maximum penetration depths d), ,,, in Baltic Sea sand.
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minimal potential damage to robust subsea installations like cables. The
material of these cables is generally resilient enough to withstand the
additional stresses from anchor penetration, especially those from the
outer regions of the stress spheres. Consequently, direct harm leading
to significant damage is not anticipated.

Considering the implications for subsea installations, the research
indicates that understanding both the penetration depth and the stress
distribution of anchors is essential for determining safe burial depths,
particularly for subsea cables in the Baltic Sea. The stress circles
highlight areas of soil disturbance beyond the direct path of anchor
penetration, suggesting optimal protection is achieved when subsea in-
stallations are buried beyond the furthest extent of these stress spheres.
As previously discussed, the simplified stress spheres do not capture
localization or passive wedge formation resulting from the predominant
upward stress concentration above the anchor rather than below the
fluke tip. Thus, these spheres only provide an indication of the average
stress regime. The primary risk still arises when the cable is located
directly in front of the anchor.

In summary, this study underscores the complex relations between
anchor design, weight, and drag velocity in determining both penetra-
tion depth and stress distribution within the seabed. Based on these
findings, stakeholders involved in subsea cable installations in the
Baltic Sea, or similar maritime regions, should take a comprehensive
approach, considering both direct anchor penetrations and broader soil
disturbances, to determine optimal burial depths. This ensures not only
the physical protection of the cables but also the continuity of their
operational efficacy.

6. Notation list

The following symbols are used in this paper:

C Compression index;

g Dilatory wave velocity (m/s);

D Deformation rate tensor;

d, Anchor penetration depth (m);

dp max Maximum penetration depth (m);
ds, Stress depth (m);

dy Drag distance (m);

d fin Final drag distance (m);

E Young’s modulus (kN/m?);

E, Modulus of elasticity (kN/m?2);

e Void ratio;

e Initial void ratio;

e, Limiting critical void ratio;

ey Critical state void ratio at zero pressure;
e, Limiting minimum void ratio;

eqo Minimum void ratio at zero pressure;

e; Limiting maximum void ratio;

e Maximum void ratio at zero pressure;
€nax Maximum void ratio;

€min Minimum void ratio;

F Contact force (kN);

hy Granulate hardness (MPa);

I, Relative density;

K, Earth pressure coefficient at rest;
k Penalty stiffness (kN/m);

L Characteristic element length (m);
M Fourth-order stiffness tensor;

m Mass (kg);

mg Stiffness increase factor;

T Stress tensor;

my Stiffness increase factor;
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n Pressure-sensitivity exponent;
p Normalized absolute maximum principal stress;
2 Pressure (kN/m?);
Rpnax Maximum intergranular strain;
Rp Anchor fluke tip;

; Stress circle radius (m);

Stress rate tensor;

Uniformity coefficient;

v; Horizontal drag velocity (m/s).

x Penetration distance (m);

a Exponent for density dependence of the peak
friction angle;

B Exponent for density dependence of the stiffness
modulus;

B, Exponent for intergranular strain development;

At i Critical time step size (s);

) Mobilized wall friction angle (°);

£ Strain (%);

O Fluke-shank angle (°);

u Wall friction coefficient;

p Density (kg/m?);

0 max Maximum principal stress (kN/m?);

0ii max,0 Initial maximum principal stress (kN/m?);

o, Vertical stress (kN/m?2);

@ Critical state friction angle (°);
@p Peak friction angle (°);
X Stiffness degradation exponent;
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