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Experimental study of embedding motion and holding power
of drag embedment type anchor on hard and soft seafloor

Hyun-Kyoung Shin', Byoung-Cheon Seo' and Jea-Hoon Lee'

!School of Naval Architecture and Ocean Engineering, University of Ulsan, Korea

ABSTRACT: As larger ships and floating offshore structures are, and rougher the marine environment becomes nowadays, a
drag embedment type anchor of more stable performance and higher holding power is requested. This paper describes an
experimental study of the drag embedding motion and the resultant holding force of three types of drag embedment type anchor
model (HALL, AC-14, SEC POOL-N, scale 1/10).

KEY WORDS: Drag embedment type anchor (DEA); Embedding motion; Holding power; Embedment depth; Fluke; Failure
wedge; Soil heave.

INTRODUCTION

The basic understanding of the embedding motion and
the holding power of drag embedment type anchors (DEA) is
necessary to the development of DEA of more stable
performance and higher holding power, although the
selection of anchoring system depends mostly on the
traditional intuitive way of using “Equipment No.” table and | \
most recent studies focus only on deep water mooring of
floating offshore structures.

This paper describes an experimental study of the
embedding motion and the resultant holding force of three
types of DEA model. Their relations are analyzed with
respect to the anchor geometry and the soil characteristics.

© |
| &
i =
™ l y /@;ﬂ
/ \B‘ / | ey
(h Yag4
N 1[ ) N5 .
‘\ \\\\ \ / /{/’ / \\\//N //
\ / A
\ \\\ //4/// / Yo
\ < S
> \‘\y\, ‘ ,«/(/ Ve Y
( i i //

; : ; \ ,F:: I i /
Fig. 1 HALL type (KS, 2006). - W 7 /

Corresponding author: Hyun-Kyoung Shin
e-mail: hkshin@ulsan.ac.kr Fig. 3 SEC POOL-N type (H.H.P.) (House, 2002).




194

DRAG EMBEDMENT TYPE ANCHOR

DEA, which is one of effective and widely applied
anchors for ships and floating offshore structures including
wind turbines, accomplishes the required holding force by its
embedding motion, when dragged horizontally.

Three types of DEA (HALL, AC-14, SEC POOL-N,
scale 1/10) shown in Figs. 1~3 are generally applied to
floating offshore structures and commercial vessels
nowadays on both hard and soft seafloor.

DRAG EMBEDMENT TEST
DEA model

Eight sets of DEA model are shown in Fig. 4 and Tables 1~2.

Fig. 4 Anchor geometry and effective area (Lee et al., 2011).

Table 1 Anchor geometry.

TYPE W (kgf) Wa (kgf) | Ls (mm) | Lf(mm)
6000 7.36 293 154
HALL 9350 10.68 339 1
(81=42°) > . 75
12300 13.38 175 196
4500 5.74 264 163
AC-14 6975 8.62 305 188
(81=35°) :
9225 11.30 333 206
POOL-N 6975 6.94 284 176
(061=42°) 9225 8.84 310 192

W : Weight of anchor (class)
Wa : Weight of model anchor
Ls : Length of shank

Sf': Length of fluke
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Table 2 Effective area.

TYPE W (kgf) As (mm®) Af (mm?®)
6000 8058 10010
HALL 9350 12770 13852
12300 13485 16148
4500 5619 21802
AC-14 6975 7503 28320
9225 10196 34502
POOLN 6975 6541 29836
9225 7748 35744

As : Area of shank
Af': Area of fluke

Model test

The drag embedment model test is carried out in the test
tank (LXBxH=4000x900x900mm) shown in Fig. 5 with
both hard (sand) and soft (mud) seafloor. Also, anchor
embedment depths and holding forces are measured by the
ruler and the load cell, respectively, located on wire between
the winch and the upper sheave.

Load cell : strain gauge (S-BEAM) type Sheave

200 kgf, output 2 0 £ 0.005 mwWih

Electric winch : 180 kof,
1ph, 220%

VWire rope

Model anchor

soil (sand or mud)

Tank
LxBxH=4000x900 =800

Fig. 5 Test tank.
Tank : LxBXH (mm)=4000%x900%x900
- Load cell : strain gauge (S-BEAM) type, 200 kgf,
output 2.0+0.005 mV/V

Test result
Holding force and displacement

The measured anchor holding force F to the dragged
distance of each type of anchors on sand and mud seafloor

can be graphically shown. (Figs. 6~19)

X-axis : dragged distance of anchors (m), [
Y-axis : holding force (kgf), F
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Fig. 6 HALL type (sand). Fig. 10 POOL-N type (sand).
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Fig. 7 HALL type (mud). Fig. 11 POOL-N type (mud).
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Fig. 9 AC-14 type (mud).

Fig. 13 HALL type, 9350 kgf.
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Fig. 14 HALL type, 12300 kgf. Fig. 18 POOL-N type, 6975 kgf.
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Fig. 15 AC-14 type, 4500 kgf.
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Fig. 16 AC-14 type, 6975 kgf. Fig. 20 Max. holding force of model anchors.
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Fig. 17 AC-14 type, 9225 kgf

Fig. 21 Max. holding power of model anchors.
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As shown in Figs. 6~19, the holding force F' increases
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Table 3 Anchor embedment depth (sand).

steeply after initial penetration stage of model anchors and TYPE W (kgf) Ds (mm) Df (mm)
finally converges to its max. holding force. The holding force 6000 0 144
and the embedment depth on mud soil are higher than those HALL 9350 0 164
on sand soil, respectively. It holds in all three types of anchor. 12300 0 183
Also, Fig. 20 shows that the max. holding force of bigger 4500 0 157
model anchors is higher than that of the smaller ones of the AC-14 6975 0 132
same model. .
The anchor embedding capability can be represented by 9225 0 199
the max. holding power, which is defined as the ratio of the POOL-N 6975 0 177
max. holding force to its weight on Y-axis. 9225 0 193
As shown in Fig. 21, the max. holding powers measured  Ds : Depth of anchor pin
at the model test differ from each other in different types of ~ Df: Depth of fluke tip
anchor and soil.
Table 4 Anchor embedment depth (mud).
Comparison with NCEL’s anchor holding capacity TYPE W (kgf) Ds (mm) Df (mm)
6000 57 173
The anchor holding capacities from the model tests are HALL 9350 33 240
plotted on the graphs prepared by NCEL in Fig. 22, and 12300 30 250
compared with each other to accredit them. 4500 130 260
(000 AC-14 6975 140 373
—~ 9225 113 230
o A 6975 168 328
7
——=Fluke angles set f d 4 POOL-N
:gg |——as per manufactu:errzan / 9225 170 327
specifications. /
400 — . .
Soil characteristic
2 300 P
= The particle size distribution of sand and mud used in the
-‘g 200 /’ test, was obtained by the sieve analysis according to KS
§ ! L~ F2309 (Figs. 23~24) and the hydrometer analysis according
? / ¢ / to KS F2302-92 was additionally made for mud’s very small
%100 4 A particles (Fig. 25).
g 80 // a/ _ _ _ _
v Colatorium Particle | Residual soil Colatorium | Residual Curnulative | Rate of | Rate Pass of
‘i‘ 50 - Size + Colatorium ight () i (e Residual | Curmulative | Cumnulative
e ) U] ) | weight @) | TTETE S| (9 | Bl (%) (%)
'ﬁ / / #4 4.750 52439 52151 2.88 388 0.29 99.7
c #10 2.000 510.39 479.80 30.59 33.47 3.35 96.7
< 40 / L~ #20 | 0850 | 57276 | 41923 | 15355 | 187.00 | 1870 BL3
/ pd #40 0.425 763.48 373.75 389.73 576.73 57.68 423
L~ #60 0.250 702.47 381.85 320.62 897.35 89.75 10.3
#100 0.150 43496 355.54 79.42 976.77 97.69 23
/ 1/ *Andhors requite spetial #140 | 0106 | 35514 34384 | 1130 | 988.07 98.82 12
20 ¥ 7 handling to ensure fluke ] #200 | 0075 | 34L16 33783 | 338 | 991.40 99.15 08
tripping (possibly fixed PAN 273.95 26548 8.48 999.87 100.00 0.0
/ open| flukes). 100% [
A 1]
ol 2 3 4 56 8 10 20 1800Kg . :
@ AC-l4(sand) @ AC-14({mud) 4500 Kg 6975Kg | 9350 Kg Rate Pass gox
® HALL(sand) HALL (mud) 6000k | 925Kg of
® POOLN(sand) ® POOLN(mud) Anchor Air Welght (kips) Cumuative % |
Oa aow |
Fig. 22 Comparison with NCEL’s anchor holding capacity i
(NCEL 1987). 0 |
10% \
Anchor embedment depth °"<;D:m - \"":1'0“ o
In order to verify the relation between the holding Colatorium gradation (mm)
capacity and the embedment motion of each anchor, final oot Dy, Dy D, G, G, | Classiication
depths of the anchor pin and the fluke tip are measured after 025 08 056 sz4 090 sp

each test of anchors on both sand and mud seafloor, of which
mean values are described in Tables 3~4.

Fig. 23 Particle size distribution (sand).
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Particl | soil i te of te P
Colatorium allce Residual .scu Colatorium | Residual Cumul]ahve Raeg Rate aS§ of
Number Size + Colatorium weight (g) | soil (g) Residual | Curnulative | Curnulative

(mm) | Weight (g) soil (g) | Blict (%) (%)

#4 4.750 536.85 521.92 14.93 14.93 1.50 98.5
#10 2.000 597.28 480.05 117.23 132.16 13.29 86.7
#20 0.850 612.42 41861 193.81 325.97 32.78 67.2
#40 0.425 51294 37332 139.62 465.59 46.82 53.2
#60 0.250 49069 381.77 108.92 57451 57.77 42.2
#100 0.150 453.28 355.55 97.73 672.24 67.60 3z.4
#140 0.106 391.78 343.83 4293 715.17 71.91 28.1
#200 0.075 375.06 337.83 37.23 752.40 75.66 24.3
PAN 46587 22380 242.07 994.47 100.00 0.0
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RN
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Fig. 24 Particle size distribution (mud).
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Fig. 25 Particle size distribution (mud).

As shown in Fig. 23, the soil used in the sand test
consists most of sand (around 96%), according to USCS
(Unified Soil Classification System).

Particle size - clay : ~ 0.005 mm,
silt : 0.005 ~ 0.07 mm,

sand : 0.07 ~ 2 mm,

gravel : 2 mm ~

The soil used on the mud test consists of clay (25%), sand
(60%), and gravel (15%), as shown in Figs. 24~25.

The wet density of each soil is measured as below.
Density(p) : 1779 kg/m’ (sand), 1942 kg/m’ (mud).
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ANCHOR EMBEDMENT MOTION

The embedment motion can be diversified by three (3)
stages as in Figs. 26~27. (Lee et al., 2011)

AC-14type

1 2nd 3rd

Fig. 26 Anchor embedment motion.

Simplified model
1st stage 2nd stage 3rd stage
tripping shank
palm
fluke .
sand seafloor fluke anchor
rotate rotate
fluke
trajectory

Fig. 27 Simplified anchor embedment motion.

1% stage : At the first stage of anchor being dragged, anchor
fluke tends to rotate and to be embedded into soil by soil
resistance on the tripping palm and weight of soil
accumulated over the fluke.

2" stage : As the anchor fluke rotates with embedment to its
max. angle (35° for AC-14, 42° for HALL and POOL-N),
the anchor shank is going to rotate and to be embedded to
the force equilibrium state.

3" stage : After the force equilibrium of anchor drag force to
soil resistance is established, the anchor is dragged
without further embedment, and the max. holding force
of DEA is acquired at this stage.
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ANCHOR HOLDING FORCE

Conventional marine anchor are characterized by
a. Shallow embedment due to large shank width
b. Development of soil heave due to large fluke wedge
angle
c. Bi-directionally embedment due to fluke rotation
d. Holding force depends on the weight of anchor

F=W-N 1)

W : Weight of anchor
N : Bearing capacity factor

Newly developed offshore anchor are characterized by

a. Deep embedment due to small shank width (plated
dual shank)

b. No development of soil heave due to small fluke
wedge angle (corrugated plate fluke)

c.  One directional embedment due to fixed fluke

d. Holding force depending on the soil weight of
failure wedge in Fig. 28. (Neubecker and Randolph,
1996 b)

F=A-pg:d'N )

p : Density of wet soil

g : Acceleration of gravity
d : Depth of fluke

N : Bearing capacity factor

Fig. 28 Failure wedge (Vryhof, 2010).

Development of soil heave in Fig. 29 affects the soil
weight of failure wedge (Neubecker and Randolph, 1996 a).

Failure
Angle

Fig. 29 Development of soil heave.
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Based on the test results, the anchor holding force can be
diversified by that in each stage (Fig. 30)

F1 : Initial drag force
F2 : Final drag force of stage 1 and initial drag force of stage 2
F3 : Final drag force of stage 2 (max. holding force)

LOAD.

3rd stage

SIMPLE MODEL ANALYSIS

2nd stage /

ag .
/ |3

F2

-
fiN

DISPLACEMENT

Fig. 30 Simplified curve of drag force.

Table 5 Drag force of each stage (sand).

TYPE W (kgf) | F1 (kgf) F2 F3
6000 6 11 36

HALL 9350 8 13 56
12300 12 19 62

4500 4 6 42

AC-14 6975 6 10 58
9225 8 14 94

POOLN 6975 7 13 60
9225 8 16 80

Table 6 Drag force of each stage (mud).

TYPE W (kgf) | F1 (kgf) F2 F3
6000 14 19 52

HALL 9350 16 22 74
12300 19 30 86

4500 8 12 62

AC-14 6975 10 15 77
9225 13 20 96

POOLN 6975 10 12 111
9225 12 16 114

The drag force in each stage can be differently derived as
below.

In the 1st stage, most of drag forces are caused by friction
between anchor and soil and the equation (1) can be used as a
drag force equation.
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Fl, F2=NI- (W+C-Wadd) 3)

N1 : Bearing capacity factor of stage 1

W . Weight of anchor

Wadd : Weight of sand accumulated over the fluke
(Wadd = (Af-Lf-pg sinfl) / 2)

C : calibrating constant, including soil heave effect

¥ : Specific weight of wet soil (y = pg)

On the 2™ stage, most of drag forces are caused by soil
resistance on the failure wedge surface and the equation (2)
can be used as a drag force equation.

F3=F2+N2-Af-pg-d “)
N2 : Bearing capacity factor of stage 2

A : Fluke area

d : Depth of fluke

By applying the test results to Egs. (3) and (4), bearing
capacity factors of each stage are derived as in Tables 7~8.

Table 7 Bearing capacity factor (sand).

TYPE W (kgf) NI c N2
6000 | 0.79-0.82 9.75
HALL 9350 | 0.71-0.75 | 1.2 10.60
12300 | 0.90-0.96 8.18

4500 0.70 591

AC-14 6975 0.70 1.6 523
9225 0.71 6.55

POOLN 075 | 101105 | 5.00
9225 | 0.90-0.93 5.1

Table 8 Bearing capacity factor (mud).

TYPE W (kgf) NI c N2
6000 | 1.81-1.90 11.80
HALL 9350 | 1.40-1.50 | 1.2 11.80
12300 | 1.42-1.50 9.76

4500 | 1.35-1.39 7.52

AC-14 6975 | 1.12-1.16 | 1.6 6.19
9225 | L.11-1.15 5.70

ool L0975 | 144145 | 9.65
9225 | 1.35-1.36 7.32
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CONCLUSIONS

This study is carried out to verify the drag embedding
motion and the resultant holding force of three types of
anchor models (HALL, AC-14, POOL-N) on both hard(mud)
and soft(sand) seafloor, and to derive governing equations,
regarding the relations of the anchor geometry and the
holding force.

Considering the test results, the anchor embedding
motion is diversified by three stages with different kinds of
motion and force applied and, finally, the governing drag
force equation in each stage is derived with respect to the
anchor geometry and the embedded depth on both hard and
soft seafloor, using the bearing capacity factor.

The results can be used to verify the actual holding
capacity of each type of DEA, as reference, and be used as
fundamental data for the development of more efficient and
higher performance DEA in the future.
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