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Topics:
Type of Anchors — General description

Tawer

. Plate Anchors — Drag Embedded anchors

Penetration predictions — Drag Embedded anchors

Floating substructure

Anchor line equations

Moorning lines
Drag Embedded Anchors kinematic

Drag Embedded Anchors in sand and high strength Clays J """""""
Foundations
Characteristic resistance of Fluke anchors

Post Installation effects

Installation tension and proof tests
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Type of anchors

Driven/vibro Piles
Drilled and Grouted Piles

Dynamically installed piles (Torpedos)
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Type of anchors

I Suction Anchors = :
Suction Anchor -

I Gravity Anchors
Gravity Anchors

I g™

JOURNEE SCIENTIFIQUE ET TECHNIQUE
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/

INTERMIOOR

Type of anchors

Push-in Plate Anchors

Suction Embedded Plate Anchor (SEPLA)

Dynamically Embedded Plate Anchor (DEPLA)

installation & follower
=" retrieval line

_~ stop cap
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~~ DEPLA flukes
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Drag — Embedment Anchors (DEA)

Fluke Anchors
* HHP anchors
* 3x4 to 6x9m — 5t to 50t (i.e. ballasted)
* Limited uplift resistance

Vertical Loaded Anchors (VLA)

. Tension on the line is redirected to be perpendicular to the plate
J Shear Pin Prelaid Taut Leg Mooring System

Stevmanta VLA & DEEPrope
° Req uire deep burial Syntetic Mooring Lines

. 5 to 30m? fluke area JL“W""'&P&RE’E

4G of e Vb iy R PO )y o,

B
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Drag Embedment Anchor — trajectory predictions & UHC

The penetration and self-burial of a fluke anchor into the seabed is a complex
soil structure interaction mechanism

The initial angle during anchor setting is a governing parameter ” Drag distance

<

Seabed

Trajectory & UHC prediction methods:

* Empirical (Based on manufacturer charts) e

* Analytical approaches (i.e. limit equilibrium and Plasticity) h’““-x--ﬂ_é‘&g

Predictions are particular challenging in layered soils

Drag anchor trajectory in Clay(")

Chain forerunner / soil interaction influences the anchor trajectory

() Upper Bound Analysis for Drag Anchors in soft clay — Kim et al. (2005)
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Drag Embedment Anchor — Penetration/trajectory predictions

Effect of the initial angle into the anchor trajectory

Behaviour of a scale model anchor in a

. L. . Effect from initial fluke angle in cla =40°
 Optimal initial fluke angle for setting stage g y sand bed (a=40°). Effect of fluke angle
0 T 100
‘ | f l | [0
0.5 _1____Initial Auke+————t— | Dimensions ¥
l ar';.lc &, | f" in cm T L J_l?
B = 1 / g
35 - | | s
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< LN | Fullyl z
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HERN Tag~ >
: - e
0 05 1 15 2 3'f 3 35 4 050 0,75 1,00
Drag distance, 2 uT..+480Aj of more Dragging distance (M)

drag needed
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300 300
Drag Embedment Anchor — Penetration/trajectory predictions - =
150 150
10“"“‘- il i
Empirical predictions Normalized fluke tip penetration ': ﬂ\_"'“! ‘:
Anchor type (Fluke lengths) : ______________ et am ImARCCoand
Sands/stiff clays | Mud (e.g. soft silts and clays) L = g i dpq"‘m.e}ii"“ osit :
* Based on anchor manufacturer charts = » FHE L fEasaes |
Stockless 1 32 = - nad s g
a0 E .\d"‘?,---" -
. Moarfast y H e : e %
* Recommendations from codes offarit I ‘ | EEE L = E‘g
- -1 il ERERE, g " i — ® g
:\o:: i * HBHE et | E7 0 i = ‘E%
- 1SO, API, (Based on NEL) esielh = S ,
Flipper delta E T an EE
" = sl l “‘a\d‘: - ‘Eg
i . . L. GS (Type 2) 1 4% - D gg 1 _tpf\f‘_ o - i:
* Charts are provided for generic soil conditions W - EESSERastg S om ; ag
LN &
and not site specific — 5 e wddm 7 %,
s T L
Sevpris MK Il| N T
LT ‘
Bruce FFTS MK Il 3 maRa e I =
Bruce TS 1 5 g :
Hook 27 : 2
Stevmud 1 r—dmg—ﬂ
- - o 15 1 A 15
NEL: (Naval Civil Engineering Laboratory) Fed b nckloss : : : : e
BS-EN-ISO 19901 -7 :Station keeping systems for floating offshore b w2 3 4 5 s7isw um m mw @ s
structures and mobile offshore units — Estimated Maximum fluke Stevpris MKS size in T —
tip penetration

Example of Vryhof chart for drag/embedmet predictions



Empirical predictions

e Based on anchor manufacturer charts

« Recommendations from codes

- 1SO, API, (Based on NEL)

* Charts are provided for generic soil conditions and not site specific

* General practice is to consider :

- A penetration not exceeding 60% of the maximum penetration; or

- A resistance not exceeding 60% of the ultimate resistance.

NEL: (Naval Civil Engineering Laboratory)

UHC : Ultimate Holding Capacity

Floating Wind Farm
Drag Anchors and Plate Anchors
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Drag Embedment Anchor — UHC empirical predictions

typical UPC - Ultimate Pull-out Capacity int —

2000
1800 00
1600 /
/ 500
1400 /
.‘r;
1200 400
vas
',r'
1000 i
' A
A 300
600 200
!
/ )
! s
400 fod
0 100
200 :
o o
0 5 10 15 0 rid 30

Stevmanta Fluke Area (m?) —
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Drag Embedment Anchor — Penetration/trajectory predictions in CLAY

Analytical approaches

- Neubecker and Randpolph*

- DNV (DIGIN software): (DNV-RP-E301)

- O’Neil et al.
- Aubeny and Chi*

Anchor line equations

- Integration of DEA trajectory & Anchor line equation |  __--" !

* General principles for drag anchors in Clay provided in “Recommendations for planning and designing anchor .

foundations of floating wind turbines Appendix D” CFMS (2024)

Ta
(overall capacity)

o
‘o Yer

Shackle Tension F=T,

Shackle

Chain or wire

Equilibrium of forces model — Neubecker & Randolph

——

N
Anchor line
/% 0Oa (wire or chain)

Reverse catenary of anchor line (forerunner)
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Anchor line equations - Clay

Anchor line on the seabed (lying line)
* No uplift during installation

¢ Seabed friction

AR[?'I'C = f Ly= u- Wi' “Lg Y

Table C.1: Coefficient of seabed friction in clay from DNV-RP E301 (2021)

Seabed friction pstarting Lower bound Default value Upper bound
Wire 0.1 0.2 0.3
Chain 0.6 0.7 0.8

Anchor line embedded in the soil

* From dip-Down point to anchor shackle

down, shackle z (m))

coefficient of seabed friction
seabed friction per unit length of the line [kN/m]
submerged weight per unit length of anchor line [kN/m]

length of the slack portion of the line on the seabed [m]

Reverse catenary shape: Numerical iteration — Boundary conditions (known T at Dip-

* Recommended values of En, Et, Nc & a. (DNV-RP-E301) for wire/chain

Simplified method proposed by Neubecker & Randolph (W’, neglected) T, [Gi -6;) =33£..:\'}h[ 5,0 +r’-';;

AHY H
v Sen level — =,

Suspended line

Dip-down

: Lying line
point

Mudline
Anchor eve

Embedded A
line Touch-down
point

Anchor

X
d .
¢ THAT d—: =F + W' sinf
ek A

do ;
TE:—Q-FW;COSH

| Q=E,"b-q
0 ¥
T’_>j /K F=E,'b-f

Force equilibrium element of chain- Vivarat et al

normal to chain

parallel to chain

q= N.-s,

\ fI(I'Su

!
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Anchor line equations — Non-Cohesive soils

Mortensen (2015)

F=N'Otsand N=d'L'Asand'(O.5'Y"d Asand + qu"Z) (Bearing capacity strip foundation)
Line Asand Olsand N
Wire 1.0 tang’
(I) Force equilibrium element of chain— Mortensen (2015)
Chain b/d (~3.4) 0.5 ; ] ) . e 4 . e i

P R EE I

Inverse catenary shape: Numerical iteration — Boundary conditions (known T at Dip-
down, shackle z (m))

Neubecker & Randolph (1995) :

—=&—— Test Data

e Equation |

- Exponential relationship to derive the reverse catenary D

z7¥=pX*6a

- Good apprOXimation for soils with proportional Neubecker & Randolph — Centrifuge Test data D=2m to 3m ¢’ =
bearing resistance to depth : 34 to 45° versus proposed equation
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DEA kinematic and anchor line equation in clay

Aubeny and Chi (2010)

. 5 _ . Of Nemax\(Pa\(_INnl Y971
Angular velocity of the fluke: £ =* N 5= v, (Nnmax)(n)(Nnmax)
Y m e 1
- m ——1
, . , Of Vi Nl \™ ( [Nl ) P ( Ve )“‘1
. =) + =l
Tangential velocity : V= aN, [N)nmax) Ntmax N¢max
. .
Normal velocity Va = Ay
o
’ T,(02 -02) = 2:ENb d
i ¢ ,I-'I_F aYa =Yg ) T 2ZL, IV, suﬂ+k5
. (lq|N.) o | N (e | N,
Al sl Bt | vt B b “1=0 Az = Atsinf; — AtR,.cos@
'N.u.nu't ) 1 ’h"'ur.m:l.\ \ "\'r.mux J &= Sinke ntCOSCr
N,, = N, C i _ .
n eot1 Neo calibrated from Ta = NeusuAf A= Atcosﬂf _ Atﬂ’msmﬁ'f
N, = N,oCs field measurements
(ranges 4.4 t0 9)
Ny = NeoCs
mnpg = interaction coefficients considered as m=1.56, n =4.19, p=1.5 and g= 4.43 K >
(Murff et al. 2005) 46q _ 1 (Ennep _ k63
dz Ba \NeoAy  2Syq
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DEA kinematic and holding capacity - Clay

Aubeny and Chi (2010)

Full drag distance & penetration prediction

Ultimate anchor holding capacity at 0° fluke rotation
Prediction for additional drag distance at operation
Relatively complex

Homogenous soft Clay Su=S +K-z

N, bearing factor requires site corelation & depends
on multiple variables:

- Shank thickness, Fluke thickness, fluke shank angle

T,=Ngs, Ay 8

B

Bearing factor, N
Load angle 8 (degrees)

Shank aspect ratio: I fw, = 6 | { T
Shank length: L/ = 1.25 *30 5 0 I 50
Fluke thickness: £,/L; = 1/7 Fluke-shank angle, 6, {degrees)

Anchor Trajectory

0 50 100 150 200
0
5 [\ Drag Distance (m)
10
=15
220
=25
30
35 —
Fluke angle

Fluke angle (°)

0 100 200 300
Drag distance(m)

Tension at anchor shackle (kN)

2500
2000 UHC
E A= — - - -
=< 1500 ]
c A== ——— 1
8 1
é 1000 Additiomal drag distance
1
i

D—
1

g

1
Drag disfance (m)

0 50 100 150 200
Tension angle at shackle (°)

50

Tension angle(®)

0 50 100 150 200
Drag distance (m)

Example using Su=2+1.5z, N,,=5.8, Fluke area 6m? Initial angle 6~45°, line diameter=0.076m
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Characteristic resistance of Fluke anchors
The characteristic resistance of DEA at the dip down point is defined as :

Re=Ric+ ﬂRpusl + AR fric

Ric :Characteristicinstallation resistance at dip down point
ARypost: Post installation effects (cyclic effects, set-up, additional drag)
ARgic : Frictional resistance chain/seabed along L, (if no uplift)

The characteristic installation resistance is equal to the installation tension (T;) since
measurable and maintained during a sufficient time lapse

The characteristic resistance with post installation ARp.st effects are :

With additional drag

R.=Ri:.+ ARdr::g w IﬁRcyc + (a&Rfric}
S E—

With no additional drag ARpost

——
R.; : RLL‘ -+ &Rgu[up T &R{}'c T (ﬁRl'ric}

a) At installation:

(no uplift)
Dip-down Touch-down
£ , ¥ . w
o | ‘R : T e " Drag
k-] o 1 i anW' L
c ; : / 8
S i
-:C'-‘_‘ > i 8 f
o |
Bz
e
\K\ zZ=Z
D) At operation:
(no uplift)
Dip-down R Touch-down s
—— L e > = >
e | ™ Drag
T RARumat AR, 27 AR mu WL
o ! "
4
7/
< > / L L,
’
Additional drag U

" AR !

L, o 1 R: = RHARwsin t &Rey+ AR )

"-n,,_:.}_-\ iR,

DNV-RP-E301 (2021) — Tensions at anchor
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Post Installation effects
Additional drag

Cyclic loading factor U, (for N.o,=10)

¢ Allows for lower T;

* Anchor allowed to penetrate/drag for a design event . 18
* Additional drag mobilizes further resistance (however set-up effects are lost) g
* Depending on the project constrains and consequences (soil type & ground uncertainties, mooring ‘g b

configuration, floating wind turbine tolerances) g i

Cyclic loading effect § —— Drammen clay
-=—Troll clay (Unit 1)

* Variation in resistance : combination of rate of loading effects (+) and cyclic degradation effects (-) ! —+Troll clay (Unit 2)
* For one way loading the above cumulated effect is (+) 132312323 EB::: ::E;
* Special care in highly compressible soils or highly sensitive to cyclic degradation (i.e carbonate soils) Mﬂ-ﬁ 0s 07 o8 0.9 1

whose effect can be (-) ( Neubecker et al (2005) ) Average shear stress level /%

. Cyclic loading factor U,,, for typical N,,,=10 (Andersen 2004
Set-up effects (in clay) 4 9 oy for typical Neg,~10 (s )

* Inthe direction of the fluke
Rc_\' =Ric- U_wlrup ) ch.- =Rjc + fﬁRsump T A’—\-Rcyu
* Partial remolding (uneven disturbance) : Disturbance Ratio DR=0.5

* Set-up factor ] f('S,, DR, toerup BEOMELTY, depth, orientation )

setup
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Installation tension and proof tests 2ot lnddallatang

(no uplift)
L. . . Dip-down Touch-down
Minimum Installation tension T; . .
g ——y L — i s
-.z P R WL Drag
Timin = Ti +yr - ARk i = coefficient of seabed friction 8 ; :
w
Wi = submerged weight per unit length of anchor line E Loy
- = resistance factor ?
AR!'.J =l WI : L:"I R s ¢ D.-.Z =
' % DNV-RP-E301 (2021) — Tensions at anchor
= z=7z
* Minimum tension required at installation to reach the design § 100 . ‘
capacity 3™ R P e i . J ¢ ‘ ‘
. . . . . . E measured drag distance ] 3.5
* should be applied and maintained for a designated holding period. 3 ¢ =
5 — 3
E 3
* The holding period, influenced by soil type, should not be shorter 3z aamel Meivarmeni= 8§25 }—
. § BStart pulling with 7t o —
than 15 m|nUteS g BFinish Pulling with 7t '? 2 — = T
E © Start increasing incrementally the tension (until 50% of bollard) e 15 ‘ E 30 —— 1 _i__ e . ___: :
* holding period, any relaxation (i.e. additional drag) should be 2 ATl At (PR AR o Bl | i H =T —# pmfrens;znresf
. . . . s ®Finish pulling with 50% of bollard 1 T &l- 1 1 T—O“_ Step 1 :7[ uL\::ﬁ Smill:\nin
compensated, and the tension maintained as constant as possible.  # A — ' | ST e R e
g 4 Start pulling with 36t i o3 | |_ 09:28:48 09:50:24 10:12:00 10:33:36
AFinish Pulling with 36t 0 | . |
09:36:00 09:50:24 10:04:48 10:19:12 10:33:36

i .
09:33:07 09:47:31 10:01:55 10:16:19 10:30:4 :
Time [h:min:sec]

Time [h:min:sec]

Example of proof test — courtesy of Subsea7



