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S YN OP S IS : Cate nary moore d floa ting  offs hore  s tructures  may be  te thered to  s uction anchors  (founda tions  with skirts ) pene tra te d into the  s eabed. T he  proje ct 

cons is te d, in part, o f  pe r forming five  large- scale fie ld  mode l tests s ubje cted to a pr e dominantly  hor izontal load, and me as ur ing the  be haviour . T he  mode l tes ting 

pr ogr am include d s ta tic and cyclic  tes ts , with diffe re nt points  o f hinge d attachment be twe en te ther and anchor  a long with the  use  o f a mudline  line r  in s ome 

cases. T he  line r  was  use d to inh ib it  the  fo rma t ion o f a te ns ion crack be hind the  mode l. T he  e quipme nt  and data acquis ition s ys tem functione d s ucce ss fully.

T hre e  o f the  main obje ctives  o f the  proje ct we re  to: ( I)  Study the  effect that the  loca tion o f the  poin t  o f attachme nt be twe en tether and anchor  has on the  pull- out 

res is tance  and me chanis m. (2) Study the  effect o f a thin fle x ib le  line r  attached to the  mode l at mudline  e le vation on pr e ve nting a te ns ion crack at the  back o f 

the  mode l, thus  incre as ing the  capac ity . (3) Study the  impact o f load cycling o n  capacity.

From the  meas ure d capacitie s  the  fo llo w ing  quantita tive  conclus ions  we re  found conce rning the  re la tive  effect o f  loading point , line r  and s ta tic /cyclic test type .

•  Low e r ing  the  po int  o f a ttachme nt be twe en the  te ther and anchor  fr om the  mudline  to midw ay  be twe en mudline  and s kir t tips  was  to approximate ly double  

the  capacity fo r  both the  s ta tic case with no line r  and the  cyclic  case with line r .

•  Attaching a mudline  line r  to the  mode l increased the  capacity by about 50 per cent fo r  the  s ta tic, midway  down lo ading case.

•  Cy c lin g  the  mode l re duce d the  capacity by  about 10 pe r  cent for  the  midw ay dow n loading with line r  case.

IN T R O D U C T IO N  P R O JE C T  D E S C R IP T IO N

As  the  o il indus tr y fur the r  e xploits  e x is ting fie lds  and progresses  towards  the  

e xplora tion o f dee pe r  wate rs , the  use  o f s ma lle r  produc tion s ys tems  becomes  

mor e  wide s pr e ad. T he  conve nt ional ins ta lla t ion o f pile d moor ings  fo r  subsea 

sys te ms  and complia nt  s tructure s  s uch as te ns ion le g plat forms  (T LP ) or  

catenary moore d pla tfo rms  are  be coming incre as ingly more  e xpens ive . A 

s tructure  e quippe d with  a founda t ion s kir t  s ys tem made  o f concre te  or  s tee l, 

and ins ta lle d w ith  the  use  o f s uc tion, offe rs  a cos t e ffective  a lte rnative  for  

s uch concepts . La r ge  pe ne tra tion forces  may be  mobilis e d thr ough the  

de ve lopme nt  o f  a te mporary  unde rpre s s ure  ins ide  a chambe r  (like  a cais son 

compar tme nt  unde r  a s ubse a ins ta lla t ion or a pla tfo rm moor ing): the  

diffe re nce  be twe en the  outs ide  hydros ta tic  pre ss ure  and the  ins ide  

unde rpre s s ure , time s  the  e xposed plan area , represents  the  additiona l dr iving  

force . T he  applie d s uc tion is re leased afte r  ins ta lla tion. Afte r  ins ta lla tion 

the  s tructure , to a la rge  e xtent, provide s  a holding  capacity by s uc tion whe n 

loade d s ta tically or  cyclica lly.

T he  proje ct cons is ted o f  pe r forming  five  large  scale  (1 .4  m x 0 .7  m x 1.4 m 

dee p) fie ld mode l tests on anchors  ins talled by s uc tion. T he  pre dominantly  

hor izontal loading  condit ions  (10" fr om hor izontal) s imulate  those  o f a 

catenary moore d pla tfo rm  anchor  or  one  o f a group o f s kir t ce ll foundations  

connecte d by a fle x ib le  frame.

T hre e  o f the  proje ct obje ctives  we re  as follows :

•  Study the  e ffect that the  loca tion o f the  point  o f attachment be twe en the 

te ther and anchor  has  on the  pull- out res is tance  and fa ilure  me chanis m.

•  Study the  effect o f  a thin fle x ib le  line r  attached to the  mode l at mudline  

e le va tion o n pre ve nting a te ns ion crack at the  back o f the  mode l, thus  

incr e as ing  capacity.

•  Study the  impact o f load cycling  on capacity.

To accomplis h these  obje ctive s  the  meas ure d results  o f the  tests were  

compare d with each othe r .

T he  five  mode l tests in  this  proje ct we re  pe rforme d at Lys ake r  (Os lo), 

Norw ay . T he  T je rns myr  c lay at this  s ite  was  saturated and undis turbe d. 

T able  1 s hows  s ome  typical s oil data  fo r  T je rns myr  c lay at the  test s ite and 

a s ite  350 m  away. Note  that the  de pth for  the  mode l tests was  fr om 1.8 m 

to 3 .2  m in T able  1.

T a b le  1 Ge ote chnical parame te rs  for  the  two inve s tigated s ites  in the

T je rns myr  area. Uppe r  4 m

Parame te rs Snorre  CF T  

test s ite , 

1989

Selected test 

s ite , 1990

T hickne s s  o f o rg anic  top laye r  (m) 1.1 1.1

Undra ine d s he ar  s tre ngth, su (kPa) 

(meas ure d fa ll cone /vane  value s )

5- 10 5- 10

Se ns itivity , St (be low 2 m de pth) 6-10 6-12

Natural wate r  conte nt (%) 60- 80 60- 80

Plas tic ity inde x  (%) 28 25

Sa lt conte nt (g / f) 6-10 4- 8

Unit  we ight o f s oil (kN/m 3) 16 16

Wate r  table 0.1 m be low 

s urface

0.1 m be low 

surface

T he  s ame  mode l was  use d for a ll five  mode l tests. T able  2 describes  aspects  

o f the  tests. T he  mode l cons is ted o f two cy lindr ical s kir t  compar tme nts  

tange nt ia lly connected as s hown in F igure  1. T he  location o f the  mode l tests 

w ith in  the  test e x cavation is  s hown on Figure  2. T he  base area was  about
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T a b le  2 Characte r is tics  o f the  mode l tests as tested T a b le  3 Cy c lic  load his tory for  Tes t No . 3 . Compa r is on o f planne d

and actual load programme s

Mode l

test

Test

type

Loading point 

(load direction 10* from 

horizontal)

Mudline

liner

Date

performed

1 Static 5 cm below ground level No 1990- 09- 24

2 Static 5 cm below midway between 

skirt tip and ground level

No 1990- 10- 08

3 Cyclic 5 cm below ground level Yes 1990- 10- 24

4 Cyclic 5 cm below midway between 

skirt tip and ground level

Yes 1990- 11- 05

5 Static 5 cm below midway between 

skirt tip and ground level

Yes 1990- 11- 19

Loading point ' Top plate 

on flange

J" Load direction 

10° from horizontal

Section A -  A Top plate Mudline liner (Tests 3 ,4  and 5) 

t i— Excavation level

“Loading point 

elevation 

Tests 1 and 3

»Loading point 

elevation 

Tests 2,4  

and 5

■o E 
E  E

z  700mm

F ig . 1 Sk ir t  config ur a t ion and ge ome try in  p lan and s ection

^Toad
girectiongj

HE300B

- 0

- IP E 240  

Cross brace-

Load ^  
[-.direction

27m

-Sheet

pile

Load

direction
„ --^ A d ju s ta b le  deadman

r a .  ' " i n  ' V i i i  H f v

F ig . 2  Tes t e x cavation and locations

0 .8  m2, the  pe ne tra ton de pth was  about 1.4 m and the  s ubme rge d we ight o f 

the  mode l was  about 10 kN. T he  actuator use d to br ing  the  mode ls  to 

fa ilu r e  was  incline d 10° fr om the  hor izontal.

Planne d progra mme Actual pr ogr amme *

Parce l

No.

No . o f 

cycles

Ave rage

load

(kN)

Cyc lic

load

No . o f 

cycles

Ave rage  

load (kN)

Cyc lic

load

1 50 12.5 2.5

2 50 12.5 3.3

3 30 12.5 3.8

4 10 12.5 4.2

5 3 12.5 4 .6

6 1 12.5 5 .0 12.7 5.2

7 5 12.5 2.5

8 50 12.5 5 .0

9 5 12.5 2.5

10 50 12.5 5 .8

11 5 12.5 2.5

12 50 12.5 6.6
13 5 12.5 2.5

14 125 12.5 7.6 8.0
15 5 12.5 2.5

16 125 12.5 8.7 9.3

17 5 12.5 2.5

18 125 12.5 10.1
19 5 12.5 2.5

20 125 12.5 11.6 20 12.8 11.3

* Va lue s  give n o nly  if diffe re nt fr om planne d

T a b le  4  Cy c lic  load his tor y for  Tes t No. 4 . Compa r is on be twe en

planne d and actual load programme s

Planne d progra mme Actual pr ogr amme *

Parce l

No .

No . o f  

cycles

Ave r age

load

(kN)

Cyc lic

load

No. o f 

cycles

Ave rage  

load (kN)

Cyc lic

load

1 50 30 6.6
2 50 30 8.8 29 .9

3 30 30 9 .9 9 .8

4 10 30 11.0 29 .9

5 3 30 12.1 12.3

6 1 30 13.2

7 5 30 6.6
8 50 30 13.2 29 .9

9 5 30 6.6
10 50 30 15.2

11 5 30 6.6
12 50 30 17.5 29 .5

13 5 30 6.6
14 125 30 20.1 110 21.0

15 5 30 6.6
16 125 30 23.1 13

17 5 30 6.6 0 0 0

18 125 30 26 .5 0 0 0

T he  s ta tic mode l tests we re  brought  to fa ilure  monotonica lly  in dis plac e me nt 

control in  about 2  hours . T he  cyclic  mode l tests we re  a ll pe r forme d in load 

control w ith  a cyclic  pe r iod o f 10 s econds. T he  cyclic  load pr ogramme s  

(planne d and as tes ted) for  Tests  3 and 4 are  give n in T ables  3 and 4, 

re spective ly. T he  ra tio o f ave rage  pre te ns ion to max imum cyclic  load was  

approximate ly  1:1 fo r  both tests so that the  impact o f cycling  w ould  be 

compar able  fo r  bo th tests. Loa d  Parce ls  1 through 6 are  a s implifie d  ve rs ion 

o f the  pe ak par t  o f  a 100 year s torm scaled approximate ly to the  condit ions  

o f thes e tests.

Six  dis plac e me nt  trans ducers  we re  used to measure  the  move me nt  o f the 

mode l. T he  trans duce rs  we re  ar ranged with one  e nd o f each trans duce r  

attache d to the  mode l and the  othe r  e nd attached to an inde pe nde nt re ference  

fr ame . None  o f  the  trans duce rs  we re  placed such that the y would give  a 

compone nt  o f dis plac e me nt  dire ctly and e xactly. T his  is becaus e the y we re  

place d ar ound the  pe r iphe ry o f the  mode l and also that the  ge ome try o f the  

me as ure me nt s ys te m changed as the  mode l move d.
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A routine , s pe c ially de ve lope d for  this  type  o f s itua tion, was  the re fore  used 

to re s olve  the  dis place me nts  me as ured by  each trans duce r  into compone nts  

o f dis plac e me nt in  the  s ix degrees  o f fre e dom (i.e ., trans la tions  a long and 

rotations  about the  X,  Y and Z  axes ). T he  program takes  into account the  

in it ia l place me nt o f the  trans duce rs  and the  change  in ge ome try as the  mode l 

move s .

T he  coor dinate  s ys te m to which these  displaceme nts  are  re solve d has  its 

o r ig in  at the  center o f  the  mode l (in plan) and at the - or iginal c lay s ur face  

before  mode l pe ne tra tion (in e le vation). T he  e le vation o f the  o r ig in  is 

the re fore  the  s ame  as the  c lay s ur face  outs ide  the  mode l. T he  X  coordinate  

dir e ct ion is  pos itive  in  the  s ame  dir e ct ion as the  hor izontal te ns ile  load 

compone nt  on the  mode l (fr om the  10°- inc line d actuator  load). T he  Y 

coor dinate  dir e ct ion is pe rpe ndicular  to this  and the  Z  coordinate  dir e ct ion 

is pos itive  upwar ds  (r ight- hand rule ).

S U M M A R Y O F  RE S U LT S

S ta t ic  An d  Cy c lic  Be a r in g  Ca pa c ity

T he  measured fa ilu r e  loads  are  s umma rize d in T able  5.

T a b le  5 Me as ure d fa ilure  loads

Mode l

test

Line r Tes t

type

Load

point

Me asure d 

fa ilure  

load (kN)

1 No Static Mudlin e 19.7

2 No Static Midw a y 37.5

3 Ye s Cyc lic Mudlin e 21.8

4 Ye s Cyc lic Midw a y 51 .0

5 Ye s Static Midw a y 56 .4

T he  fir s t two tests de ve lope d a te ns ion crack dur ing  loading as s hown on 

F ig . 3 . Als o  s hown are  the  or ig ina l and de forme d locations  o f clay 

move me nt indicators . T he s e  wate r  fille d fle x ib le  tubes  we re  inserted into the  

c lay ar ound the  mode l pr io r  to each test. Afte r  the  test the  tubes  we re  fille d 

with  grout . Afte r  ha rde ning  the y we re  re move d. T he  pre dominant 

measured load- dis place me nt (or  rota t ion) curves  for  Tes ts  1 through 5 are 

s hown on F igs  4  thr ough 8, re s pe ctive ly.

Effe c t  O f  Lo a d  Lo c a t io n , Lin e r  An d  Cy c lic  Lo a d in g

In  orde r  to accomplis h the  obje ctives  s tated in  the  intr oduct ion, a five  test 

pro gra m was  cons tructed s uch that the  compar is ons  s hown on T able  6 could 

be  made .

F r o m  T able  6 and the  me as ure d capacitie s  s hown on T able  5, the  fo llo w ing  

qua nt ita tive  s ta te me nts  can be  made  about the  re lative  effect o f  loading  poin t , 

line r  o r  test type  if  a ll othe r  factors  are  he ld equal:

•  Low e r ing  the  po int  o f a ttachme nt be twe en the  tether and anchor  fr om the  

mudline  to midw a y  be twe en mudline  and s kir t tips  was  to appr oximate ly 

double  the  capacity for  both the  s ta tic case with no line r  and the  cyclic  

case  w ith  line r .

■ Atta ch ing  a m udline  line r  to the  mode l increased the  capacity by  about 

50 pe r  ce nt fo r  the  s ta tic , midw ay  loading  case.

•  Cy c lin g  the  mode l re duced the  capacity by about 10 pe r  cent for  the  

midw a y  lo ading  with  line r  case.

T he se  effects  can bes t be  seen by no r ma lizing  the  meas ured capacitie s  o f 

each test by  the  lowe s t capacity meas ure d (Test 1, mudline  load point , no 

line r , s ta tic lo a ding). T he  re sults  are  s hown on T able  7. F ig ur e  9 s hows  the  

load- hor izontal dis plac e me nt  curves  fo r  Static  Tes ts  1, 2  and 5 in  orde r  to 

illus tr a te  the  impacts  o f line r  and attachme nt point.

T a b le  6 Compa r is ons  be twe en pairs  o f tests to e xamine  load

loca tion, cycling and line r  effects

Mode l

test

Loa ding

point

Line r Tes t

type

Effe ct e xamine d

1 Mud lin e No Static Loading  point  (s tatic,

2 Midw a y No Static no line r )

3 Mud lin e Ye s Cyc lic Loa ding  point  (cyclic ,

4 Midw a y Ye s Cyc lic line r )

2 Midw a y No Static Line r  (s tatic, midway)

5 Midw a y Ye s Static

4 Midw a y Ye s Cyc lic Cyc ling  (midw ay , line r )

5 Midw a y Ye s Static

T a b le  7 Compa r is on o f meas ure d capacitie s  o f va r ious  tests

Measured 

failure load

(kN)

Mode l

test

Load

point

Liner Test

type

Measured load 

Test 1 measured load

19.7 1 Mudline No Static 1.00
21.8 3 Mudline Yes Cyclic 1.11
37.5 2 Midway No Static 1.90

51.0 4 Midway Yes Cyclic 2.59

56.4 5 Midway Yes Static 2.86

Dis re ga rd ing  the  s ma ll (1 0 %) effect o f cycling, the  differe nce s  in  capacity 

are  m a in ly  a func tion o f load point  and line r  for  pre dominantly  hor izontally  

loade d anchors . T he  large s t diffe re nce  be twe en me as ured capacities  was  that 

o f  Static  Tes ts  1 and 5 in  which the  Tes t 5 capacity was  ne arly three  time s  

that o f  Tes t 1 for  the  s ame  anchor . T his  illus trates  the  combine d be ne fits  o f 

lowe r  a ttachme nt po int  and mudline  line r.

Re asons  for  this  capacity increase  are  that lowe r ing the  attachme nt point  

forces  the  mode l into  more  o f a hor izontal tr ans la tion mode  o f fa ilure  than 

a rota tional fa ilur e  by  m in im izing  the  mome nts  about the  s kir t tip . It  is 

be lie ve d that by m in im izing  the  mome nt  about the  s kir t t ip , the  max imum 

capacity is  achieved. As  s uch, the  opt imal point  o f attachment can be  

calculate d taking all othe r forces  acting on the  mode l into cons ide ration.

With  re gard to the  line r , its  purpos e  is  to inhib it  the  te ns ion crack on the  

active  (back) s ide  by  pre ve nting  a s upply o f wate r (and the re by loos e  

s uc tion) be twe en the  s oil and the  mode l. As  the  mode l tends  to pull away 

fr om the  s o il, ne gat ive  por e  pressures  de ve lop. T he  lowe st pore  press ure  

that could  de ve lop o n land in a s aturated de pos it is  about minus  one  bar . 

Pr io r  to this  de ve lopme nt  the  s oil w ill fa il in  a genera]  fa ilure  pattern. T he  

line r  appe ars  lar ge ly to  have  fu lfille d  its purpos e , even with par tia l le akage , 

by ma inta ining  ne gative  pore  pre ss ure  dur ing  max imum pulling  dur ing  s tatic 

or  cyclic  loading . T his  is  bes t seen by compar ing the  s imila r  loads  at the  

e nd o f Tes t 2  and Tes t 5 (F ig . 9). Tes t 2  had no line r , whereas  Tes t 5 d id , 

but it  was  re move d afte r  the  pe ak load was  reached. All othe r aspects  o f the  

tests we re  the  s ame .

A C K N O W L E D G M E N T S

T he  re sults  pre se nted he re in are  fr om the  jo in t  indus try research proje ct 

e ntitle d "F ounda t ions  fo r  Subs ea Sys te ms , Moor ings  and Anchore d 

Structure s  o n De e pwate r  Sites  - F ie ld  Tests  and Analys e s ” . T he  

par t ic ipa ting  s ponsors  we re  E lf  Aquita ine  Norge  A/S , Nors k Hydr o  a .s , 

Pe trobras  Nor ge  A/S  and Saga Pe trole um a.s . T he  par tic ipation and s uppor t 

o f  Jean- Louis  Collia t- Da ngus , Knut  Haldor s e n, Ja yme  R.C . Me llo  and 

Ste ina r  Bys ve e n o f these  res pe ctive  organizations  are  appre ciated.
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F ig . 6 Tes t 3 - Cy c lic  load at mudline . App lie d  load versus  rota tion

F ig . 3  Mo de l and clay move me nt  at la rge  dis place me nts  a) Tes t 1, and 

b) Tes t 2

"o 70 140 210 280 350
HORIZONTAL DISPLACEMENT (mm)

F ig . 7  T es t 4 - Cy c lic  load be twe en mudline  and s kir t tips . App lie d  load 

ve rs us  hor izonta l dis plac e me nt

F ig . 4 Tes t 1 - Static  load  at mudline . App lie d  load ve rs us  rota tion

Displacement rate Displacement rate as before 

«

F ig . 8 Tes t 5  - Static  load be twe e n mudline  and tip - w ith  line r . Applie d  

load ve rs us  hor izonta l dis place me nt

10

0

Relative movement between 

mudline soil and back 

of model begins
Liner removed 

I

0 50 100 150 200

HORIZONTAL DISPLACEMENT (mm)

250

F ig . 5  Tes t 2  - Static  load be twe en m udline  and s kir t  tips . App lie d  load 

ve rs us  hor izonta l dis place me nt

40 80 120 160 200 

HORIZONTAL DISPLACEMENT (mm)

F ig . 9  Static  tests - Compa r is ons  o f me as ure d load- displace me nt curves
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