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Abstract

The uncertainties encountered in the stability analysis for the foundation of offshore structures
on clay are formulated in probabilistic terms and used to evaluate the reliability of the foundation
design. The major sources of uncertainty are: soil properties, wave loads, and methods of anal-
ysis. The major part of the uncertainty in safety factor is contributed by the uncertainty in the
undrained shear strength. All sources of uncertainties that affect the shear strength of clay are
modeled and systematically analyzed.

The in situ undrained shear strengths are evaluated by laboratory tests and cone penetration
tests. The undrained shear strengths from the laboratory test and CPT, respectively at Statfjord
B site in the North Sea, are used as an example in risk analysis, Using the CPT alone, the
failure probability on sliding of gravity platform at Statfjord B is much larger than the failure
probability using the laboratory undrained shear strengths. The major uncertainty of using the CPT
as the estimate of the undrained shear strength of clay results from the correlation between the

cone resistance and the undrained shear strength.
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Fig.1. Statfjord B Condeep platform. (ref ; 21)
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the slip surface, (b) Forces on an element
of the sliding mass. Y axis is perpendicilar
to paper.
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Fig.5. Electric Friction-Cone Penetrometer Tip.
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Tip & Jhkd] 2% #HIERE M, & electrical
tip 3 mechanical tip, BEER Lo} EHRBEERS
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Aoz <lsld %4 KEF R BEa
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3k, 5@@%‘%’&—: HIRKEEe] S84 7|25 i
BOKEES ARpEI HEE FI2 g 3ol ¥
w7 Ak WIERE M & 0.82~1.18 &
Xo|t}h,

- Rigidity Index(M;) : rigidity index & FEHEAK
BIEGREN(G) St JEHERBIETERE Y HEA e
W=, Baligh®®o] ¢]ste rigidity index 2]
o web Nighol 3gmnatet.

7 (17), (18)3+ Table 3-8 o] &3t4 Aridl]
A g MR NFe FifEsh 16,1019, #E)
BT 0.38 o] e}

4.2, KA (Anisotropy)

WS EARERS SHEEMK =] W
fRell A aEsl SEPRASIETRE = EEDIRRE A
TR greleh. iFEEYDS EE AT BT
g7 fA e L5, EHREETE, THikEe
BERIESE Lotk z'f“’/‘r(Fig 2). 5, BE,
ZERERS] B 2718 WAk Table 1
of Hegkdlet. $1o HRE EFHE ¥Rl =2
71 #ESH, EENENERE s EHkER
el 78% ZJEOh—, SERBREE FERE
BREES] 53%ele, 2ol HEHREE 0.09,0.20
]1‘/}-_5 11,19,21,22)

He] HRE B2 K EEGENEIRE,

FeEEKZBHERES (19, CORez vepd
T vk
Sa=(qe—7Z)/1. 28N +ersreevrresereeariranns (19)
Se=(qe—7Z)/1. 89N +++rerrererensrerececses (20)

4.3 TR ROE FEFEANEIRE

BBBARB LR TR EME JEHPKETEHSE

Table 1. Triaxial Active, Passive, Direct Sim-
ple Shear 8] =7

clay & =% (TA/TA[DSS/TA] TP/TA

Atlantic Generating Sta-
tion (Koutsoftas & Ladd,

1985)
N.C. clay 1 0. 85 0.43
O.C. clay (OCR=6) 1 0.79 0.70
Drammen Plastic Clay 1 0.75 0.38

(Bjerrum, 1973)

N.C. Boston Blue Clay
(Ladd & Foott, 1974) 1 | 0-61 | 0.47

Porto Tolle-Young N.C.

silty clay in Itally 1 0.82 0.61
(Wroth, 1984)
Panigaglia-Soft clay in 1 0.80 0. 60

Ttaly (Wroth, 1984)

Norway Troll Field

(0. Eide, 1984) 1 0.81 0.52

EE BEES7 A4 &Y scatter o} A
43 BHL, Ne3te] model error, Bk ol &
e 2 HRE st ok ek TR OEA
B JEHRKSYETREE S TifEsl MENRE= (21D,
(22)K. o2 HEZH.
E[S;]=E[M"]-E[q.—rZ]/E[Ns] -+++(21)

QL81= +/{rfA1-Qle 1} 2+ {Qlgd/vVu}?
+ I IM ]+ M ]
............... (22)
714, M =RFt% WHIERE
A:=i ¥4 segment ¢] slip surface [
®
n=Hre] EE
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2, AR R EE E[M,]=28100 MN— mo] tt.
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BN REE 0,24 ¢ o} Statfjord B i} i oFe 2l F9 #
BB el el REMES FelA FE EE AsetnE siff dayz ol % Rk &
KRR R R g AzzHEE 8 M ZRARA BSEARRAA T3 BERE
e KFFASNE Aeke T 4 o= % Fig 6ol Mkl Statfjord B4 @A

Undrained Shear Strength,S (kN/mZ) Undrained Shear Strength,S (kN/mz)
100 200

ellesin it

Average CPTs
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=

Depth (m)

—

~

Undrained Shear strength,S (kN/m?) Undrained Shear Strength,S (kN/mZ)
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| o o O
|
a
() o2 © (d) o
_ % © 5 Qe O~
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2 g o) o O |
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Fig.6. Shear strength of Clay at Statfjord B (a) Range in shear strength from unconfined compression,
laboratory vane, and pocket penetrometer tests, (b) Range in shear strength from cone penetr-
ation tests, (¢) Triaxial and simple shear tests on samples consolidated to overburden pressure,
(d) Triaxial and simple shear tests on samples consolidated to overburden pressure plus vertical
stress due to tank weight.
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FERREY WHESRBRWNDS BHEEARREY N
28 HHIERE(M;)E #7 Table 2. ¢+ Table 3.

ol Wzk3l et

Table 2. Correction factor for undrained shear strength
Type of Test
Factor Triaxial active NGI simple shear Triaxial passive Comments
E[N;1  QIN;1  E[N;]  QIN;]  E[N] QINj]

Disturbance (N;) 1.18 0.08 1.18 0.08 1.18 0.08

Stress State{N,) 1.08 0.03 1. 00 0.03 1.23 0.03

Specimen Size(N,) 0.93 0.05 0.93 0.05 0.93 0.05

Progressive Failure(V,) 0.95 0.03 0.95 0.03 0.95 0.03
Cyclic Loading(N;) 0.99 0.06 0.99 0. 06 0.99 0. 06 100 yr storm

1.00 0.06 1.00 0.06 1. 00 0.06 20 yr and

1 yr storm

TOTAL 1. 11 0.12 1.04 0.12 1.28 0.12

Table 3. Correction Factor for N;-value S EEe] slip surface & Fig. 7o vER o

Factor | ELM))| QIM))
strength test type (M) 0.90 0.12
rate of penetration (M,) 1 0

method of penetration (M,) 1 0
shape of tip (M) 1 0
K, or OCR (M) 1 0.07
rigidity index (M) 1 0.05

5.3 R{IE JEHRkBIMREES BWiEH

(Foundation Resistance)
B sy BRE#R s T miEY
FlUAEREz ool fgfrsta, o EME 5
2L 3EHE (equivalent foundation)zl 3te}, o] ¥

o, o] A2 YIHEY 152 135m o o
Statfjord B &] correlation distance = §.=0.1
7m, 8., dy=53melrh.® z;, i 282 y=135m
& #& Segmenti 9] i3t (de)X o= FHES
3, I'ly), I'ids I'TAle Ud), (4o)s 4K
o2 HE=rt Statfjord B¢ slip surface 8] L
S} ou, '], TTAIS & FHESY 2 HBRE
Table. 4 ol dggFdl el =3F ]2 slip surface
A Ly, iz (13), AORA @D, 223
A g3 gk KA S foeskz, (1D,
(1)Ko 2 Efel THES sEe Hedch
Statfjord BellA ZEAAES HLEARB S
HES JEPEKEEEE ) S Table 44 v}

Table 4. Shear Strength along Slip Surface

Lab. Test CPT
(a) Segment Depth Els;]  Var[S:] E[s] Var[S!] L Ot I (A
m m) (m)
(kPa) (kPa)? (kPa) (kPa)?
1 2.5 88.9 147 115 2116 14 53 1.0 .63
2 2.5—6.5 91.5 142 118 4524 52 .90 .13 .08
3 6.5—10.5 74.0 158 114 4222 69 2.9 .20 .13
4 ’" 71.0 146 75 1040 8.0 .25 .17 .11
5 1" 86.1 125 77 1096 6.0 .09 .12 .08
6 52.5 47 55 640 3.5 .09 .16 .10

(b) Slip surface with model error
By Lab. Test R=1.94%10°MPa
By CPT R=2.33x10°MPa

Var[R1=6, 36 x10* (MPa)?
Var[R]=6.23x10° (MPa)*
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Table 5. Foundation Reliability

Criteria Resistance Load Safety Factor Reliability
E[R] (MN) QI[R] | storm E[L]J(MN) Q[L]| E[F.] Q[F.] 8 Py
Undrained Shear Stren- L olyr. 723 0.21] 268 0.25 | 408 2.26x10~
gth by Laboratory Test 1940 0130 | 20y 940 0.24| o0t 027 | 272 3.36%10"
Undrained Shear Stren-. 1yr. 723 0.21] 3.22  0.41 | 2.85 2.19%107*
gth by CPT 2330 0339 1 opyr. 949  0.24 | 2,46 0,42 ‘ 210 21X 102
2 Bk o JEHRES ERestAl ek A 0 KRS 1986 £ mERMEE M
W 93, [LEEER®E cone resistance 9| Wt riss o8 o] Belx Aoz old P

FHBAMEA fFfeste TrEEtto 2 o8 figmkss
o] & Aoz HEfitscl

6. &

A Bl A BRRB BITARRS o
S BENRERE Skl g THEke] 2
7 HEH QI o] HRE o $3ke] HHK WHE

WD) BB A GEERT
A B e ek 2
(1) EAHRS FHELS REHEE, EHRE,

AREI, BERS e, RFME S X%
ES s &

(2) BHEARRES FREEES BT RER
RE, HAR, HAKE A tipd W,

KEFTEHEDT), rigidity index o] F:FsHe},

3) HBHARS 2 35 Lol A JEPeKsTEr
SRIEE RESE SRS Negkel 2 THEH
(QLNJ=0.38)% 7tAl= 2 faEsHA EHN
ok ghe},

(&) Meyerhof>7k A Qbet WsiFRBIESS) TR
el HE (107 ~10") ¢ Ik 2, I
BEAREE o] 83 JEHRKSIBIRE K%
HiEe w1 GHEE dems BRR
B (IR O & smifTshe Aol Basg Ao

2 JEEcof
‘(5) BB ITARS e 2 Lol A FEHEK 37k,
HEE BHED o, Nezbel & NESES &

17] A RB AR B ol 38R (field
vane test) ] ff{%(correlation)-&- o] &34},
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Qe Frikel Hgeslelok et

. Ang, A.H.-S. and Tang, W.H. (1975),

T8 = g et

. Lauritzsen, R. and Schjetne,

. Schjetne,

e E

2 o2 "

“Proba-
bility Concepts in Engineering Planning and
Design,” Vol. 1.
New York.

John Wiley and Sons, Inc.,

. Tang, W.H., Yucemen, M.S., and Ang, A.H.-

S. (1976), “Probability-based short term design
of soil slopes”,

Vol. 13, pp. 201~215.

Canadian Geotechnical Journal,

. Vanmarcke, E.H. (1977), “Probabilistic modeling

of soil profiles”, Journal of Geotechnical Eng-

ineering Division, ASCE, Vol, 103, No.GT11,
pp. 1227~1246.
. Hoeg, K. and Tang, W.H. (1978), “Probabilistic

considerations in the foundation engineering for
offshore structures”, Proceedings of the Inter-
national Conference on Structural Safety and
Reliability, also Pub. No, 120, Norwegian Geot-
echnical Institute, Oslo.

K. (1976), “Sta-
bility calculations for offshore gravity structu-
es”, Proceedings, 8th Annual Offshore Techn-
ology Canference, Houston, Texas, 1976, alsq,
Pub. No, 130, Norwegian Geotechnical Institute,
Oslo.

K. and Brylawski, E. (1979), “Off-
shore sampling in the North Sea”, Proceedings,
International Symposium on Soil Sampling, Sin-
gapore, 1979, pp. 139~156, also Pub. No. 130,
Norwegian Geotechnical Institute, Oslo.

ABIBETREE 47



10.

1L

12.

13.

14.

15.

16.

17.

18.

offshore gravity platform foundation”,

Vaid, V.P., and Campanella, R.G. (1974), “Tr-
iaxial and plane strain behavior of natural clay”,
Journal of the Geotechnical Engineering Divis-
ion, ASCE, Vol. 100, No,GT3, pp.207~224.

. Ladd, C.C. and Foott, R. (1974), ”New design

procedure for stabitity of soft clays”, Journal of
the Geotechnical Engineering Division, ASCE,
Val. 100, No.GT7, pp.763~786.

Larsson, R. (1980), “Undrained shear strength
in stability calculation of embankments and
foundations on soft clays”, Canadian Geotechn-
ical Journal, Vol. 17, pp.591~602.

Terzaghi, K., and Peck, R.B. (1967), “Soil
Mechanics in Engineering Practice”, Wiley, New
York.

Bjerrum, L. (1973), “Problems of soil mechanics
and construction on soft clays”, NGI, Publ. 100.
Michols, K.A. (1979), “A probabilistic study of
M.S.
Thesis, University of Illinois, Urbana.
Kjekstad, O.T., Lunne, T. and Clausen, C.]J.F.
(1978), “Comparison between in situ cone resi-
stance and laboratory strength for overconsolid-
ated North Sea clays”, Marine Geotechnology,
Vol. 3, No.1, pp.23~36.

Campanella, R.G. and Robertson, P.K. (1981),
“Applied cone research”, Symposium on Cone
Penetration Testing and Experience, Geo. Eng-
ng. Div., ASCE, 1981, pp. 343~362.

De Ruiter, J. (1981),

practice”, Symposium on Cone Penetration Tes-

“Current penetrometer

ting and Experience, Geo. Engng. Div., ASCE,
1981, pp.1~48.

Schmertmann, J.H. (1975),
in-situ shear strength”, Proceedings of the Sp-

“Measurement of

eciality Conference on in-situ Measurement of
Soil Properties, ASCE, Raleigh, Val. 2, pp.57~
138.

ASTM (1985), American Society for Testing
and Materials Standard D3441 : Standard Method
for Deep Quasi-Static, Cone and Friction-Cone
Penetration Tests of Soil.

Schmertmann, J.H. (1978), “Guidelines for cone
penetration test, performance and design”, Fed-

eral Highway Administration, report FHWA-

48 2% HE3HE 1986 F 12

19.

20.

2L

22.

23

<

24.

25.

TS-78-209, Washington, 145p.

Wroth, C.P. (1984), “The interpretation of in
situ soil tests”, Twenty-Fourth Rankine Lec-
ture, Geotechnique, pp. 447~489.

Campanella, R.G. and Robertson, P.K. (1983),
“Interpretation of cone penetration tests”, Can-
adian Geo. Jour., Vol. 20, pp.718~745.

Eide, O. and Andersen, K.H. (1984), “Fondat-
ion engineering for gravity structures in the
Northern North Sea”, NGI, Publ. 154.
Koutsoftas, D.C., Ladd, C.C. (1985), “Design
strengths for an offshore clay”, Geo. Engng.
Div., ASCE, Vol, 111, pp. 337~355.

NGI (1980), Norwegian Geotechnical Institute,
Private Communication.

Lacasse, S. (1082), “Platform movements due
to foundation overloading”, International Con-
ference on Numerical Methods, Edmonton, Can-
ada.

Meyerhof, G.G. (1976), “Concepts of safety in
foundation engineering ashore and offshore”, Pr-
aceedings, First International Conference on the
Behavior of Offshore Structure, Val. 1, pp. 900~

911.

i ®

CIU : isatropically consolidated undraind(condition)

Cov : covariance

DS
E[
F,

M;
M,
n:

N;
N

N

Py

S : direct simple shear test
+7]:mean of ()
: factor of safety

: correction factor of Nk-value
’: correction factor of anisotropy
number of samples

: correction factor of lab. test

: cone factar

: cone tactar in North Sea

: failure probability

S, Su : in-situ undrained shear strength

Sa
Sa
S,

: active shear strength
: direct shear strength

: passive shear strength

S: : measured shecar strength



S; : shear strength of segmenti : reliability index

) : scale of fluctuation

8

TA : triaxial active test I : variance reduction factor
TP : triaxial passive test )
'

Var[ - ] : variance : standard normal probability

a : angle of slip surface Q[ + 1 : coefficient of variation
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