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Eulerian-Lagrangian (CEL) Method

—
ABSTRACT

A fundamental study of the dynamically penetrating anchor (DPA — colloquially known as torpedo anchor) embedded into deep seabed
was conducted using measurement data and numerical approaches. Numerical simulation of such a structure penetration was often
suffered by severe mesh distortion arising from very large soil deformation, complex contact condition and nonlinear soil behavior. In
recent years, a Coupled Eulerian-Lagrangian method (CEL) has been used to solve geomechanical boundary value problems involving
large deformations. In this study, 3D finite element analyses using the CEL formulation are carried out to simulate the construction
process of dynamic anchors. Through comparisons with results of field measurements, the CEL method in the present study is in good
agreement with the general trend observed by in-situ measurements and thus, predicts a realistic large deformation movement for the
dynamic anchors by free-fall dropping, which the conventional FE method cannot. Additionally, the appropriate parametric studies
needed for verifying the characteristic of dynamic anchor are also discussed.

Key words : Dynamically penetrating anchor, Torpedo anchor, Large deformation, Coupled eulerian-lagrangian, Finite element,
Free-fall dropping

o = kM
IO

B FzE9 §7)% 714 Z 312l dynamically penetration anchor (DPA = &3] torpedo anchor2 33He] ASEALS A
a3 gl 2] A4 g el 248k 71ee] f3ke s ST IE o 2 o] 2]3 ti4) anchor 7B 7 59S 23] Aket
7] o]7] wjito] B ¢IFof| A= o] H sk B2 5 A3}7] ¢35 Coupled Eulerian-Lagrangian (CEL) & £-3) X|4k-7-25 xlo]oj|x] 25}
= 4\(mesh)) distortion 14 % A0 o] 8-S T3] ol o Aok shaleh, 45091e] v Eol, CEL /1)
DS Az, 1 A3 B Qo)A A43sk CEL 7o) 712 $3ka A 7]& 2E Talo] B7153k tj<=4] anchoring systeme] 2-6-2+3}
of o5k kAR AF H ARk WHEAAE Hds] 53 & Utk T3 A5H 7S vH 2 dynamic anchor®] Ao JE-E
T olE] aaEdl U@ S AT Sk sk

ZM01 - DPA, Torpedo 7, il ¥, CEL, #-3k8 2, 249

o
o
ﬂl

=

* 3 - WA AT 72T A
(Corresponding Author - Centre for Offshore Foundation System, The University of Western Australia, Australia - youngho.kim@uwa.edu.au)
** AQ3)9 - Mgl EESEE IR Julg (s0j9081@yonsei.ac.kr)

Received February 11, 2013/ revised May 22, 2013/ accepted June 29, 2013

Copyright © 2014 by the Korean Society of Civil Engineers
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.




Coupled Eulerian-Lagrangian (CEL) ®'H& ©]|-83F Dynamically Penetrating Anchor®] 2 75 EA

LME

2 A AR SR 71 A 52 AR 215le] il SRR
O ofFahA, tiil=el Aget vkl 7% (anchoring) 7]
o] i F-f F-=E(offshore floating structure) AlF-o|A &
HITS 2FA817] AR dRhA o 2 s dellxie] 725 AReH]
= afAHe] ool wat ZjslEr o R solup] whieell, A
oF 7k AIFARY Aol AA ARkseky S o] A2 <
§7 Al=gl TRel] Bk Tile] HolR|AL Qi) B =FellAe
olefgt AAARI BAF A3 F R HE 487} S8k
$J+= Dynamically Penetrating Anchor (DPA, &3] Torpedo
PAR AFhHo| gk £4& sfarzt gtk Torpedo WA= F
Zo] 12~17m (Z74: 0.8~1.2m)9] o]g] = =27 2ok &3S
7R FEREE, YA Joe 23S Hdehe 419 l(fingg
7L 9Jom, AHA| S 500~1000kN o]tk 37 ARk
ek HPH2 20-300m Y3} Ak Q19st $ A4 skl
= PR AR ofuf AEsle) BA Al o3t sy
£ 530 sixAe] R4 diEE, d91E ofFell= Ak
TEE JE5H v ofsf - TERERRE ZHEskE Ak
(cable)®] ¢1¥F(uplift force)S A|&¥5}A] Ftk Fig. 19 Torpdeo
BAe] e B AR =S A7 VERSIch

718 dAE A Ve URER ds AT SR

(a) Torpedo Anchor (Araujo et al. 2004)

(b) Deep Penetration Anchor (Lieng et al., 1999)
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Fig. 1. Typical Torpedo Anchor and Installation Procedure
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Fig. 2. Lagrangian and Eulerian Analysis (ABAQUS Version 6.11,2011)
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Fig. 3. Schematic of Installed Torpedo Anchor in Clay
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Fig. 4. A Typical FE Mesh used in CEL Analysis
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Table 1. Material Parameters used for LDFE Analysis

Type Model v’ (KN/m’) su (kPa) E (kPa) v Note
Eulerian N.C. Clay Tresca 6 Su=Sum T kz 500 x sy 0.49 ) Eu?erlan domain
- Void zone : 10 m
Rici -
Lagrangian | Torpedo anchor L.E* 72.0 2.1x 108 0.2 1.g1?l body motion
- Frictionless contact

Note: L.E. is Linear-Elastic Model.

(rebound)& F2=3} 317] 91k A Elelrk siol] A8H 8
= 87119] F*(node) o= /4% Eulerian brick 84~21 EC3DSR
808 AMBSIATE £ f3kas sliAfollA, torpedo A= rigid
body= Bdlegsle] oA AR ol wiFo] WA Q=S 3190
1, B 34 cased] A FHF BAJE FH whEo] WAIEEA]
&= fully smooth =310 2 ZPJSiGitt A Ake A Frinfaks:
o] Hr} 2 IRKIES grsl] 9] 47 FHE] sHIE
TX T R Al dukde] s, ofefst S Skl
IR o] FvpEke W Aotk £ <= CEL LDFES
53 At} torpedo 3712 71%E Wl7|LE(mechanism) T}k
Y3t 712 AR BLE cased]| fully smooth B43S AM8-3t3101Y,
F & e T A FRE-ANke] Aee-S Bt FEsAl
ARMERIE FHvkE A8 Hs 1@d Aot

7} 1ol st A8 Hoe 2 =RolA Hlaskaa) she
AIE Ak 2 AR 23] 33 4 9l ¥E NC clay
Aks EYj2 AR5k Torpedo 371 AHER] 2alS ALE
stglom, sAA)uke Tresca Bl AME3IAC SiAH SR
Ago]| e Ak AedE(s,) 27 2ARE] Y8 user-
subroutines 28313101, AWke] HIAISHE,) T3t Al u}
2} Z7IPES Els, = 5002] #AIE o)gs}e] A3k CELR
Aol x= Bdo] AHoHoilA] e F7Kvoid zone)e] 7o)
Qg o] 7S Sl YAZE B8] Hm ke Hgelire]
EAlo] $455S wofd 4 Stk & ¢354 Eulerian soil
TZre] A 10mE void zone 2 2 AT B o) ALg-H
A BAS4+ Table 19 A5k

2.3 A7o| xRS M2 SELE DR

At A o371ol 2H8-8h= e dragging force, °871¢]
S (weight)3} F-&(buoyancy force) o 2 AA T} A5Hs)o]
wE &) &% Z71= dragging forced] V1R o]o]x|u,
ol2f3t Skl <> dragging force} Y79 FFF gl HH IH
E o]|EZu7}A] A& tiFernandes et al., 2006; O’Loughlin
et al., 2009; Hasanloo and Yu, 2011). H3 e =gsH
SR oB7le] St <0°o]En o) W] et HuAl

oA ) o] £E 7Y T FE £%(terminal impact
velocity)2}al 3, A2} thaat 2ok

W, =Fp (1

(m=pV)g= wpy Ay Cpr V2 2
m=p,V)9= 5Py Ay Cp )
V= 2, 3)
r pw Apf CD

714, W 89| 5o, For dragging force, me
7] A Ve T 5 &5 ove B9 95, A 3719
9] whHA, Cpi= dragging coefficient, V= 7)o |8 o),
gv TEIEEeItE £ dollie aRAREY] T Slsl AA
123 BA7} Afrstol <sf AEHe TE3he wHE 34
= FPsidlon, detald ue AE FE S 2 FEE
ABAQUS/EXPLICIT®)|4] AJ-&&h= Predefined field manager
& 53l B 2rixde R Aslsit ol B3l AA 3AVL
A F= A FE FHE dasdd 22 719 f-slulAl

a4 e AR 5

(

3. 32 IR0l A5

3.1 §Ams AI™ Znjelo| Him

EAZR1 w7 A A, B AFelA] Al=g ey
Y] A58 $13 AR 538 shE YARZFAIE Aol
|2E 4303815t} Hossain et al. (2013)2 &) torpedo 37
AEPAES B TS d=ele] ¥4 ¢ i 4=
o] W2 YA AXH WslE Ak} skrk Al AT
t&a(The University of Western Australia, UWA)ol| 1=
drum 9ARE AFA71E AHESHATE el gt Bof 2pAg
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Table 2. Comparison Between LDFE Results and Reported Centrifuge and Field Test Data

Length of | Diameter of | .. idth of hear Im Depth of ti
ength o ameter o Tip angle,| Number of | Length of Width o Shea PaCt epth of tip
Type anchor, L, | anchor, Da BC) fins fins, Ly (m) fins, we | strength, s, | velocity, vi | embedment, d;
s LF
(m) (m) (m) (kPa) (ms) (m)
Centrifuge test K4 30.2
1+0.85z 18.6
LDFE 359
- < 15 1.2 30 10 0.9
Centrifuge test C3 21.2
2+3z 21.22
LDFE 20.8
Field test” 20.1
0.762 19
LDFE 20
_ - 12 30 - - 5+2z
Field test 29
1.07 23
LDFE 31.2
Field test” 352
17 1.07 30 10 0.9 5+2z 26.8
LDFE 33

Note: ‘Hossain et al. (2013); * Medeiros (2002); "Brandso et al. (2006)

Time (sec)
0 2 4 6 8 10
0 L Lo
Kaolin clay Calcareous silt
5,=1+0.85zkPa s,=2+3z kPa
- —a&— This study —&— This study
— - - Hossain et al. (2013) — - Hossain et al. (2013)
E -10 -
=
:‘_:: B
o d.,=208m
= v
§ 207 eebosoosoe
: |
*qc‘a |
(0] d,,=212m
o
o
i: '30 I e i e e e 7* =
de,t =302m
b 3
d,,=359m
-40 '

Fig. 5. Comparison between Embedment Depth from LDFE
Analyses and Centrifuge Tests (La = 15m, Da=1.2m, Ly =
10m, wg =0.9)

o, o= ZA 1.2mo]aL Fd Zo7} 15m2] torpedo F7=
gpdo 2 gk otk ARke] = T-bar A Al 33l AlISsH
om, AT A= s = 1 + 0.85z kPa, A=A Alol=
Sw = 2 + 3z kPa®] A% = 2% By 7] HlwEsS
Sl BE A1 A A & X)) 9| mEksleion, FEM
ey A AL gk oA s HRTIR 1elskGick Table
20] & olx] AFIAL e AAEY 2 @A) BA
Al 2 LDFE 34 A3E Aejsrh
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AR} FEM o] 2)e wpsto s, o] ek 1)
() Fig. 590 nlasigick shas AEeE FU8
= Hx(vi = 18.6m/s) & wf, Akt A A=r} 35.9m=
AZA] 302m HT} oF 18% 3] Lepstow], A ARta=
2= (v = 2122m/5)2 ), de7} 20.8mE A= %91 21.2m
B} 1.9% A vesttr FENA sidatel Addte]
2lo7b A g 7P 2 ol =1 ¥ AR X187 (dum
centrifuge)?] ZAH A9ke] Zol7} 155mm (EH4Fzle], 31m)
2 ARk I9l7] wiEo 2 AA o At o ek AlE
FYAET} F ol 2 ASEGE Ao =2 AhEtiHossain et
al,, 2013).

2 fska s M adE HAAHE AlE AREY softening 2
strain-rate EYE TfsR] & Aot} dukzo g HAJE9)
HHl A= strain-ratec]] WIzkeich 37 #5) A] A=
strain-rate S A2 0 7 2|uke] ZFE strain-rate®] log cycle™
20~33% 7}k Z7HA71E Ao 2 LeAIQitO Loughlin et al.,
2009). AL FEEC] T4 #Y A F e dewid
TSk kel o], ARke] Ay} 7HASE softening S
A aefsliof gk A= strain-rateo]] &J3F AP STREO]
softening F3tol] ofef o= Fw Ferial & 4 vk ARk
g9} W= softening™} strain-rate©] H3HQ1 FRRS HAJE ARk
o] Fe} Wit (sensitivity)ol] we} GepAA] Hn, HEA Al¥9w
2SI ke Folu= Ao = A Itk Cassidy 2012; Hossain
et al., 2013). 3 =2 o|2fgt JFE vAISH ideal 5t BIAA |
A Zatz A Jre] Aol sigeit) 5§ s F3
strain-softening, rate dependancy % 2% element size 52
QS et offshore 71273E2] A5s 53T ogolck



Time (sec)
0 2 4 6 8 10
0 | | \ | | ! | !
D,=0.762m D,=107m
—e— This study —C This study
B — — Medeiros (2002) — - Medeiros (2002)
E -10 -
=
_5_:: i
3 \ d,,=20.0m
©° \ !
§ 077
g | d.,=201m
o i :
S \ d,=29.0m
Q &
A Am - i,
= -30 o
TO—G-O—S-O—S-O—S—O—G-O—@-O—S-O—E
J d,=200m
-40

(a) Finless Anchor (L =12m; Medeiros, 2002)

Time (sec)
0 2 4 6 8 10
0 | L | ! | L |
—a— This study: with 4 fins
- — e — This study: without fin
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. =10 —
E
5 i
£
o -20 —
[0)
©
c |
kel
§ ¥
g3 307 A qg,=339m
2 :
g e 3§ .
o N
40 4 . d, =352m
A
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\)-6—0—6—0—6—0—6—0—6—0—6 g0 g
-50

(b) T-98 (La=17m, Da=1.07m, L= 10m, wg = 0.9m; Brandao et al.,

2006)

Fig. 6. Comparison between Embedment Depth from LDFE Analyses and Field Tests

3.2 &% A Znietel Hiw

£ mdy] 7PHe] SR H5S S18l 7Rl Bl e2d)
o] Ao FHHJAA 4 200~1200molx] A& A A=
(Medeiros, 2002; de Araujo et al., 2004; Branddo et al., 2006;
Lieng et al., 2010)¢}e] B)uEAS S=33Fch
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D) Campos BAG AL Sk o] 2|ele] vl
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DH7E Sl A FADE ARESATHWa = 240, 620kN; Da
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A A5 BA] BUAE(de)= 20me} 29m = 242} 7|53
th & d5tollA =343k LDFE siXelr= desh xS
skl S, A FESE=(V)E 19m/s (Da = 0.762m)9}
23.3m/s (Da = 1.07m)E A3} afXol g3}t a2 &
A2 2712 ke 2 A7l ke BSMIES Fig. 6@l ¥lis)
of Viehigle WmEa] A, 0.762me] 2AE 71 e
Aol BYALES S 2 dlSshs Ao Lepgon 107m
273 arle] 3ol PRI % e Aok s
AAFE B ASAE PR st Jes AN
15ick
F7149 mdg) 7PEe] %S $Js8l, Branddo et al. (2006)9)
ofsl s 3 S Aasele) MlmRae Sk B4

M}

A&ol5=88 5l A9 Medeiros (2002)2] A3 x|} 185 Ba}
o] Campos A2, AEIE FUab, 4719 23 D7}
22 4-fin AWy = 961kN, Da = 1.07m, Lp = 17m, Le
= 10m and wr = 0.9m)Z AL 33+ Ao 2 HuFoQlTh
Branddo et al. (2006)2] T73AHS Atolli= AR whe o§71¢]
<% st B SIAE WSkt Al o] 9lojx] LDFE &4 A]
ARE 350 wke & o] JEE Blus 3 S ASIek Fig 6(b)ol
A3k 23 2o, ¥ Aol 5383 CEL7IHE 53 LDFE
FolA] A3t 4-fin 37 AFASAE v & AS3laL =
Zo 2 YePTE Fig. 6(b)oll= =8k Z3F @7) gl finless
3719 s AI e A A SFl=T], - B SRl
4-fin caseol] B3] 2k 30% A= FJAET} ZTleR= AL deist
T UMk of= B 23D frrel whet By Al AEHIG
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H
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T
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%

Fahsick
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Table 3. Summary of Parametric Studies from 3D CEL LDFE

) ) | Depth of tip embedment, de (m)
Group Length of | Tip angle, | Number of | Length of | Width of |Impact velocity, Notes
anchor, Ly (m B fins fins, Lg (m)| fins, wg (m v; (m/s Su= Su=
aml B0 x(m) " (m) (en's) 5+2zkPa | 10+3zkPa
26.8 34.0 249
343 379 28.6 x
I 17 30 4 10 0.9 Petrobras T-98
420 41.1 322 anchor (4 fins)
80.0 61.0 48.7
26.8 372 28.2
34.3 42.0 322
N 17 30 ) 10 0.9 Effect of nu@ber of
4.0 47.0 36.8 fins (2 Fins)
80.0 70.1 584
26.8 49.1 38.9
343 54.9 439
I 17 30 0 ) i Effect of number of
4.0 61.0 51.0 fins (finless)
80.0 95.0 76.0
26.8 339 26.2
343 38.1 29.6
v 17 30 4 5 0.9 Effect of fin length
42.0 42.1 329
80.0 62.3 49.6
26.8 24.7 20.2
343 27.6 22.9
\% 17 30 4 10 1.8
42.0 30.8 25.4
80.0 46.1 39.0
Effect of fin width
26.8 37.3 28.4
343 423 322
VI 17 30 4 10 0.45
42.0 47.0 37.1
80.0 71.1 58.8
26.8 26.1 21.1
343 29.9 24.1
VII 16.0 60 4 10 0.9
42.0 33.9 27.9
80.0 55.4 46.0 )
Effect of tip angle
26.8 259 20.7
343 29.8 23.9
VIII 15.8 80 4 10 0.9
42.0 33.9 27.6
80.0 54.6 45.0
H7iHE EAel A8gk Mg g AIE g 2ol P <] TR 2 et A o] WAk Zhe E)1
4 QJTh ol PAL] X ]7< WA U] cavity expansion]

4.1 A7{ 2 XPmin| HiF{LIE

Fig. 7€ A2 t& gefe] BA(La = 17m, Da = 1.07m,
b = 30° Groups Gl and GIII, Table 3) <] A] WAsl= =¥k
S FFE AzPEE VERd Aotk 0.1%0M= B7 ] Auk
ZET S7Q ARk WS VeI glon, 0.3%FE =
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