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Drag anchor behaviour in soft clay deposits: Model investigation in transparent clay
surrogate and analytical predictions

Nanda S., Fanning J., Sivakumar V., Gavin K., Donohue S., Tripathy S. and Black J.

ABSTRACT

As the offshore energy industry begins to develop wind farms in areas of deeper water, the
use of traditional foundations such as shallow foundation and driven hollow steel tube piles
becomes uneconomical. The deployment of floating turbines and continued development of
novel/efficient anchoring systems for these structures will be an important factor in the
continued growth of the sector. This paper presents an investigation carried out as part of a
proof-of-concept for a novel ‘Bi-Wing Anchor’. This design will allow a plate anchor to be
dropped through the water column and then penetrate the seabed under its own weight. The
anchor will then be dragged causing it to embed further into the seabed and provide a greater
holding capacity. This paper focuses on experimental as well as analysis of the drag
embedment behaviour during the installation and pull-out phases. The physical modelling
investigations were carried out in a transparent clay-surrogate which enabled observation of
the anchor’s orientation during installation. The predictions using analytical modelling showed

good agreement with the observed behaviour at varying embedment ratios.

Keyword: Bi-Wing Anchor, anchor kinematics, clay surrogate
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INTRODUCTION

The offshore wind energy industry is developing installation techniques in areas of deeper
water, which necessitates the development of efficient and reliable foundation systems. To
deploy wind turbines in these areas, the use of floating structures and mooring lines that are
anchored to the seabed is becoming the most economically feasible option (Musial et al. 2004,
Karimirad and Torgeir 2012; Barooni et al. 2023). To anchor mooring lines to the seabed,
various anchoring options such as driven pile, suction caissons, and drag embedded anchors
(DEA) are often used by the offshore oil and gas industry (Randolph and Gourvenec 2011).
In recent past new, anchoring systems like dynamically installed torpedo anchor ( Richardson
2008; O’Loughlin et al. 2013) and suction embedded plate anchor (Dove et al. 1998; Wilde et
al. 2001; Yang et al. 2012) has been deployed in some offshore structures. In deep water,
selection of anchors is primarily driven by cost differences. Drag embedded anchors are an
effective and attractive option due to their low installation costs and high holding capacity
relative to their self-weight. The offshore oil and gas industry has made use of these drag
embedded anchors for permanent (as well as temporary) moorings. Various experimental (
Liu et al. 2010; Shin et al. 2011; O’Loughlin et al. 2014; Balck and O’Loughlin 2015; Yu et al.
2015; Lai et al. 2020; Liu et al. 2021; Fanning et al. 2023 ) and analytical (O’Neill et.al. 2003;
Aubeny and Chi 2010; Liu et al. 2010; Liu et al. 2012; Aubeny and Chi 2014; Zhang et al.
2014; Tong et al. 2020; Han et al. 2023) studies have been reported on the subject. The pullout
capacity of these anchors largely depends on factors such as soil type, embedment depth,
and the orientation of the fluke. For optimal penetration, DEA anchors must be accurately
positioned on the seabed before initiating drag embedment. However, environmental forces
can sometimes prevent precise initial placement, introducing uncertainty in the final
embedment depth and, consequently, affecting the anchor's pullout capacity. Additionally,
embedment depth is typically estimated using semi-empirical methods, which may yield

unreliable predictions across varying soil conditions. This uncertainty can be addressed
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through proof load testing of the anchor (DNV-RP-E302; Aubeny 2018), although such testing

is often costly.

Limit equilibrium approach has been adopted to predict the drag anchor behaviour, for
example by: Stewart (1992); Neubecker and Randolph (1995); Neubecker and Randolph
(19964a,b,c); O’'Neill et al. (2003) proposed a plasticity model which used yield loci to express
the combined horizontal and vertical loads and moments which cause failure of the soil
surrounding the anchor. Aubeny and Chi (2014) further modified the O’Neill et al. (2003)
considering shank resistance.

Recently, various innovative anchor systems have been proposed, such as helical pile
anchors (Byrne and Houlsby 2015; Ullah et al. 2023) dynamically installed plate anchor, DIPA
(Flores 2016; Ying et al., 2020) and dynamically embedded plate anchors, DEPLA (O’Loughlin
et al. 2014; Blake and O’Loughlin et al. 2015). The helical pile anchors substantially reduce
the cost of installations compared to the driven pile and suction caissons. Similarly, DEPLA
and DIPA bring more reliability on the penetration of plate anchor. For the installation, DEPLA
and DIPA use the concept of a torpedo anchor as well as DEA, which is why it is sometimes
also referred to as a hybrid anchor system. Usually, the DEPLA is consists of plate anchor
and torpedo like central shaft or follower. The DEPLA is released from a designated height
above the seabed, like a torpedo anchor. After installation, the follower or central shaft is
retracted, and the plate is then keyed to the required position. In DIPA installation, there are
two stages. In the first stage, the anchor (without any follower) freefalls from a designated
height from the seabed, which results in self-penetration. In the subsequent stage, anchor

dragging is carried out in a manner like to that of a conventional DEA.

The work presented in this article was carried out as part of a project developing a concept for
a novel “bi-wing anchor”. The concept of the bi-wing anchor is comparable to that of a DIPA.
The bi-wing refers to spilt fluke and two fluke arrangement which have been used in this study.

Figure 1 shows the scale model bi-wing anchor used in this investigation. The gap between
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flukes will decrease the side friction during penetration, resulting in a greater self-penetration
of the anchor. At the same time, the bearing resistance (pull-out capacity) of the anchor will
not be affected significantly by the gap due to the bridging effect between the flukes (Fanning
et al. 2023). The installation method for bi-wing anchors is similar to that of the DIPA, which
has demonstrated a high success rate in achieving the targeted anchor embedment (Lai et al.
2020; Liu et al. 2021). Therefore, it is reasonable to anticipate that bi-wing anchors will achieve
a similar anchor embedment performance. Physical testing and analytical modelling were
carried out to understand and interpret the drag embedment behaviour for the anchor. The
physical model tests were carried out in a transparent clay-surrogate which also served as a
proof-of- concept for the proposed anchor system and allowed the direct observation of the
anchor during installation. The use of transparent clay enabled continuous tracking of the
anchor’'s movement and orientation during installation. Observations during testing were then
used in the development the mathematical model for the drag embedment behaviour of this
anchor.

BI-WING ANCHOR CONCEPT

Figure 2 outlines the installation procedure for a possible field application. The plate anchor
can be dropped from a height above the seabed and it would initially embed into the soil under
the force of its own self-weight (Stage-1). Upon application of tension in the mooring line,
keying of the anchor would then begin until the anchor has rotated to an orientation which
would allow the anchor to begin further embedding during dragging (Stage-2). Until this point
the fluke and shank can be held closed by a coupling mechanism designed by Flores (2016).
As the anchor fluke rotated, the mechanism will release and allow the fluke and shank to open
(Figure 1b), enabling drag embedment of the anchor to take-place. Dragging the anchor would
cause the anchor fluke to rotate towards a horizontal orientation and embed further into the
soil (Stage-3). This will enable the anchor to develop a higher holding capacity. The Bi-wing
anchor's two-stage (Stage 1 and stage -3) anchor embedment is the major advantage over

the conventional DEA. This concept was developed in collaboration with University of Texas,
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University of Rhode Island, and University College Dublin. The main advantage of a bi-wing
anchor is its reliability during embedment due to the initial installation stage, and lighter weight,
without decreasing pullout capacity. More information on the pullout capacity of the Bi-wing

anchor can be found in Fanning (2020) and Fanning et al. (2023).

EXPERIMENTAL MODELLING

Anchor model and mooring line

The model anchor is shown in Figure 1 which was fabricated using mild steel. The total length
and width of the anchor model were 70mm and 60mm respectively. All other dimensions of
the model are shown in Figures 1 and 3. The length, width and thickness of the front and rear
flukes were [26mm x 60mm x 2mm] and [17mm x 43mm x 2mm] respectively. The two flukes
were connected by a 5mm x 6mm member (connection section) and the spacing between the
two anchor flukes was 27mm. The shank of the anchor was attached to the connecting section
and the point of attachment was based on the centre of gravity. The anchor’'s mooring line
was made of 3mm diameter nylon coated-steel fishing wire. The mooring line and anchor were
attached using wire-clamps. Since this is a small-scale model investigation, the test results
are presented in nondimensional scaling formation which is discussed in Appendix-1. The
geometric scale ratio (n) and stress ratio (N) were calculated to be 42:1 and 35:1 respectively.

The length of the prototype fluke is 2.94m and its width is 2.52m respectively.

Transparent clay-surrogate

The tests were carried out in a transparent clay material called laponite-RD. Visualizing the
horizontal, vertical, and rotational movements of the drag anchor improves the interpretation
and understanding of its behavior in soft clay. Transparent clay has been used for various
physical model tests, such as the installation of torpedo anchors (Ads et al. 2020), drag anchor
installation (Beemer and Aubeny 2012), penetrometer installation (Lehane and Gill 2004), pile
driving (Ni et al. 2010) and strain field evaluation (Liu and Iskander 2010). The geotechnical

properties of laponite are like to those of a soft clay (Wallace and Rutherford 2015; Almikati et
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al. 2023). The laponite is a highly compressible material compared to normal clay soil,
therefore an equivalent soil that matches its properties would be Bentonite Clay (Almikati et
al. 2023). The slurry for making test-bed was mixed at a ratio of 4% by weight of laponite to
water. To enhance the transparency of the sample, intrusion of air into the slurry during mixing
was limited as any presence of air bubbles within the testbed will reduce the transparency of
the material Wallace and Rutherford (2015). The laponite and water were mixed in a specially
manufactured vacuum chamber having a 20 litre capacity to remove air voids in in the slurry
before commencing the test-bed preparation. The basic characteristics of laponite used in this
investigation are presented in Table 1, which are consistent with the observation previously
reported in Almikati et al. (2023). Multiple batches of laponite slurry were mixed in a vacuum
chamber before being placed in the testing chamber in order to build the test-bed. To delay
the rate of gelation of the slurry, an additive called “sodium pyrophosphate decahydrate” was

used and the process was carried out in a temperature-controlled room (20°C).

Testing chamber and clay bed preparation

The anchor tests were carried out in a chamber which had internal dimensions of 1.0m by
0.3m by 0.75m (Figure 4). The front and back of the chamber were made of clear acrylic which
allowed the visualization of the anchor performance during installation. Drainage provisions
were made on the base of the chamber to allow for any excess pore water pressure to
dissipate. In addition, to enhance the strength of the clay slurry, a vacuum pressure of 30kPa
was applied on this drainage line (drained water was collected via a chamber) on an
understanding that the effective stress at the base could be increased by the same amount
(Nanda et al. 2017). Added facilities also included: (a) the bottom of the chamber was also
lined with a filtration sheet to ensure the suction did not extract any laponite particles from the
slurry during consolidation. (b) the top of the slurry was also lined with a filter sheet and a
surcharge of 3kPa was also applied on the surface. During consolidation, a nominal head of

water was maintained above the test-bed to avoid drying of the slurry. Due to time constraints
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of the project, the slurry was left to consolidate for three months. After consolidation, the

surcharge was removed from the surface of the test-bed.

Testing arrangement and instrumentation

A diagram of the equipment used for bi-wing anchor drop and dragging is shown in Figure 4.
A 2m long drop guide (a box section with a slot on one side) was used to ensure the anchor
would maintain a vertical orientation while falling and impact at a precise location on the
testbed. This guide can be clamped to the container at various locations to enable multiple
drops to be carried out. The bi-wing anchor was held in place using a pin which was manually

removed at the start of each test.

A geared, 15V DC motor attached on the other side of the test-bed was used to apply pull-out
force on mooring line. This mooring line was passed through a pulley (located at the bottom
of the frame) and connected to the shank of the bi-wing anchor. This arrangement can be
moved along the length of the box so that the bi-wing anchor can be pulled-out vertically after
dragging. The miniature In-line load cell (Applied Measurement, UK: Accuracy 0.1N, full
capacity 250N) was located at an appropriate position to measure the pull-out force required

during the entire process.

Two cameras were used to record the bi-wing anchor-fall. A high-speed camera was used to
record the bi-wing anchor drop and initial penetration into the sample at 500fps (frame per
sec). A second camera (less fps) was used to record the drag and pull-out stages of the bi-
wing anchor, which was kept at the same position throughout testing to minimise any changes
in the view of the bi-wing anchor in multiple tests. The transparent front and back faces of the
testing chamber enabled the use of backlighting to improve the clarity of the images taken
during the test. The front face of the container was annotated with markers at centres of
200mm which were used to carry out image correction. This helped to account for any
distortion due to the camera lens characteristics. The images captured during the anchor

installation were digitized in AutoCAD using a suitable scale factor, defined as the ratio of the
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distance between markers in the image to their actual physical separation. Key tracking points
on the anchor included the shackle point, the outer tips of the fluke, and the junction between
the shank and fluke. Through this digitization process, the coordinates of each tracking point
were extracted for subsequent analysis. The digitization achieved an accuracy of 1.2 mm. The
depth of the anchor below the mudline (z, or z) was measured between the soil surface and
the point of connection between the shank and fluke. A T-bar was used to determine the
strength profile. This T-bar was manufactured for the purpose of this research using the
techniques reported by Nanda et al. (2017). This T-bar was driven into the soil-bed using a

motor with a rack and pinion setup.

Test procedure

Cameras were located in place and focused on the vertical centreline of the test-bed. The
cameras were then set on “recording”, and the anchor was dropped by removing the pin from
the guide. The anchor fluke and the shank would be closed during the free-fall penetration as
shown in Figures 2, 1a, and 4. After completion of the initial penetration, the high-speed
camera was removed and the mooring line was wrapped through the pulley and connected to
the load cell. The process of keying and dragging the anchor was then initiated by using the
motor to pull the mooring line at a rate of 3mm/s. As load was applied to the mooring line, the
fluke and shank opened as shown in Figures 2, 1b and 4. This allowed the anchor to embed
further into the clay bed and rotate towards a horizontal orientation (Figure 4), which required
about 750 mm of horizontal travel. The anchor dragging process was continuing until it began
moving vertically upward direction. Upon completion of the drag, the motor frame was
relocated so that the anchor could be pulled vertically at a rate of 3 mm/s. Upon the completion
of the tests, two T-bar tests were carried out in undisturbed areas of the soil-bed to obtain a

strength profile.

The drop and drag phases of this process can be watched in the video link: bit.ly/3Z7CwoOl
The recorded videos were split into individual images and image tracking was used to track

the movement of the front and rear ends of the anchor and the tip of the anchor's shank during
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dragging. The positions of these three points were then plotted as cartesian coordinates and
used to determine the orientation of the anchor's fluke and shank for comparison with the

analytical model.

EXPERIMENTAL OBSERVATIONS

Shear strength profile

Figure 5 shows the undrained shear strength profile of the test-bed measured using the T-Bar.
A value of T-bar factor of 12 was used to determine the undrained shear strength c, (Low et
al. 2010; Nanda et al. 2017). The rate of penetration of the T-bar was 3 mm/sec, which results
in undrained penetration (Lunne et al. 2011; Nanda et al. 2017 ). It is clear that the strength
profile is not uniform as one would expect in a normally consolidated clay bed. The increased
strength at the top and bottom of the test-bed is attributed to the surcharge and negative pore
water pressure applied during the formation. It appears that the clay is not fully consolidated.
The approximate time required for 90% consolidation (for the size of the test-bed) was
calculated to be about 1 year assuming the coefficient of consolidation of laponite as
approximately 0.017m?/year (Wallace and Rutherford 2015). Nevertheless, the observed
strength profile was modelled using a series of sub-sections as shown in Figure 5 and they

were incorporated in the analysis.

Installation

Two tests were carried out: Test 1 (1m fall) and Test 2 (2m fall). Figures 6(a), 6(b) and 6(c)
show the position of the bi-wing anchor at different stages during the installation. The impact
velocities of the anchor on the test-bed in Test 1 and Test 2 were 3.6 m/sec and 5.4 m/sec
respectively (based on the digital data). Figure 6(a) shows the anchor position after completion
of the drop installation. This resulted in vertical embedment ratio (depth of penetration/length
of anchor) was 0.7 for test 1 and that for test 2 was 2.4. Figure 6(b) shows the position of the

anchor after the keying process, during which it shifted in both horizontal and vertical (upward)
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directions. In this process, the normalised horizontal displacement (f—f) recorded for Test-1

and Test-2 was 0.36 and 0.4, respectively. Similarly, the vertical upward movement (L> was

Ly
0.15 for Test-1 and 0.3 for Test-2. Figure 6(c) presents the final position of the anchor after
the completion of anchor dragging process. The resulting embedment ratios for Test-1 and

Test-2 were 2.7 and 3.7, respectively.

The embedment depth of an anchor is influenced by the impact energy at the seabed
(O’Loughlin et al. 2013; Tong et al. 2020). A higher impact energy generally leads to deeper
anchor penetration. This impact energy can be increased by raising the anchor’s velocity,
mass, or both. In the case of hybrid anchors or DIPAs, greater impact energy can be readily
achieved by enhancing the impact weight through the use of a retrievable booster (Tong et al.

2020; Liu et al. 2021).

A typical torpedo anchor penetration is two to three times the anchor length and reached the
seabed at a velocity of 25 to 35 m/s (Randolph and Gourvenec 2011). According to the scaling
law provided in Appendix-1, the impact velocity of the prototype in Test-2 is 35 m/s.
Comparatively, the proposed anchor achieves a greater final penetration ratio than a torpedo
anchor. Unlike torpedo anchors, where pull-out resistance is mainly derived from skin friction,

the proposed anchor primarily relies on bearing resistance to generate pull-out resistance.

Loading

In the analysis, the horizontal and vertical displacements and the rotation of the anchor were
normalised by the fluke length L; (Figures 7(a) and 7 (b)). After completion of the dynamic
installation (drop installation) of the anchor, the anchor flukes were orientated at angles of 84
and 85 degrees to the horizontal for Tests 1 and 2 respectively. It is assumed that rotation of
the anchor during dynamic installation is due to the asymmetric shape of the anchor caused

by the fluke/shank coupling mechanism as shown in Figures 2 to 4. The greater embedment
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depth achieved by the anchor in Test 2 allowed the anchor to rotate a greater amount than in
Test 1. During keying of the anchor, the fluke rotated angles of 32 and 45 degrees for Tests 1
and 2 respectively. This difference is due to the greater installation depth of the anchor in Test
2 and the fluke/shank coupling mechanism. The mechanism opened when the resultant forces
from the mooring line at the shackle caused it to slide to an open position. Upon completion
of the keying stage, the anchor fluke was orientated at angles of 52 and 40 degrees to the
horizontal for Tests 1 and 2 respectively. The fluke/shank coupling mechanism also opened
at this stage and some amount of horizontal (Li =0.36 to 0.4) and vertical displacement

f

(Lx—f =0.15 to 0.3) could have occurred in both tests. The point at which keying was completed

is indicated on Figures 6(b) and 7a. It was determined that keying of the anchor was completed
when the angle between the fluke and shank had reached a value of 60 degrees. In the
conventional DEA, the angle between the fluke and shank in soft clay is in the order of 50
degrees (Aubeny et al. 2018). After the fluke and shank had opened, the anchor began to

drag into the test-bed.

Figure 7(a) shows the trajectory of the anchor during drag installation for both tests, where
Figure 7(b) shows the trajectory of the anchor with the orientation and position of the anchor
fluke overlaid on the graph. By the completion of drag installation during Test 1, the anchor
had reached an embedment ratio of 2.7 with the fluke at an orientation of 9 degrees to the
horizontal. For Test 2, the anchor reached an embedment ratio of 3.7 (Figure 7) and an
orientation of 5 degrees to the horizontal plane. In a full-scale model, the projected embedment

in Test 1 and Test 2 can be as high as 7.9m and 10.9m respectively based on 42: 1 scale.

Figure 8 shows the normalised anchor holding capacity (Py) or pullout resistance measured
during keying and drag embedment of the anchor plotted against the normalised horizontal
displacement of the anchor. The anchor force (holding capacity) was normalised by the fluke
area and the shear strength of the soil-bed at the centre of the anchor (point ‘O’ in Figure 9,

more details on this figure below). The point at which the coupling opens is apparent by the
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sudden drop in holding capacity as indicated for both tests. The normalised holding capacities
during keying are lower than expected. This was due to the low shear strength of the sample
and variation in strength along the depth of the test-bed. During further dragging, holding

capacities increased as the anchor rotated towards the horizontal.
Mathematical Modelling

In the following section, an analytical model for the drag trajectory is presented. The model
makes use of observations from the tests carried out as well as limit equilibrium and plasticity
models. The load and moment acting on an anchor during the process of drag installation are
shown in Figure 9(b). The chain experiences tensions of T,at the shackle point and T, at the
seabed. These tension forces subtend angles of 6, and 6, at the shackle and seabed
respectively. The values T, and 6; are one of the main parameters which control the
embedment behaviour of an anchor. Since both T, and 6; are directly measured from
experiment, the interrelationship between T,, T, and 8, will be evaluated and various input
parameters which are influencing the chain anchor system shall be recalibrated for bi-wing
drag anchor. Anchor dragging kinematics has been previously predicted using interaction
models (O’Neill et.al. 2003; Elkhatib and Randolph 2005; Aubeny and Chi 2014). The drag
anchor kinematics depends on the change in 8 and 6, and both these angles have been
measured in this investigation. To predict the kinematics of the bi-wing drag anchor, a modified
interaction model is required as it follows two-stage embedment and consists of split fluke
configuration. The mathematical modelling may be used to predict the anchor embedment

during anchor dragging (Stage-3, Figure 2).

During the initial drop penetration (Stage-1) of the anchor into the soil, the fluke and shank
were secured in one plane by a coupling mechanism. After the completion of the drop
penetration, the anchor was orientated at an angle to the horizontal, 6,, (shown in Figure 9a),
of between 81° and 85°. Upon application of a load to the mooring line, keying of the anchor

initiated in which the anchor went through a small amount of displacement and a large rotation



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

14

in the plane of the fluke. The proposed anchor consists of two flukes. For sake of simplicity an
equivalent fluke was considered in the analysis. The area of equivalent fluke is equal to the
total area of both the flukes and length is fluke is equal to Lr (Figure 9a). The effect of shank

resistance to anchor penetration not included in anchor trajectory prediction.
Anchor capacity

Chain-anchor system: Using limit equilibrium models, Neubecker and Randolph (1995)
proposed the following relationship which determined the tension force applied by the chain

at the shackle point relative to the tension applied at the seabed surface:

T, = ToeHOr=0o) (1)
where,

T, = tension in the chain at shackle point

T, = tension in the chain at soil surface

6+ = the angle subtended by the chain to horizontal at shackle point

0, = angle subtended by the chain to horizontal at soil surface

u = frictional coefficient

The frictional coefficient, u is the ratio between the shear stress (z) and normal stress (Q)
stress acting along the chain element. Using the parameter “effective chain width” Degenkamp
and Dutta (1989) proposed values for the shear stress (f) and normal stress (Q). Using these

parameters, the expression for u becomes:

_ T _ Esbacy,
=37 EypNec, (2)

where,

E; = effective chain width in sliding factor
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E, = effective chain width in bearing factor
b = chain diameter
a = adhesion factor
¢, = undrained shear strength
N.= bearing capacity factor

In soft clay, skin friction is approximately equal to ¢, (Neubecker and Randolph 1995).
Therefore, the value of @ may be considered as one (i.e., 1.0 in soft clays). Using these

values, Eq.(2) can be simplified to obtain Eq.(3).
=i (3)
z
Ne =5.14(1+0.2 13»7) (4)

The bearing capacity factor, N. can be obtained by using Skempton’s equation (Skempton,
1951). Eq.(4) represents the bearing capacity factor for the chain where the depth below the
mudline is represented by z. The minimum and maximum values of N, vary between 5.14 at
the mudline and 7.6 at a depth of z = 6b or 2.4 times the effective width in bearing (Degenkanp
and Dutta, 1989). Using these values, the coefficient of friction described in Eq. (3) will be
likely to vary in a range of 0.6 to 0.4. Assuming the tension force applied at the mudline was

horizontal (6,= 0) during dragging, Eq. (1) becomes:

To

Ta = e—[,l.eT (5)

Neubecker and Randolph (1995) proposed the relationship between the tension at the shackle
point, the angle at the shackle and average-bearing resistance from the seabed to anchor

location shown in Eq. (6).

T,-L=2Q (6)
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where Q is the average bearing resistance and z, is the depth between the soil surface and
the shank- fluke connection point. By replacing the value of Q in Eq. (6) with the parameters

from Eq. (2),
92
To 2 = zEybN(cuo + K7/,) (7)

By substituting Eq. (5) into Eq. (7) and after simplification,

op = L) @

G* = % (8.a)
¢ = ’zuiz (8.b)
Ty = o (8.0)
S (8.d)

where,

b,= Width of chain at the mudline

N.= Bearing capacity factor

k= Gradient of the undrained shear strength as the depth from the soil surface increases

z,= Depth of anchor at the beginning of anchor dragging which is measured between the soil

surface and the point of connection between the shank and fluke

cyo= Undrained shear strength of soil at the depth z,

G*, ¢, Ty, and z* = Dimesiionless parameters
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Eq. (8) shows that 6; depends on the shear strength of soil, effective chain width, tension in
the chain and the bearing capacity factor. Using Eq.(8), 6; can be predicted during anchor
dragging as the parameters for shear strength and k can be pre-determined before anchor
dragging and the value of T, can be measured during the dragging of the anchor. As shown
in Figure 5, the variation of shear strength along the depth of the sample was nonlinear in the
tests used for this analysis. In order to address this variation of the shear strength, the profile
was divided into small sections with each section having a constant k value. Thereafter the

equivalent k., value was determined as defined in Eq.(9).

Keqg = Ky (j—;) +k, (j—z) + ks C—Z) + o 9)

where z;, z,, z5 .... are the thicknesses of each section. The addition of these values will give
the total depth of anchor from the seabed. By substituting Eq.(9) into Eq.(8)

ZG*(1+C’*4/2)Z*

2 _
or = Ty eHfT

(10)

k
C;i — eqZo (103)
Cuo

By using Eq. (7), the expression for 6, can be rewritten using G* and c;, from Eq.(8.a) and Eq.

(8.b).
0 = ’M (11)
T
R
T = e (11.a)

Eq 11 can be used to determine 6 if the tension in the anchor line is known. Figure 10 shows
the comparison between the measured and predicted values of 6, for Tests 1 and 2. A
noticeable difference in the observed and predicted values can be seen for both the tests. For
the analysis, the values of E; and E;,, were taken as 8 and 2.5 respectively as recommended

by Degenkamp and Dutta (1989). The error in the predictions may be due to the use of an
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inappropriate value of average bearing capacity (Q). Due to the novel anchor shape and
installation method used in this research, the parameters influence the Q may need to be

recalibrated using the observation from the model testing.

Degenkamp and Dutta (1989) carried out experimental work using samples with shear

strengths of 4.2 kPa. They found that E; increases with increasing embedded chain length
and the values of E, varied in the range of 5.5 to 12. For a given value of E}, a reverse analysis
was carried out by changing the value of N, until the difference between the observed and
predicted value of 6; was less than 0.001. The ratio between E, and E, was maintained
constant at 3.2 as the average values of E, and E, being 8 and 2.5 respectively. The value
of E;,, was used in above analysis is in the range of 0.5 to 2.5. The above analysis suggested
that the N, value depends up on the orientation of mooring line, depth and E, . Figure 11(a)
presents value of N, at various values of 8 and E,. The N, increases with the increased in
depth of embedment, 6, and E;, . Degenkamp and Dutta (1989) suggested E}, increases with
an increase in the embedded, however Ej, value close to one would be a better approximation

while mooring line is a wire. Based on the above observation a revised expression for average

bearing resistance has been proposed in Eq.(12).

Q = EybNe Difi(cuo + 7/, (12)

Di=[1+4 (biEb)] (12a)
-2 (2
Ny = N1 D (12c)

where D; and B; consider the average effect of depth and inclination of mooring line on bearing
resistance respectively. The 6; is the average inclination or bending of mooring line. The value

of N;; is 5.1. The value of B; observed from back calculation is 0.65. The value of A is 0.1
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when the first stage of anchor penetration is less than 1.5 times the fluke length (Ls) and 0.05
for rest of the cases. Figure. 11(b) shows the comparison between observed and predicted N,

value using Eq. 12c.

A reasonable prediction of 8; can be made by replacing Eq.(12 c) with N, in Eq.(2) and at
value of E,, =1. The dotted line in Figure 10 represents the prediction of 6, using Eq.11 and

Eq.12.
Mechanics of the fluke

The forces and resulting moment acting on the anchor fluke during dragging are shown in
Figure 9(b). The length of entire fluke is Ly and its centroid is located at a distance Lg. from
the rear of the anchor. The angle of the fluke relative to the horizontal plane is labelled as 6,,.

During installation, the fluke experiences normal and tangential forces distributed across its
surface. In order to simplify the analysis, the distributed loads were converted to equivalent
point loads. The forces F,, and F, are the equivalent normal and tangential loads acting on the
fluke respectively. Using force equilibrium, the normal and tangential loads acting on the fluke

as a result of the load from the mooring line can be defined in terms of T, , 6; and 6, as

shown in Eq.(13) and Eq.(14).
F, = T, sin(6r + 6,) (13)
Fo=T, cos(@T + Hp) (14)

Using the relationship between T, and 6, derived in Eq.(8), F, and F; can be determined using
equations (13) and (14) once the value of 8, is known. The moment acting at the centroid of

the fluke can be derived in term of T, , 6 and 6, as
M= Ta{sin(GT + Hp)[LS cosOs — L + Lﬂ] — cos(@T + Hp) [Lssin 95]} (15)

where
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L = length of the shank

L. = distance between the fluke centroid and the rear edge of the fluke (Figure 9a)

Ly, = length of second half of fluke (Figure 9a)

8, = angle of the fluke relative to the horizontal plane

6 = angle between the shank and fluke

In Equations (13) to (15) the effect of the shank resistance was not included. Many studies
assume that the fluke governs the anchor kinematics because it produces a large proportion

of the capacity and for this reason leave it out of their analysis.
ANCHOR DRAGGING KINEMATICS
Yield function for fluke

The loads and moment applied to the anchor continually change during the drag installation
of an anchor. An interaction model can be used to express the interaction between the loads
and moment as shown in Eq. (16). This model was originally developed by Murff (1994) for
shallow foundations. This approach has been successfully applied to plate anchor dragging
problems in multiple studies such as O’Neill et.al. (2003); Elkhatib and Randolph (2005);

Aubeny and Chi (2014).

ol

o \? M \™ FO\TP
(zsn(max)) + [(Mmax) +(pt(max))] =1 (16)

The proposed drop drag anchor consist of split fluke therefore the Eq. (16) needs further
modification. Eq. (16) has been modified and expressed as a yield function f for anchor

movement as shown in Eq. (17).

1
— Fn 1 M \™ Fy an _
f o <Fn(max)) T [(Mmax) + (Ft(max)) ] —1=0 (17)
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In these equations m,r, q and p are interaction coefficients. Fy,;nax), Fr(max) @nd My,qy are the
failure values for pure normal, tangential (or shear) and moment loading respectively. The a;
and a, are the new parameter named as modification factor which capture the effect of split
fluke. These coefficients are unique values for a particular anchor type. Usually, interaction
coefficients are determined by applying the technique of least square fitting to Eq. (17) with
the results of finite element analysis. However, in the current study, 6 and 6, could be
observed from the experiment. This allowed the experimental results to be used for the least
square fit with Eq.(17). The failure loads and moment can be determined by using suitable

bearing capacity factors as described in Equations (18) to (20).

Fn(max) = Nn(max)CuAf (18)
Fetmax) = Negmax)Culs (19)
Minax = Nmmax)CulsLys (20)

Af, Npmax) Negmax) @nd Npmax) are the fluke area, bearing factors for pure normal load,

tangential load and moment.
Anchor displacement

The displacement behaviour of the anchor was analysed by considering the displacement of
the anchor across incremental distances from point A to point B as shown in Figure 12. It was
assumed that only plastic displacement occurred in the system. Due to the anchor dragging,
anchor moved a small distance, AS between points A and B, and the corresponding horizontal

and vertical distances are AX and AY respectively. The angles 6, and 6, were designated as
6, and 6, at point A and 61, and 6,, at point B. By applying the associated flow rule to

Eq.(17), the fluke displacement and rotation can be expressed as:

— 9
Sh=1A5 (21)
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_,9f
sv = Ask (22)
a
Lr6B = ATI{;) (23)

where A is the dimensionless flow parameter, 6h represents a small displacement parallel to
the fluke and v is the displacement normal to éh. In Figure 12, the displacements §v and §h
are represented by AC and BC respectively. The values év and 6h can be presented in terms

of the angle i as shown in Eq.(24).
Y =tan" (57) (24)

The % can be obtained from equations (21) and (22):

év qapa, F max \ (Fn/Fnmax)®™?
Sh ) ( ) (25)

= 1 -
51 (Ft/Ft max)™™1

el ezl
2 \Mmax Ft max

Similarly, the ratio between the rotational and tangential movement can be derived from Eq.

(21) and Eq. (23):

SBLy — m(Mmax

Sh T( Fyt )r‘
Ft max

() (26)

Eq. (24) and Eq. (26) are used to predict the theoretical trajectory of anchor embedment. By
combining these two equations with Eq.(11), the change in the value of 6; and 6, during
anchor dragging can be obtained. Inclusion of three unknowns in Eq. (25) and Eq. (26), a

numerical solution needs to be employed for prediction of the anchor trajectory.
Anchor trajectory prediction method

The previous sections outlined the development of mathematical relationships for the various
aspects of anchor dragging. The following sections outline how these relationships were used

to predict the anchor trajectory during dragging. In this study, the predicted trajectory of the



533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

23

anchor indicated the location of the fluke-shank connection point changing during installation.

The computation of anchor trajectory was carried out by small increment in T, and 6;, and

calculating the corresponding 6,,. The anchor parameters such as A6,,, A6 and 5h were then

determined for each anchor advancement and this process was continued until 6,, was close

to horizontal.

Suggested procedure for prediction of anchor drag embedment behaviour

1.

All parameters of the anchor and chain after completion of stage 2 should be known.
These parameters include tension in the chain at seabed (T;), angle at the shackle
point (67), angle of the fluke relative to the horizontal (6,) and depth of anchor
embedment (z,) after stage 2. Also determine the Fy,(max), Fr(max) @nd My -
Increase a small amount in T, and 6. Determine the T, using Eq (7). The 6, shall be
determined from solving the Eq (17).

Determine 6, using Eq. (11) where T, is equal to that obtained from step 2.
Compare the 0, obtained from step 2 and step 3. If the difference is significant then
repeat step 2 with a new values of T, and 6.

If the 6, obtained from step 2 and step 3 are in good agreement, determine the value
év, 8h, 64, P and AS using Equations (24) to (26).

The anchor trajectory (Ax and Ay) is then calculated using equations (27) and (28)

below.
Ax = AS cos(6p; — P) (27)
Ay = AS sin(0p; — ) (28)

Repeat steps 2 to 5 for another small increase in T, and 6, from its just previous value
and this process will be continue up to a point where the value of 6, approaches zero
meaning the anchor has reached a horizontal orientation and will not embed any

further.
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Analytical results and discussion

Input parameters

From the analysis presented in the previous sections, the following input parameters are

required for the prediction of the dragging behaviour of an Bi-wing anchor:

a) Maximum bearing capacity factors of fluke in pure loading (N, max)s Ne(max) & Nm(max))
b) Interaction coefficients m,r,p and q

c) Anchor dimensions and initial orientation

d) Mooring line parameters, b and Ej,

e) Shear strength profile of the soil bed

f) The a; and a, are the modification factor due to the split fluke

Maximum bearing capacity factor of fluke (Ny(max), Ne(max) & Nm(max))

In this study, the values of Nynax), Nigmax) & Nmmax) were taken as 10, 3.8 and 1.5
respectively. Aubeny and Chi (2014) summarised the bearing capacity factors used for various
anchor types. The range of values for Ny imax), Ne(max) & Nmmax) Were 11.78 to 12, 1.8 to 4.39

and 1.49 to 1.65 respectively.
Interaction coefficients (m,r,p, q) and Parameter a, , a,

The use of a transparent soil bed allowed the interaction coefficients to be determined by
applying a least square fit to the observations made during testing. It was observed that the
interaction factors are also deepened on the depth of anchor penetration after completion of
stage 2 or keying. The values m,r,p and q were determined as 0.8, 1.7, 8.5 and 2.5 for test 1
as well as test 2. Aubeny and Chi (2014) reported values of m,r,p and g which ranged from
1.26102.58, 3.72104.19, 1.09 to 1.57 and 1.74 to 4.43 respectively. The interaction coefficient

observed in this study could be attributed to the shape of the anchor being examined and the
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interaction between the two anchor flukes. The modification factors «a; and a, due to the split

fluke may be considered as 1.3 and 1.1 respectively.

Anchor dimensions and initial orientation

The anchor dimensions and initial orientation are summarised in Table 1. The initial orientation
of the anchor would need to be predicted by analysing the keying process of the anchor.
Various models exist which analyse the keying behaviour of anchors such as Yang et al.
(2012). As this study focused on analysing the drag behaviour of the anchor, the initial
orientation observed during testing was used in the analysis. The initial orientation was taken
from the point at which the keying process had stopped and continued loading of the mooring

line caused the anchor to move parallel to the fluke.

Mooring line parameters, Ni, 6;, b and E,,

The diameter of the mooring line used in testing was 3mm. The N value can be determined
from Eq. 12 (c). 6; is the 6 of the previous step. The ratio between E;/E;, remained constant

at a value of 3.2. The value of E, may consider one for cable-type mooring lines.

Shear strength of soil strata

The shear strength profile of the soil used in testing is shown in Figure 4. By using equations

(9) and (10), the varying shear strength profile was considered in the analysis.

The model parameter values presented in this section are based on a limited number of

experiments and may vary with changes in soil type or other geotechnical conditions.

Validation

Using the mathematical model detailed above, the drag embedment behaviour of the anchor

observed during Test 1 and test 2 were compared with the predicted behaviour. A comparison
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of the observed and predicted drag trajectory is shown in Figure 13. As previously stated, the
plotted point correlates to the position of the connection between the fluke and shank and all
displacements were normalised by the fluke length. The predicted trajectory of the anchor
shows good agreement with the observed behaviour. By the end of the dragging process, the

deviation in results for the vertical embedment depth was below 5%.

A likely reason for this error could be the angle of the mooring line at the sample surface. As
the anchor gets closer to the pulley, the angle of the mooring line at the surface is no longer
zero and this results in a greater component of vertical load being applied to the anchor than
expected in the analysis. This would explain why the anchor deviated from the predicted
behaviour. Similar behaviour was observed in the centrifuge modelling carried out by Elkhatib
et al. (2002). A similar deviation from the trajectory predicted by the model presented by
Neubecker and Randolph (1996a) and Neubecker and Randolph (1996¢) was observed in

their work.

The theoretical prediction suggests that vertical embedment of the anchor would only stop
after 6, reaches zero. However the vertical embedment of the anchor during testing stopped
when 8, was in the range of 10° to 5°. This suggests the increased vertical load applied to

the anchor due to the location of the pulley caused the anchor to stop embedding.

Figure 14 shows the observed and predicted values of T, plotted against the normalised
vertical embedment depth of the anchor for test-1 and test-2. These graphs show predicted
values of T, closely follow the values observed throughout the dragging process. Figures 13,
and 14 show that the proposed mathematical model provides a reasonably good prediction
for the anchor trajectory and the T, of the mooring line of anchor. To predict anchor trajectory
(stage-3) readers need ¢, profile and orientation of anchor just before dragging. Further testing
would be required in order to prove if the error in prediction of the vertical embedment depth

is as a result of the limitations of the testing arrangement.
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CONCLUSIONS

Modelling of the installation procedure for the ‘Bi-wing Anchor’ concept was successfully
carried out in a transparent clay surrogate. The use of a transparent clay bed enabled direct
observation of the anchor and mooring line during testing. The use of a transparent material
simplified the analysis of the anchor’s behaviour. The Bi-wing Anchor can penetrate more than
3.5 times the fluke length. The initial free fall embedment of the anchor helps anchor to

penetrate deeper during the dragging process.

The analytical model showed good agreement with the observed drag behavior of the anchor
at different free fall embedment ratios. Compared to the commonly used drag anchor, the Bi-
wing anchor provides greater reliability in anchor penetration during anchor dragging attributed
to its initial free fall embedment. The performance of the Bi-wing Anchor is encouraging, but
more study is required to fully understand the anchor rotation, split fluke behavior, and model

input parameters.
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Appendix-1

The applicability of 1-g model test results depends on the scaling relationship adopted during
the test. The initial stress levels in the field should be correlated to those of the 1-g model test
through a scaling relationship. This investigation employed laponite as the foundation material,

which is not soil. Thus, to apply the scaling rule, the laponite should first be converted to an
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equivalent soil, and thereafter, the geometric scale ratio (n) and stress scale ratio (N) shall be
determined. For scaling relationships, the approach suggested in Altaee and Fellenius (1994)
has been implemented to derive the scale ratios. It was considered that the initial state of 1-g
model soil and prototype soil should be on the same line in e-In(p’) space and parallel to the
normal compression line (NCL). Usually, in normally consolidated clay, the NCL is parallel to
the critical state line (CSL). Thus, the slope of the line representing the initial state of the model
and prototype is equal to that of the CSL. Furthermore, the test condition is undrained and the
scale ratios are interrelated. The void ratio relationship between the model and prototype can

be expressed as

em = e, + A In(N) (A-1)
en= void ratio of 1-g model soil

ep= void ratio of full scale soil

A.= slope of critical state line (CSL)

N = Stress ratio = (Z—’,’l) o= effective stress model, g,= effective stress prototype
14

The ratio between the density of model soil and prototype soil can be expressed as

!
Ym _ ﬂ _1+ep 1+ep

Yp n T 1ten, 1+ep+AcIn(N)

(A-2)
n = geometric scale ratio= LL—’” L,,= linear dimension model, L,,= linear dimension prototype
p

¥m= density of model soil
¥p»= density of prototype soil

Almikati et al. (2023) observed that laponite is a highly compressible material, and the closest
equivalent soil would be a very soft soil with a high percentage of Montmorillonite clay mineral

(Bentonite). The properties of equivalent soil (model soil) were derived from the work of
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Chenari et al. (2018), where the soil content 44% of Bentonite. The void ratio, density,
compression index, ¢, and A, of equivalent model soil is 3.5, 11kN/m?3, 0.67, 2 kPa and 0.26
respectively. Using Eq. A-1 and Eq. A-2, the geometric scale ratio (n) and stress ratio (N) are
calculated as 42:1 and 35:1 respectively. The prototype fluke length, maximum width, and
total depth of embedment are 2.94m, 2.52m, and 10.88m respectively. Some of the scaling

relations are given below

Table A-1. Scaling relationships

Properties Model Full scale prototype
Linear dimension n 1
Area n? 1
Volume n’ 1
Impact Velocity Jn 1
Stress N 1
Force Nn? 1
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692 Notation

693 M: Moment
694 N : Stress ratio

695 Q@ : Normal stress or Bearing resistance
696 b : Chain diameter

697  f:Yield function

698  k: Gradient of the undrained shear strength as the depth from the soil surface increases

699 n : Geometric scale ratio

700 m,r,qandp : Interaction coefficients

701 z: Vertical depth below mudline

702 Af: Fluke area

703  Py: Normalised anchor holding capacity
704  by: Width of chain at the mudline

705 ¢, : Undrained shear strength
706  c,: Undrained shear strength of soil at the depth z,

707  D;: Depth effect of mooring line
708  E, : Effective chain width in sliding factor

709 E, : Effective chain width in bearing factor

710  F, : Normal loads acting on the fluke

711 F,: Tangential loads acting on the fluke

712 Fyimax): Failure values for pure normal Loading

713 Fymax): Failure values for pure tangential (or shear) lading

714 e,,= void ratio of 1-g model soil

715 e,= void ratio of full scale soil

716 k.4 : Equivalent gradient of undrained shear strength
717 L,= linear dimension model,

718 L,= linear dimension prototype

719  Lg: length of the shank

720 Ly Distance between the fluke centroid and the rear edge of the fluke (Figure 9a)
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Ly, - Length of second half of fluke (Figure 9a)

Ly : Fluke length
M., - Failure values for pure moment loading

N.: Bearing capacity factor

N¢, : Is a nondimensional constat equal to 5.1

Ny (max): Bearing factors for pure normal load

Nimax) : Bearing factors for pure tangential load
Nimax): Bearing factors for pure moment load

T, : Tension in the chain at shackle point

T, : Tension in the chain at soil surface

z,: Depth of anchor at the beginning of anchor dragging

6h : Small displacement parallel to the fluke
6v : Small displacement normal to h
AS: Distance between two successive anchor movement

G*, c;, Ty, T*and z* : Dimesiionless parameters
a : Adhesion factor

a, and a, : Modification factor
B; : Effect of depth and inclination of mooring line

¥m= Density of model soil

¥»= Density of prototype soil

0; : Average inclination or bending of mooring line

6+ : The angle subtended by the chain to horizontal at shackle point
0, : Angle subtended by the chain to horizontal at soil surface

» - Angle of the fluke relative to the horizontal plane

6 : Angle between the shank and fluke

u : Frictional coefficient

A : Dimensionless flow parameter

A.= slope of critical state line (CSL)

o,,= effective stress model
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a,= effective stress prototype

7 : Shear stress
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Figure Captions

Figure 1: (a) Drop/drag anchor model with fluke and shank closed and (b) with fluke and shank

open.

Figure 2: The installation procedure for the bi-wing anchor with separate stages highlighted.

Stage 1-drop, stage 2-keying and stage 3-drag embedment.
Figure 3: Bi-wing anchor.
Figure 4; Diagram of testing arrangement.

Figure 5: Sample shear strength profile with gradients used for sample profile in numerical

analysis marked as K.

Figure 6: Drop/drag anchor at different stages during test: (a) immediately after dropping, (b)

fluke and shank opened after keying and (c) anchor after completion of dragging (test 2.)

Figure 7: (a) Anchor drag profiles during Tests 1 and 2. (b) change in orientation of fluke with

the dragging.

Figure 8: Mooring line load during anchor drag and keying. Normalised load plotted against

and horizontal displacement of anchor.

Figure 9: (a) Geometry components of anchor (b) Load and moment acting on an anchor

during the drag installation.

Figure 10: Comparison between the measured and predicted values of 6; during drag

embedment for tests 1 and 2.

Figure 11: (a). Values of N, at different values of E, and 6r. (b). A comparison between

observed and predicted N value.

Figure 12: Parameters used for analysis of incremental anchor displacement between two

points.
Figure 13: Observed and predicted trajectory of anchor.

Figure 14: Observed and predicted T, against the normalised vertical embedment.
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