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. - _ABSTRACT ' {? .
E 4 ’ ; ¥ e
L. This _thesis examines how' material uncdrtainty influ-
d ences t;he _short term uat\;ienents and stresses o: found- "

ations. Bxpmsing the uncartainty of mtatial utrength in --
terms Tof elustic ‘modulus, the foundation and.lay 041~

medium :lnteraction is leyzeé. Two. soil 'mode'ls 'Qre
5 N examined: - (L)‘ah ela'stic, sin&ila phaée, layérad soil medlum"
'with undrained matérinl propertlea ‘and (ii) a piecewisp

lineax: elastic, sinq'le phase, \ﬁyered soil medium aﬁprox-

Lmating tha nonlinear hehnvicur of soil. ‘For' t'_he piecewise
- lxnear appro}zimatiun, two shear-straih-dependent soil:

"nodulus re.lat’ionlhlps ax'e!i . to Aiff iate

b © clays and sands. ., - . —_—

R 4 3 il e

utxlizing a tvo-dhensionnl plane stnin tx-iungular A

element, a utoehaltlc finite element solution is furnulntad.
0 :l'he proceduxa 1ncorpozates the elastic nodnl.ua variation by
condL}ring a linaar two ten Tuylot series expansion ot‘tﬁ_

,eEuilxbrium equations. L0 .
’ro 11m1t the extant: ot errors inducad by the omission ~
o! second order .terms, the coatficieni: of variut‘.iun (c 0.V.)
‘/-_" v tor elastic modulus 1s \ass\mad\ to ba ldi\»than zot. .’l'o
model g{e degrea of intaniapandency between tinlta almantl,
a decaying exponential currahcion dilnnce function- ln'




terms of ‘the lcalar é‘istance hatwean elements ‘is used.
Balad on thg delinition of coJariance combined with the
unur ‘two-term expaneion for elastic modulus, the\govar-

-y

stresses are derived. ¥, .

‘e : . : >

. ’L‘o ‘model tha\stochastic :inita element procedure, B

FORTRAN compute

code is devalopad for beth linear and

piacewise 11near ‘material elasticity The displacements and

. ‘considerad as the ‘mean valués. Usinq.y the ccvariunce_ of
displncamants and variance of stresses” juted for selected
nodes and’ elemem:s, ths rasulting cuetﬂci}g&nq.pe variation

are deteminad for actual. displacimentg, relative displace-

imca‘ ut nodnl displucamenta and the variunca of element -

atrasses nbtuinad tron, the: plune struin anglysia “are

eaﬁablish the sensitivity of the stochastic finite ele'ient

procedure tg eorrelniov distance, modulus c. o v. and soil

due to its maximizing the muterial uncemim:y. ﬂuso the

displace TL@& resse are examined by 1nc1uding ‘a
px:ocadura to randomly vary the modulus C.0.V. £r.‘om zero, to

ey maximum.

:\‘_-

T ments and ‘stresses.- A paramatric analysis -is carried out to

models.‘ '.l‘ﬁ"ia type nt analysia is da!inad as an upper bound'

/ randam vari!\tion of mntatial propazt,tes and’ its influence on .




Voa st g Ekoﬂsk ‘Tank is sxamined for grsvitationsl loads and (qgasi-

static wave loads reprssentstivs of an sctusl sgorm.

o~ w Gtuvi'fstionsl‘ forces _and design ice fcrces are appllsd to

v the 'M.A.C. struct\n: . In' both cases, numericsl rebults

-

cnmpare very well with .those puhli.shsd in 11tersturs tor th
prototype structures, dif!ering by less thsn 10% for most

5 conditions. A

The main’ conclusions !rom 9e parametric study of the

.stbchasf_ic finite s].ement B for’. soil:

v VLo ‘ interaction are: 4

o 5 i . M
(1) ~The /fect of elastic modulus uncertainty is more

ce prcncunced in the uncertainty of s /t-rassss thsn the
5 v displacamsnts. . . >
5 s,

[ (ii)’ As the cdrie’latiun dist@nce factor becomes lntgs‘

L 4 (qrsater thari lo), \-.he vsristion of dmplscements

* or strassqs attributed to. local matsrial

'uncartsinty is smalLsr. " Under this\ cpnditlo_n che

b i soil continuum is highly correlated. .

(iii) The proportion “of - uncertainty ' in Tesults ~are
insensitive to the .vuryinq loading conditions.

\ =




-.:(1v) The pilecewise Unawl model provides closer

: /é agraemant with/ﬁhe published data for. prototype
s:ruc\:ures . and yields lower coefficients of . «'
“Variation for aispl ts and Stressed than the -

alustic model .
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CHAPTER 1
~— .
INTRODUCTION ‘ -
~

The advancement of. new technologies’ can uﬂxallx/be
‘attributed to a-couple of principal proponents, establishing
the necessary impetug and funding to support such iasearéh.

] |

{ i
:L‘he/echievéments in the space industry" through the backing .

of major gwernments have created numerc‘:us .spin-off technol- .
ogies.‘in its wike; some_ of thosa being’ computer hardware

’Systéms, robotics and. mnterials sci‘ence breakthroughs.

similarly the 011 ;mdusl:rymas been l:he\;chiet driving force

o‘ new developments in marine ottshore structures. With
depleting lund based sourcas of hydrocarboris and minerals,
the exploration and extraction of these resources from
subsea sites is necessary for soc:Lety to maintain its
present stﬁ’é” d of 1living. E # s

Recent exploration and development ot offshore enem;y\

d. mineral resources in increnaingly deepet wnters has
requited larger offshore grav Yy structures. . To make
s:unilar developments in northern t:ontiara Llike, the Beaufort
Sea taaslble,_ structural designers are tequj.red tc pro?uce
fixed year-round ariuing and production plattotms, such as
cafsson tatginad -leands. The novelty of these types otA

Gonstruction “projects has meant limited --availapility of




|
structures are subjacted to more hostile en_vironmental

forces which ara nonperiadic in nature, thersby increasing
the level ot unca:tainty ‘in their design. - Uncertainties
arise tgom swerai sc;uzsgl, (1) the unpredictable wave, wind

axid, in some 1ns€an¢:_§s,‘ ice or pack ice loadings; ‘(ii) the

lackvot‘. understanding -and experience of the physical
y‘- response mgcha;lisms of these novel systemé; and (yiij.)v the

b variation' of actual ; _matarin:!. i:_goperties from the design . /
R v‘al;:,aa. '_'rhis latﬁér pioiale‘m is Vespecial]y.y. relevant to

/. uhcerta{n\:y and spatial’ variation of geotechnical- propefties

/ '.1n the nﬂ.’shore, leading f.e increased uncertainties’ inherent
4w1th the tuundaticm deaign. Furthermore, - physical limi(:-.
gtians and large expenses associated with obta{ning detailed
-‘geotech:nicél- properties at deep sea or'Arc\:i"dri‘ll'sites,
restricts the amount jand quality of test results available

© to the degigner. T;'mnka the most use of the limited data,

the nt!shoré 'str‘tural designs should incorporate

probnbilistic prucedures. -

The previoua deslqn précedure has been to assign a

lurge factor’ or safety to “the i 1at under-

standing of - the soil int ion. ever, thié
'prnccide =ou1d 1eud to structural -members or .the soil medium
'ber ng ‘overstressed under actual- loah‘.l.ngs. 'rheretora, the
degigner must %dem:iry the’ sign:lti,cant sources - og- uncer-

' -TE—.linty 'unﬁ properly ussa»s:ithé', effect on stn.mtu;al‘ ‘re=-

’
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spollse:‘v One of the mora significant sources/of uncertainty

_is the ramdomness associated with the materTal characteir-
3 © isties. Phe propnssq /regentch shall’ be restricted to
anglysing th; 1n£iugpsq of this type of ‘uncerrtainty on the

strasses and def:orma.gl on the soil. The application' of -

Ywon précedures dévelcsped herein are equally valid for other

sources of uncertainty such as loadings.




LITERATURE REVIEW
‘The need ‘to address randomness, of material propertie:

is “especially relevant to ‘offshore structures. wi_t‘k_x‘ the

high costs and risks associated with these’ projects, it is 2

prudeht to inyestigate the effects of material uncertainty

on the structural performance. ' One of the more significant

's‘cmrc_és of. uncerf:ainty is the variation' of soil properties. '

%

In this chapﬁer, a generu\} overview of cc;ncre;:e qgavity

platforms ,and. caisson retained isiands is provided. ‘The 3

cursent, procedures: for investigating the soil-structure

interaction (i.e. fon liding, Stability modeling,
_deforimation mnt“ie’linq) are’ sumbari zed. A ‘sf:ate-of—tlie‘-art
.ra’v'j.ew of meth‘tadé'«ot measuring the uncertainties and how "it
' ‘E\ah&t‘e‘s‘ ta. the ‘structural 'stahil‘ii:y_analyais is éxamined.

This is, followed by an outline of the proposed teseé;ch.




platforns ‘was 1nj.tinted~ In  regions where hard’ soil

water ~gPavity styuctures are located 1n the North Sea.

2.1 Cor & Gravity Platf s R

The titst ,modern’ tixed o!fshoxe platfom was a\tae],
template (jacket) . type installe; in the Gult of .tlsx:l.co‘ v
during 1947. The soé\: clayey sediments in the Gulf 'of ’ N
Mexico had made it mandatory for pil; su;_:port‘to prevent
excessive sa{:tlemgnt of the ﬁlatgdm duringropez’-;ti’cn. with
'the 196 afgcovery of ‘the Ekofisk oil fifld in the.lorth
Sea, .the beginning nt’ ,a nev cutegory of f£ixed .offshore -

condit:ions existed . and pile @riving was more di‘fticult, the

:

g ¢ ; were . This alternate
form of fixed offshore platfur!n was designed to remain cm. / ~
location by virtue of self-weight. The favourable soil
conditions of the North Sea contributdd to the selection of .
concre;x:e gravity basa_' t - es’ £or most tion s’ites o
(Eide ‘and Ben. \[1] . Dawson (2], Bech and Haugsgen [3], :
and H;{eq [4])‘9;) ) i ' .
N 1 ] . ) "
Recent teviewa of the concrete qravity pluttorm
de(lelopment hava bean prepared by Eide_ and Andarsen [1], \

Graff [5] and Graff ?nd Chen [(6]. The mujoﬂcy of dapp

'l‘able 2.1 shows a lht of these platfoms instnnad in. the
/
northern sector ot the North sea t:om-:1973 to 1980.. As

1ndl.=ateq in, Table 2.1, two additionl} condeep p!atto:nl are



Submerged *

Type ¥ il!ame' water | f‘oundntion. ¥ .8 1 Properties
St § . Depth- | ‘Weight Area,: . 5 4 ) 5 '
(m) | (10% kN) * (m ) 2 ]
‘Doris “Ekofisk 70 1.9 7,400 © = Fine dense silly sand
Condeep - Beryl A 120 L7 6,200 ‘Fine dense silty sand
: % . et %] 3 (0-10" m). overlying very
A b . v stiff silty clay ¢
" Condeep _Brent B i 140“» S L ‘ 6,200 Stiff silty clay with
s TR 3 . 2 . interbedded sand layers N
Doris .l':‘rigq'- CDP-1 98 & :5’,‘00 Fine dgns‘e silty sand (8 m)-
I : . N . overlying stiff silty clay.
Sea Tank * Frigg TP-1 " 104 5,"600 i?ine dense.silty sand (§ -7 m)
o ] o S . overlying stiff silty clay
. Doris Frigg 1.8. 5,600 Fine dense silty sand
: . N Manifold * % o .
& ) B N '
Condéep Brent D 140 1.8 6,300 stiff silty clay with
iy o : » d - " interbedded sand layers i
statfjord A ; 145 2.0 7,800 Stiff, silty clay with | iz
& ,.2-10 cm sand cover v
~Dunlin A . 153 2.0 59,600

Stiff silf.y clay with inter-
’hedded sand layers \




p DL . . L~ a
Type Water Submerged Foundation Soil Properties
. " Depth - Weigh Arga,z = & B =
=% (m) S (108 kN) . (m®)
. 1 = : -
Condeep “Frigg TCP=2° 102 ‘1.6 . 9/300 _ “.° Finé dense silty sand (3-6 m)
s B & * N : L overlying sti.ff silty clay
Doris * Ninian . 1367 3.2 15,400 Stiff silty clay with intez-
g _Central . ' . i bedded sand layers
Sea fTank’ Cormorant A 150. 2.3 \ 9,700, 'Stiff silty clay with inter-
N & B % e m @ 5 " bedded sand layers
Sea Tank- - .Breht'C Crygo-i- 18 10,100. .+, ' Stiff silty clay with mtex—
- s . bedded sand layers -
<. Condeep, Statfjord B 1145 ¢ 3.7 18,200 ,- ‘., - Stiff clay with o 2915 m
2 s, . S\ 7 s sand cover
Tecnomare = Maureen . 96 1.5 4,350 Stiff ciay with 2-6-m sand
B - o e 0 cove er t
Condeep statfjord C .146 3.9 St1f£ clay thh 0-3m sand
iy . o .- *cover
Condeep . - Gullfaks A 133 3.9 3 m moraine material ‘above
: i B A - stiff clay
Condeep - Gullfaks B = 143 3.0 8,700 Dense sand
\ » . N : 5 2 ’
" < X ’ ~
. . i ) 3
& 3 ¢ v




3 " " located. in ble dation s‘onsf' ing from dense
sand to very stiff clays. The - dspﬂ’: of water’ rai\ges from 70

“m for the Ekofisk Tank to 153 m' for Dunlin R. The maxinum

< . design wave heighfas vary from 24 m for the Ekofisk Tank to
' ,31.2 m for, Nix\ian_ Central .(Fiquxje‘z.ly.. ' y ¢ R

'»‘Jsﬂﬂ the ovér. twenfy pliatturm conéepts e‘nviéibned“ i:y

" enginears, there ate basicqny foux: cnncrete dasiqns (Doris,

Condeepr»sea Tank, Andcc) and one steel design (Tecnemare)

"—ﬁesenb‘ly operating in the Nurth Sea. The rundamental

. shupe{ -of these fiva desiqns are indicated in. Fiqures 2.2 ta

2.6. The. pla ms are Ve almost entirely

g %of ‘various shells 'of 1a£'§e dimension.s known as’ caisédns with

twc, three .or feur hollow-ccncrete towers that suppért
i pretabricated deck facilities.. . . E
- - e T Cl D
S Ancﬁher- laatl;ra to distinguish the .four main de;iqns is

the caisson -bnse shape __'l‘.he principal sourca.of this dis-

5 . and— %‘8* the skirt system selected will vary trom bype of

plattum site and’ soil condibiunn._ with the exceptibn of

: ?, .vir(:ually noé akizts. N N S L

‘ %
planned for 1986 and 1988. "These gravity structures are all

/ . : .

P Ninian cantrul, the Daz‘is pla;t’orms are - tlat slabs wi\:h

'tinctiun is the skirr\gnsign. As indicated in Figures 2. 7.‘




FIGURE 2,! DESIGN WAVE HEIGHTS FOR THE NORTH SEA
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CORMORANT A (Sea Tank) *

| FIGURE: 2.4




DUNLIN A (Andoc )

FIGURE 2.5



FIGURE 2.6 MAUREEN " ( Tecnomare )



" Condeep Eeryl A
S Condeep Brent B g "
Condeep Brent D . <
b , - 4 \
£ -
Ls .

Andoc Dunlin A

-

Howard-Doris
Ninian Central

« dowel location’

FIGURE 2.7 -“PLAN VIEW OF GRAVITY PLATFORM
' : FOUNDATION SKIRT DESIGNS




v Centerline of Platforms
| ~

Sea Tank: Frigg TP-1

Condeep: Beryl A

Brent B and D /

Doris: Ekofisk Tank

Doris: Frigg: Manifold [N
Frigg COP-1 |

Eu{'dgep: ‘Statfjord A* .

Condeep: Frigg TCP-2

N -
- Sea Tapk: Brent C
“Cormorant A
AndS(:‘anlin A
~

0 20m 4om | 60m

:ﬂ'——(—’{_—l Doris: Ninian Central L

FIGURE 2.8 'SECTION VIEW OF GRAVITY -PLATFORM
; " FOUNDATION  SKIRT DESIGNS
. . .
\
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2.1.1 Caisgon Retained Islands

\ buring the 1960's, ojl and gas exploration in the

Beautort&ea had been successful in finding hydrocarbon

deposits of ial \ ial. The t Sea -~
MacKenzie Delta Envi: A Impact st ,(ilaluma 2) (7]‘
summarized the development sy and 1y in

operation in the Beaufort Sea.. Hnatiuk and Felzien [8]
presented a brief up-ta-date review of ‘the Arctic offshore

activity. several techniques were used to drill’ wells ‘in

“the Beaufort Sea such as artificial_,islvanda, ice-reinforced
" drillships and conical ‘drilling units (e.g. Kulluk).

ipiQéussiun here will be limited to artificial islands.

In 1973, the first alterfative

seasonal drilling was
the construction 6f .a gravel-filled man-made island in a

water depé!.u of 3 m. By the end of 1984, twenty-two surface

piercing iflands had been in the t, to a
mak{imum of 18 m water depth. But this type of facility is
restricted to .shallow water depths with abndant borrow

m‘at'eri,al in the vicinity. The high genstruction cost for an

artificial island above a 20 m height is the primary reason’ #

for this restriction. ( p St




-t (SN 18

To make explazatlon and proddction feasible in deeper

watera year-round, a new technology had to be daveloped -
The caisson ret: retained island is a sound-.solutien—ea-&his —
problem, being the next logical hybrid artificial island
structure. The caiﬂeor_l island is r\;in]:y for water depths
ranging from 15 m €0 40 m. ‘The cais_sm; is essentially a
continuous steel or concrete-an‘nulns resting on a carefully
const’ructed sand " berm. The §nterior of the cai‘ssnn is
f£illed with sand which will provide a substantial porticn of
the latéral resistance to ice forces. The caisson structure
viésal! is used for ballasting the structure and for suppaxt*
1ng the deck carrylnq product,ipn and drilling facilities.
Tha main criterion for makinqd:he caisson concept’ feasible
is the requirement of being able to re-use the caissons at

. several other loations once the work is completed at the

preseht site. -

The construction- of caiks_son islands began ir; 1982 with .-
Dome's SSDC - sing"}e Steel Drilling caisson (Bgophy 9., ’
1‘983 with Bsﬁo'a prestressed concrete CRI e caissén-ketained
Island (Mancini ec.ai.' [10] and 1984 with Gulf's- H.A.‘c. -
‘Hobila Arctic Caisson (Jeffries et al. ‘[11]). Dome's SSDC,
Egso's cnx dnd Guif's M.A.C. r;a shown in Pigures 2.9, 2.10

and 2. 11 reapaetively.

o



FIGURE 2.9  SINGLE STEEL DRILLING CAISSON (DOME)

FIGURE 2.10  CAISSON - RETAINED ISLAND
(ESSO  RESOURCES)



FIGURE 2.11

MOBILE ARCTIC CAISSON

(GULF)
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2.2 'Platform Soil-Foundation Interaction

c C gravity 'y depend upon single or
W ;multiple raft’ foundations bearing on the unprepared ocean‘

o .’floor to provide stab!.lity against the maximum env:l.romnem:al

loads im on the i Thase t es , rely
t principally on’ their sﬁmefged selr-welqht and skirt designs

o for . resistance “to’ vex‘tical ard- horizontal «torces. " _In:A

same manner, cnisson retained islands dapend on their larqe e

“mhss and ‘horizontal shear reqistance of- the core and bem *

* materials tor stahility._ .. For- analytical p\lrpcses -the

‘caisson ret:amed island's soil-foundation im:etaction can be’

-»‘conéidarnd to fundamentally behave as the cancrate qnvity_y
structfires. How & foundation. i _with the seabed is . '’

of pyﬁagyv importance in evaluatifig a ‘platform's -perfor-

mance

he foundation éesign musr;‘ ‘have adequate. ‘capacity

.for. the follcwing possible tailure/ﬁodes .(i) Elidi‘nm’

- . failure‘ of the base alonq the soil surfacer, (11) sliding‘ ’ .

faxlure\ of soil Eoundation ut suLsurtace sand-clay layerv,
\

interfaceﬁk (11}) actual bearing capacity failure of the

soil with a\ 2 g the founda iann (iv)

'failure of th eoil thraugh cyclj.c lcadings* such s vava or

saismic at:ecting plattorm pertomance through rocking_

motidns or, soil 11quetactlon of surﬁ deposits, (v) instab-

0

nity of the oun innvdua to

ve scnuting ot tha

s_nil, and | 1) unac;:aptnhla detamutlnn u! the uoil aither
ety
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ip total or diffetential settlements (Figure 2.12). The

-hecessity of adcurate and relisble geotechnical models o -
'descr:l'.be_ these various failurg modes have challengeti design /«
and qeoteeimical" enginfgrs. During the past half céntury,/

e 4 . . esp‘aciunyr the past twe decades, much research has beei‘r‘\
',pertoim_:ec_i on éhese-tcpics.‘ Sevax:al scientific procedures

h}:va been utilized'to gain insight into these failure

mehhzmisms, such as: sem:.-empirical tomulae, elasticity and

plnsticity thaog.‘_ias, céntrituge model ° testing, ' finite

element qhnlyéis and jary element e -

2.2.1 ‘Foundation Sliding
-t oL 3 ‘

Young et al. [12] summarized ‘the main types of found—

L< ation tulﬁre for grnvity ‘p].atfoms resulting from insuff-
icient sliding res:istance. The  potential failure mode. n
depended primarily on the skirt height ,and shape, the net

:verticnl force, and ‘the soil‘protile'é strength properti\es.

" The princ:‘l.pal’ £aii\‘ire modes were passive wedge ‘fa’ilur’e, deep

. passive failure’ and, sliding .base failure (Figure 2.13).
si‘t‘e _condi_tiéps and skirt designs, would cmnplicai:e .the

:ailur‘e,pa‘ttern as shown in Figure 2.14. Eide [13) provided

Af’"‘fifm‘l'o 'tormulua for evaluating the  safety’ tuctor for o

‘horlzontal ali\ﬂng for sand and clay deposits.




{ 1) Sliding along base “(2) .Sliding at sand-:iay .

* layer

{ 3.) Ruptured Soil boundary | & ) Rocking

(5] Excessive smuring- (61, Large differential
: . I settlements -

FIGURE 2.12 POSSIBLE FOUNDATION FAILURE MODES

; 2 @ —




/- Mean Sea Level

X

')

B = Platform Width
H = Horizontal Force

V = Vertical Force

M = Overturning Moment

|
s / l Sk | P | s
- rd Cal g
-'_ »
t1) Passive Wedge Failure
b

IR IS VS VIS
SANANANY

{ 2) Deep Passive Failure

|~

i

I J_ 1 _

( 3) Sliding Base Failure

' }IGURE 2.3

I

PRINCIPAL FAILURE MODES FOR
SLING OF FOUNDATION
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5
Q—B—b -
. * /Mean Sea !:"zvzl 2, %
-
B = Platform Width
“H = Horizontal Force
V = Vertical Force -
. Ovérturning Moment,
v Potential Failure
- =% Ptlane . 2
! ; i
- 3 . . /S Seafloor
I T s
o LR - weak Zone
(19 Shallow Weak Zone wnh \nhdely S
Spaced Sklrls . -
13
T s,
U LB 0 g Weak Zone
(2 ) (Closely Spaced Skirts to Avoid o . \ ’

Failure in -Shallow Weak Zone

< Weik Zun: /? " A

(3) Dee;\rleak Zone" /

FIGURE - 214  FOUNDATION SLIDING .FAILURE COMPLICATED i
’ BY LOCAL SITE CONDITIONS & v ek
FOUNDATION 'DESIGN ' . 6o

W
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2.2.2 ,Staﬁil‘ity Modeling

The stability analysis and foundation design of a

. gravity platform are vital in ensuring a\a‘fE!:y and convenialjnt

operation on site. The preliminary designs are based on the

classical bearing capacity and settlement theories. Once

stability is ‘ass'ured, ‘mére’ elaborate analyses by complex

geotechnical principles are performed.
- ; . N
4

2.2.2.1 Semi-Empirical Formulae ‘for Bearing Capacity

The most accepted model 1§~ t:l';e semi_-angirical model

using superposition of cohesive, overburden, and-frictional
resistances,- based .partly on tj.heo:etica]. work and partly on

empiric'u’l research.’ _This superl':ositicm method had been

’inh:ially propcnsd by Terzaghi [14] and later devaloped by

Terzaghi and Peck [1s3. An . ultimate banring cnpacity
equaticm for a vartically and ccncentrically loaded * strip

‘fqundation suppnrtqd on a homogeneous soil had been given

"y v 4 Y

Qu = Ngc + Ngg + 0.5By°N, : : Sto(2aa)
Tu c g Z .




#, -
where
gy = ultimate bearing ‘&;apacity
c = soil cohesion
g = uniform surcharge around foundation

B = foundation width
y' = effective soil weight’
Nc,'Nq,N1 = baaring’ capacity factors

" ‘Modifications of this formula were proposed by Mayerh‘ot‘

(16], Vesié [17]7 Hansen [18], and Bjerrum [19].

Meyerhof [20] investigated the ultimate bearing.
capacity of footings situated on layered soil media.

similar investigations of bearing capacity of layered soil

systems vere considered by Reddy and s:lnivaqgwn [(21), Brown

and Meyerhof ([22], and Mitciell et al. [23].

JVesié [24] provided a "state-of-the-art" review of the

bearing capacity of shallow 4 ions on

soils,  lpaded cem.:nny and Vartically. #A yes_en‘tat_ion of
all the major contrib;tors to the éuhject prior to 1971 was
given with a commentary on best solutions, appropriate
factors and coatticients‘tor bearing capacity formulae, and

shortcomings of available theories.




s . >

-
2.2.2.2 Analytical Modeling of Stability
v As the amount and qqantity of geotechnical information
improves, the need for stability ar)alysis by more sbphist-
i icated théqr.ies is realized. The method of slices is the
basis ior a number of procedm;es. "rypi_cauy, these 'm'ethuds
assume ‘sevqral tital failure surfaces land determi}ne‘ the ;ne
with 'the',léwest factor’ of akgety.‘ Several versions of
method of slices ara.availablle, with the: main differances
' ‘being in tbe treating of the physical systen's 1ndeteminacy

\ (Janbu et al. [25] and Murff and Miller §£26]).

s
2.2.2,3 Comparison of Some Beaz[ing Capacity Procedures
2 - &

- Lauritzen -and Schjetne [27] presented a general

discussion of bearing capacity stability calculations for

gravity placed -on claﬁ deponits. . Saxena -
ot al. [28] examined the available ‘methods for the predic—
tion of the ultimate bearing capacity of large cffshore"

e grévity 'st:ructuies on layered subsoils.

2.2.3 Deformation Modeling k N ‘ . ,

) ——z——" — Another 1mportam: aspect ot sail-struoture intaraction
N : is ithe "deformation modali.ng nz the soil auttm:e. Total

settlement, dl!!erantial settlement', short tem sattlement:, !

S
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shakedown phenomenon, storm induced settlement ‘and consolid-
f
ation behaviour, all have t)o?/ considered for the offshore

gravity platforms. Excessiye unpredictéd displacenents can

lead to serious overstressing of the raft to}mdation,

tilting .. of the s e af! —per: level,. and e
possihle‘zzact\;re of connecting equipment such as pipelines.
‘x“he procedures available range from the simple ‘elastic

'fozx;\xlae' .to the'coniplex centrifige model ‘tests and the

numerical’ finite element. mpthod.

2.2.3.1 simple Settlement Relationships -

Prediction formulae for vertical, horizontal and
rotational movanén‘tsvbased on the elastic pro‘parties of
modulus of elasticity and Poisson's ratio for the soil .

medium were proposed by Young et al. [12]. " poilos and ngis

[(29] summarized other solutiops including the effects of a -

layered’ soil system, soil ani P! and ion shape.
Baecher et al. /[30] reviéwed some of the simple settlement
formulae for immediate settlements that assume rapid, g

complete drainage. i ) \ "y . ]

2.2.3.2 Centrifige Model Testing

. The of i ‘perf e data for larde i

offshore qr_avity‘platt'orms make. the research. on ppdal
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testing un impnmnt intomation source. Models at; a
traction of the pratotype size, provide clues as to how the
actual platform will respond to coﬁﬁlex and varied loadings
and . soil .conditions. It is a means for the hesiqner to.
verify the prototype design or ‘to make modifications ‘that

will improve performance.. —-
For modeling precadlzres.to accurétali{ predict 'the

E b‘roté')qpev hehu;vicur, the model system must ,ha\}el geonmetric,

) kinematic, . and. dynamic similarity with the proto‘i:ype.." To .

' }ichie"vs‘all three ty'pe‘s of. simi_lituqe] in a onel-gravi?:y model’

is ,nbt possible. Many of these' problems can be overcome

through Amulti-grav‘icy modeling’ in'a chtrituqa. This

centrifuge model is particularly‘ adaptable for geotechnical

simulation of  cyclic. Joading, using model soil that w

bahav'e with the same stress—strain properties as the in-situ.

soil. HMost ‘of the model soils are limited to the undrained
sfut;g. . A L E
~ v
Jean H. Prévost at. the calif.ornin Institute of
Technology, U.S.A., and P.W. Rowe at Manthester University,
UK., are two of the foremost ' raaearchars in centrltuge
Amndeling. Both have indapandently conducted centrifuge

3 “nodelﬂtnl(:s of o re gravity pl 74 et al.

(31, 32.] uti_liled both analytical calculatielns and

acntri!gq'e model tests in’ examining ‘the ‘soilstructure
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interaction pro’bl'em for offshore gravity structures placed

on normally’ consolidated clay depusii:s. Rowe and Craig (33)
presented some of the results of centrifugal mociel tests of
fcgur qra\lrif.y structures, two resting on  overconsolidated
clay ‘with.an intercalated weaker layer close-to-the seabed
level:, and two situated on nomall}; consol idated é;nd.

. - i ik

. v
Andersorni et al, [34] reportad"n\\on the combined exper—

imental efforts of centrifuge mode€l testing at Manchester

University and the anaIyt;éél axpefiem:e of the Norwegian

Geotechnical Institute.

7

2.2.3.3 Finlite s:.;nijaethod : .
: 3 w

The finite e’lemanj: mathpd plays an important role in

foundation - design of ot gravity pl mg. - Its

versatility in geotechnical ° appliéations nikes -the finite

element pethod a’ valuable asset in predicting platfoni

foundation behaviour unﬂ_er a wide rarge of conditiol:la. The
procedure is edually‘ appliciBle to static - dynamic
siguations‘, twﬁ-dimar’nsional‘ or thrée—dimanuloﬂal problens,
iinear H, ‘nonlinear material pi.—opertin, hamcgencods-
heterogeneous soil conditions, and simple —-cdmpléx found~
.ation shapes . 7 t
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|
'Young et al. [12) preaented a “summury of a two-

dimnnsional nanlinaar tinite elamant method analysis of a ;

p;ac:om fon.’ They comp uhe\zesu;ts ‘of FEM vith

and without a Heak soil layer to elustic theory for both

sou;proﬂles. Typically, the i 1o} P! v i
by finite elements w'e,‘ smaller thanl\'thosé comp\?ted by
© elastic theory. 1 ‘ \ .
.z'iankiewicz‘ _et-al. [35] sxnmlged a x"qa or factors éo L
.ha‘ conuidered'i‘r’ the appliCatiDl'; of \e finité element
method to¢ the solution . of elasto—plastic static and tran-
sient "soil mechan!icu Pproblems. 'I'heir wcu:k im:l.uded stab«
ility analysis and settlement, both - immadiata and time—
dependent, for offshore gravity pla\:toms chs_idering
drained and undrained soil conditions. The 4effects of "
cyuiic loading and cunsolidatién were fuumﬁto be important o
i:n foundation analysis and were examined by ‘hndaraen et al.
£36]. g . ‘\ v o 2
The s611-foundation 1ntetnction. bahavi‘aux: of various el
“types ‘of offshore could be illustrated with the ’

X | y
nunerical techniques of FEM. Broughton ‘[37] modeled ‘a

concrete gravity platfoim and a hybrid steel jxckét platform

" vit.h cellular concrete rntt toundation, both! being subjected *

:. to gravlty loads and deulg‘n stom wava forces. ’l‘he vave

B loudingl vere trea.tod ina quui-static manner thrcugh the




. - I,
application of maximum horizontal thrust and maxiﬁum_ 7

avewing moment associated with' the storm wavs. The

analysis consisted of the contact stresses of the structure .
and soil du‘. to bothh gravity and, wave"((orces, as vell as
model displacements including short _’,t’ém nelastich Settle-

ments, long term consolidated _gettlements under gravity :

|
loads, .and -inflediate storm “settlaments"asulting from wave %
action. Other ressar‘c,hers have utilized FEM in the analysis =g,
3 ~ B 9
of gravity structure foundations (Vaughan -et al. [38], ot
Prevost et al. [39], and Whitman (40]). . N
T ¢ . P
e
2.2 .3.4\ Boundary Element Method \
& ! * - To-

~The /bo pdary élement method, BEfll, also kn;wn as the
boundary é.nteqral equation method, is_ a powerful numerical -, =
procedure with applications in many brancles ?f 7science and
engineering. The basis fof this procedure lies in the
integral gquation\ formulation. of a 'given boundary value
problem, ’originati’ng from applications of Green's functions
in mathematics. -Rather than”'disct‘étization of the entire
domain Of the body.as in FEM, only-the boundary or surface
discretization is required for BEY. _Crouch and Starfield
[41] applied BEM to 'px;blems bin rock n’schanics and : .
geological engineering, such as rock joints, ’*utiﬂnd

nedia, unéatgroﬁnd excavations, and mining operations in

faylted ore deposits.
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Hobbs .et al.’ [42) dascribed tha main numerical methods

. for foundation analysis Hj.th special application to oifshore

structures. In addition to the simple "desk-top" studias of

'sami—empirical fo!‘mulae and limit equil.ibrium procedures,

d‘et:ailed analyses wers perfamed t.hx'ough computer ‘models :

such as ﬂ.nite element and L Y element

Comparison of FEM and EEM for a plane strain analysis of a

v
footing on un].form soil Hith a vertical load, provided

reasonabla aqzeemam:.

5 ‘ s
2.234 nzzects of Material Unceztainty $ mysicax Hodels N
%

The need .to 1ncotpo:7te .mé.terlinl -\incértaintiea into

nistic analysis ocedy . has been realized over the

past three decades. The analysia of structural response ta

random axcitations is now well established w:Lt:h the develoR~

ment . of both stnchastic and' spéctral analysis techniqu

But the st:udy n: physical syst:ema ‘with random materinl _‘

characteristics is st:ul being developed. . It has 1long been

realized that du‘ "to’ the 1nabil.icy to precisely define s

physical parameters o’ materials, a range of values indin:-

ating hha degree of variaticn expected, would more ade- ,

‘quately describe thq[ possible system behaviour. One of the

eirl’i’ut studies on this topic-was the v.‘mi:k ‘of smuels: and .

Eringen “[43’] Uning a% perturbation solution procedure,
linaar stouhastic dittnrantial equat:ions with smu randbmly




35

2

varying parameters Heré exanmined for statistical properties

of mean and autocovariance. . Two other special cases were
. ~

also investigated, (i) equations with slowly varying random

coefficients, and (ii) eguations‘ containing only one random

coefficient.

Collins~"and .Thomson (449 considsred the problam of

treating as daterminiutie, dynamic dystems which do not have-

well-defined nacax‘in prqperties. . The randam nntura of
these Propeﬁieu could produce significant vqriutions in the‘

system pbrformance from the mean valua_reaponse.' Cunim

. and Théman vex-!nlned» an uhdmped. free vibration - nulti— #

degree-of-freedom system in matrix form. In applying a
perturﬁation of the elgenvnue‘s V_and eigenvectors, the sthen
elements - were expressed in terms of a covariance matrix,
éemitthq _t.he nf,atlst{ca'l correlation ‘'of .elements to be

inc}udéd throughout the fqnulitien. The matrix approach
7 - .

" permitted ‘the’ application of the procedure to a broader

.diuarential equation of ution Wi

'pro:adu;'a, the natural trequancy vau analyud as’'a rlndol,

class of eig lue and e{, _' érobla-s. . _‘

chen and Soroka [45) ane&tignted the rasponne nt a

.single-degree-ot-traedon syst:em ot a harmonic’ osclu.ate:.'.

with random 5 Usinq a_per ation . nathad, .the

. 1mpu1ee'roupon!a :uncf.ion of tho ncond-utdex' randun.

.xanin-d. In the
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parameter represented by a mean value plus a perturbaticn_'

portion having a random distribution with zero mean. Chen
and Soroka [46] applied the same pe;tubatlon technique to
wmulti-degree-of—treedom dynamic systems with statistical

properties. Second-order statistical moments 'of the

: Fesponse solution were found . to. be correlated to the

< ‘variations in aigenvalues ahd eigenvectors' which in turn

vere dependen; an the variance of the system propett.:.es. A

numericul example using a rundom ean:hquake loading as the_'
o exciting force was applied to the procedure. ‘l'heir analysis

indicated that the probahilistic response resulted in lazger

response values than tha standard deteministic responsa

e

2.2.4.1 Soil Uncertainty

The appiicht;on ef stochastic material properties tc;

soill foundation problems has been _receiviﬂg récent research

—attention. Christian. [47] prepared a .state-of“the-art
'review of prubabilis:ic soil dynamics. Christian categor-

ized the study or probabiliatic soil prablems into four

major ureas, (1) random vibration in soil—struct:ure dnter-

_acti'on, (11): sensitivicy analysis, parametar evaluation and
i'z-euahuity dac.mination of.’ analytical proceduras, L(iid)
studies of riald behaviour of aohs and (iv) —prol:ubilistic

‘v.' desuriptlgn of load and matgrial, properties. Baecher gt al.

(30) compilea a_ comprehensive reView of - qeotechni_cil
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reliability studies of gravity ’pl They

pra'v'ided ‘discussions on the yarious sources of uncart}lnty
in offshore design including quantitative estimates of the

uncertainty for environmental 1loads, soil exploration

and g ical models. The study indicated that

although complete piobabil’istic analysis was not possible,

the cu;rem: techniques of risk and reliability analysis did

provide .a strong analytical framework for making raticnai
decisions in daaiqn_ and implementation.

!ixamination’ of soil property lvarintién by Lumb ([48)

" indicated that a Gaussian statistical distribution will ade-

quately model the material randomness. Four natural soils
were discussed, these being a soft mrl‘ne clay, an alluvial
s‘andy clay, a residual silty sand, and a residual clayey
silt. Atterberg limits, grain size, strength’'and compress-
ibility characteristics were shown to follow normal,

log-normal or bi-normal distributions. =

Engineering problems: involving probabilistié hnnavlya‘is

‘of stability and deformation. of soil to’&ndatiupa and

were di iy Cornell [49]. Cornell noted

three signi!icunt‘ sources’ of soil uncsrta{nty, (1). variation

in the soil ‘properties  attributed to the natu,r;l spatial,

variation, (ii) -discrepangies batua_an the ,soil property:

measured and the actual value due to sample disturbance and
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3
errors of the testing ptocedPra, and (iii) uncertainty in
tha engineering theory applied to the problem. He provided-
a formulation for practical first-order uncartainty malysis
using approximate means and variances for both two and three
dimensional spatial variation of material properties.
Cornell proposed an exponenti‘al decay correlation, function
which was dependent  ‘on spatial scalar distance hetween.
. lo‘éntign points and a cqrtqiation distance parameter.

;Ianmar;;ke [50] examinad the use of a probabilistic soi).‘
profile descriptio\ to aimula\:e the natural variability of
the soil both horizon\:ally and with depth. The natural s_oil
heterogeneity could' Pe_ the result .of different 'mineral
composition, changing stress ‘history, .varying water con-'
tents, as well as different :geologic fumati;:ns. For a
prohabilistic soil profile, the profile characteristics were-
treated as—a random function in the threa ptinc:Lpal dirac-
tions. Vanmarcke Fquasted the use. of three parameters to
descr‘ibé the random nature: average- value, ' standard
\'deviation and scale of iluééuativﬂ which measures the
distance within which the soil property shows a relativeiy
utrong corralatlon between naiqhbcrin; pnints. Using a
procadura ot uveruqinq a. goil ‘property over a vo:lume,
uimilar to Cornell's wor):, Vanmaqua investigated tl_:‘e
rnlaEI_qnshipu betvean_pnrainet:era suc_h as-size of vuriati‘n

or fluctuation from the mean trend and the types of correl-.




39

ation funnt{ops for describing the soil medium's random,

nature.

In studying the process of parameter variability in
foundation engineering, Tang ([51] applied Bayesf;n statis-
tical concepts. This method of systematically combining
various sources of 1n‘:omation 1eadihg to the.estimation of
a parameter would provide more accurate predictions vith
ninihum cost. Tang expl{in‘ed the ptoper usage of ‘the
Bayesian approach through several ulustrative examples.

Meyerht;f [52] stated that in the absence of premature
soil failure/ the safety factors in offshore’, foundation
\design were controlled primarily by the degree of v;ri-,
alSiuty and uncertainty in the applied .loads and soil
resistance, as well as the assumptions and- simplifications
of tha' stability analyais.‘ qugrhot estimated the tollow_inq
coefficients of variation (c.f‘:).V.): (i) for muximun;. ;iave and
wind—loads, a C.0.V. of about 0.2, (ii). for ‘static cone
penétratian tests on sand or clay, a~;:£ V. ranqi;\g !‘rom’mz’"
to 0.3, (iii) for’ undrained shear strength ‘of clay at
. shallow depth, a C.0.V. of 0.3 and (iv) for undrainnd nhen-‘
strength of élay at great depth a C.0.V. : 0.4. With
large-scale test;, Meyerhof suggés}:ed that t‘:hasa cnargic-
ients were 1likely: to lﬁ ;ﬁnliaq. In" Table '2.2 ’othar;

,resea'rchex's indicated ‘the expected ranges of C.0.V. for some °
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TABLE 2.2: cgatticients of Variation for Selected
. Soil Parameters

liquid limit
plastic limit

coefficientiof - modulus

of gompressibility

Marine Clay “Cohesdon...
London Clay cohesion

Ssilty .sand tan ¢ (drained)
H ,

ottawa Sand
.(dense) .
Coulomb c-¢ liquid limit
Boils. -~ plastic linmit
water content
iy dry density

»
Soil Type Property C.0.V. (%) Reference
clay liquid limit Lumb [53]
- plastic limit
i Residual Soils cohesion (D)
Undisturbed cohesion (CU)
’“cohesion -(UU) w2t
.. . tan$ (D) §
. . tan ¢ (CU)
5 tan ¢ (UU) .
Residual Soils cohesion (D) / R
(compacted) cohesion . (CU) -
N . cohesion (UU).
tan ¢ (D)
- +tan ¢ (cu) -
‘tan ¢ (UU)
Glacial Tills unconfinad strength Morse [54]
(various) .
Gruvally Sand paresity : .Schultze [55]
void ratio ' -
. . an é
Coarse Sand porosity
void ratio
Medium Sand porosit;
o T void ratio
Fine sand ©  porosity -
) void ratio- »
clay = . water content " &

Singh [56]




) 6.0
) 2.0
) 4.0
-(5) Conductor Effect 1.0
) 1.0
) 3.0
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TABLE 2.2: (Continued)
Soil Type Property C.0.V. (%) Reference'
Inorganic Clay cohesion (UU) 15.0 Singh [56)
.- (High (uu) 56.0
Plasticity)
- cohesion (DS, » 63.0
é (D5) 10.4
Inorganic Clay cohesion (UU) = 22.0 N
W z (ou) 19.0 e
Plasticity) .
é (DS) 3.0
Fine sand ¢ o (uu) . 1l2.0
x é (DS) . 2.5
Fine Sand tan ¢ ' . §-13 ° .Schultze [57]
Coarse Sand tan ¢ = 8=14
! N
Glacial Til cohesion . 31 Kraft ahd k
‘London CIa! cohesion 19-32  Murff (58]

Bangkok Clay cohesion- 11+35 .

angle of internal friction

Notes: $
D drained triaxial test

cu consolidated-undrained triaxial test
U undrained triaxial test
Ds direct shear test

TABLE 2.3% Coefficients of Variation for Stability.
Analysis of Gravit:y Platforms o, ¥

Source of Uncertainty i C.0.V. (%) Overall
\ . Uncertainty %)
N

(1) Loads "24.0 13.

Undrained Shear Strength - 2 83,

cyclic Loading
Depth of Embedment

Erosion Effect
Model, Uncertainty

—+

f Based on results from Tang et-al. [59]
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soil parameters. Tang et al. [59) summarized the sources of
uncertainty in a s'tability analysis of a gravity platform

(Table 2.3).
2.2.4.2 Stability Models
v
Work on the loundatioxi stability problem with probabil-

istic applications vere puhlished by - singh [56] with

referance to earth structures. considering the vuriabihty .

©of soil stré A , Singh the confidence
llimlts .of the tactor of aafety for varying foundation
problems. Singh concluded from @is analysis  that trad-
itional approach of safety factors produced inconsistent
reliabi].ity‘ in earth structures, resultiag in posgible
unsafe designs being accepted. This was primarily due "t;o
ignoring the beffect of soil parameter variation in the

design. -
A

'l'ang -et al. [59] deve).oped a procedure fnr probab-

ilistic st:nhuity analysis ot gravity pl
" utilizing the Norwegian. Geotechnical Institute's slip
surtqce stabiilty model as described l;y Lauritzsen and
Séhjetne [27]’ To illustrate the anaI'ysis method, an
example using a Condeep platform design was prwidad. The
! unalyniu assumed statistical 1ndegendence between a11'

‘variables n:nd the events of stability failure under various




tonditions to be mutually exclusive events.. The results

indicated that the principal sources of uncertainty were the

loads and the undrained shear strength with coéfficients of

variation of 0.24 and 0.26, respectxval} (Table 2.3).
Although the C.0.V.'s were approximately the same, /the
" undrained shear st;r'enéth contributed « a:.é%,‘ of the
,gncertaix{ty wheréas‘ the load cgntributg& only 13_.0%.: r'miia
revealed th‘at: the safety’ factor was more senshi‘ve_ é&

changes -in soil. shear strengths than in wave loads. '

Hfeg and 'Tang [60] published an overview of soil

stability models as_applied to gravity es.
They examined the use of probability ahd‘ statistics in the
various geotechnica;. aspects related to gravity pl'at!orn{s.
Their analysis revealed that uncertainty levels associated

with different methods of analysis vary widely. Hgeg and

Tang suggested that relidbility levels associated with’

' resulting designs could vary widely unlen‘:s load and material

sarety factcrs were re-evaluated-for each procedura. Kraft

. and Murff [59] also a for yx. 5ilistic
analysis of offqhoz‘e qravit’y structure toundatians.—‘

2.2.4.3 Deformation Models

/ 3
The uncertainty of soi]l properties affects the reli-
Iability of ‘the total and differential se/ttlemanéa obtained




trmn n medals, it be simple theoretical .

methods or elastic-elastoplastic numerical models. .The
éxtent - to which the qeot_echnical uncertainty has affected
the results was explored by some researchers.

S

One-dimensional stochastic settlement models were

by ndiz “and Te1], Hilldale [62] and

Diaz and 3 [63]. z and analyzed the

probability distributions of settlement and rotation . of
'
* rectangular 'toundaticns on randcmly compressibte) layered -

soils. 'Both i’igid and_ flexible ons were di

considering all vuriatiens in noil compressibility to occur

within sublayers in t:he horizontal direction. This model

‘was based on the iption’ of D in soil l‘ayefs‘
"and censtant /variance’ within layers. 'Expressions were
* derived fur averugs settlement mear and variance tor

each suﬁlay'er. Hilldule treated the soil elastic modulus as

a sacdd-order stationary stochastic'procass B{g ‘d on

stress levels - obtained z‘@% deterministic analysis, one-

dimensional (e.g. verﬁicpl) ‘deformations™ for footings in

sand were caléulateq. f'l'ha stuchaséic settlements were then

ined by i ng these ons over the layer
* deﬁth. Diaz ,'.und'. Vanmarcke developed a probabilistic
_soil-structure AIiii:Laﬂ’ut:lhn model - with ‘autocorrelated

prnpertlo- vit.hin soil layers, The second-moment analysis

- ylelded "tirht:-ordar" valuu for mean; v, standur:pl deviations -
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and correlation coefficients for cﬁnsolidatad settlements in
terms of uncertainty oi input ‘parameters of loads and soil
conti:uum A sensitivity analysis was performed to ascer-
tain, the relative importance of the component uncertalm:y.
This parame_trig_;t_udy_ﬂxmined the horizontal and vertical
correlation ‘distance and the coetf‘iAc:lent of variation of
each ‘random variable J-(e.q., overburden pressurs, recom-.
pression .inqlqes, virgin cémpressipn ‘indices, initial void
rut‘iex, 1aj(er thickness, ’Ember lnm".l-, and - maximum gftact_ive
past .pressure) . fl'_he correlation distances ranged-from 10 to

50 -Fest (3 to 15 m) and the C.0.V.' from 0% to 15%.

/

These one-dimensional models. cc;nsidered_the spatial
x}ariation of the soil strata through second-order stationary
-stochastic process. The soil 'profil.es weryerassumed to be
independe_nt.“between }aye’rs and to ha\;e constant variance
within layers. Cornell [49] provided a formulation for
practical first-order uncertainty analysis using approximate
means and variances of material properties for two and three

"dimensiex}al analysis of the elastic continuum. Similar
'gnndéfs were proposed by Baecher et al. [30] and  Vanmarcke

1503

and i [64) d  an uﬁcertnincy

finite element model for dynamic analysis based on a

pen:urhntion technique. ~The model consider:ed tha upat{al
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- ' distribution density function for the mean and variance of
the elnstig modulus, Poisson's ratio and density of the soil
continuim. 'l"he spatial uncertainty was implemgnted by using
a linearly varying plane strain triangular element. ?’his
procedure required an inferenge scheme to be Boupled with a
perturbation tuchnique. The results of Dendrou and Houstis'
analysis showed the Wuean and variance of the displacements
and ntresses of an sarth structure to be 1n agreement with
ebs'erved field values. ‘Dendrou mued
field problams using semi-stochaatic finite elemen}:s. The
estimation 5! sbhysical parameters uere inferred from ‘exper-

- imental data based on 3 concept of correlated random fields.

Coupling this procedure with a Ritz- Galerkin method, the
level of uncertainty was computed. Cumparison showed a
correlative-finite element model to give .superior results

than a regression finite element model.

. ‘ ‘.
Su et al.. [66] incorporated the. variation in rock

properties of elastic modulus, and Poisson's ratio in the

'Y stress gnalysis of undai‘groulé tunnels. From their exper-

ience in rock mechanics, they noted that t!ie properties of

3 the rock. maﬂium swere  not* sinqle-valuad but form _some

L ,_-dintrib\ltion that was ausaciutad with tha rock material and
< not with Mstinq_procedm. A'(linear plane ‘strain
finite el-om.ntb analysis with an ‘isotropic, homoqenécus,'

olautlé rock continuum to model a 'lcl:lg circular. tunnel was
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selected as an example. The elastic moduiFs and Poisson's
ratio varied randomly from element to element according to

an assumed frequency distribution’ utilizing a probabilistie

‘Monte-carlo ,éimulation. Su et al. proposed that this

prdcegux:e of “considering the variation ‘of the stresses, :
b

permitted & more meaningful safety facter to be detemined
for thyundergrcund .opening. . Similarly, Cambou [57] applied

a first-order uncertainty analysia in Einit:e element methods

to soil mechanics utilizing lation among Pprop
ties: Using linear elasticity theory, means, variancas and
cévarinnces of nodal splacemgnts and element stresses were

determined.

’ . '

Statistical , concepts. and finite element method were
applied to- slope stability analysis of a soil medium
composed of linear iéotropic but statistically heterogeneous
elastié material by Kraft and Yeung [ssi. - ‘The_uncertainty
of the soil deformations was simulated with a random
distribution of moduli properties for ‘the elements follc:wing
a log-normal probability distributi‘on. "l'he resul’ts] of the
study provided a quuntitative maasure of the influence of
soil heterogeneity, as maauured by the coefficient of
variation of the quu‘lus of elasticity, on 'ﬂfope defor-
mation. Kraft and Yeung's results indicated that the slope

geometry, Poisson's ratio and earth pressure coefficients

2

T

LY




_domain.

<piq_v1dgd. mparlson of ‘the aattlment pndictiona from one’
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had a minor influence on the ltatiaf:fcal variation . as

;a-pnysd to the modulus.

Baecher and Ingra [69] dpvalopcd‘ a t:vo-dinenslonal.
finite element second-moment short term !ettlpmené analysis
procedure using plané ' strain elements. The stochastic
finite element nodol asuumed that the statistical propertlas .

‘of the sou’ were lpntlally constant and thé spatial vari- '

uhility 1n the -soil proﬂle could be considered as rundnm, v
tluctuutiunu lbout t.he mean trand (Cornell [49]). In the

actua). moda'.. th uncertainty was simulated by a Hunta-mrlo
alguriﬂm for. alunm: propetty selection, which in this case -
was the alnutic modulus. - Ba(cher and . Ingrn used tha first .’

tvo tem ct a l‘aylor uriea explnlion eo approxi,nato the

,axp.ctod ‘total -uf.tlmm:. This t:lr-t:-ordar, approxmtion

of utr_lennt was required tot estimation c\t the variance
and cavarlm. of- r_he nodal displucmnu in the disqxes.i.zad

A forlulation for, - relatlvo sattle.nents was also

and two 'dlnan-'i-onu uncertainty modal‘a showed 'thlu"'

“lu::ond-ax'dar -cochaltic finite clomant tachniqua to -be more '

realhtic 'ma ltudy exumined th. a!taqt of Lset:roplc and

a isotropic cornlnhion £1 ti on thn displac “and

stresses within the soil. . ¥ g
" P 3 . .

o
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Munaswanmy and A(rocliinmy [70] .extended” the work of
Baecher and Ingra. Short term settlement a/mlyuis of

gravidy platforn oh using c finite elements

was presented laens:[dar:lm; the spatial variability of element
.moduli. Variance and covariance of settlements and tiit!ar— -
ential settlements as well as element stresses were ée;:er—
.mined. due to wave forces nhd' grlivity 1onding. _ Plane 'str.ulr;
stochastic finite element method - was ua-d to'. model“ the
spntial vnriab!.u.ty of ‘soil propeztial. The short f.ll.'lﬂ'.
settlements and stress variation were' cmnpm:ad !or a sampl.. i o
.gtuvity plat!om toundaf_ion. )




2.3 Proposed Research

-

Foundation design £or gravity platforms and caisson

island; i the ination of total and

differential uttlé-ent, vertical™ -trasé distribution
beneath the structures and within the layered-soil medium,

and maximun -shear stresses in. the soil. Deterministic

procedur ‘using s sitivity analysis have been ‘devglopgd
earlier to.quaniify the g_fg'ect of statistical uncertainty in
muterial.‘ pfopartieh. Yét, thase.. procedures have not‘
nssﬁlsad the! c!zact ot spatinl variabnity of soil par- -,
améters ‘on lettl.manc .and stxess Mutribution.' Finite
element analysis is a popular dctminlltic px:oceduu used ,‘
in toundat!on'dnigh to. study sou-st_nlccuze interncf.ian.
The phssibility of i ating two-dimensional 1~

istic spatlll vatiabillty ot soil ptoperties ih a finite
eleunt procedun has been nlready denonatrated B’y earlier
. reau:chm As noted' in Sect:ion 2.2.4.3, researchers such
as su et al. (66], cambou [67], Wﬂ Yeung [68],
Baecher and Ingra [69], and Munaswamy and o:kiasamy. [70],
have, daveloped l)lch probahiliutdc PEH nodela for an iso-
‘tropic‘ elutic soil mdi_.llmh ‘The praunt —régeaxch shall

consider ‘the variation in soil s| rengch of a, layered
| foundation by spatially varying . th uli. In
adaiticn to “this, the present study|| will 1nco7crat- the

stic finite element




. A
mndelxand) generate the randomness in properties through
cnmputer snﬂ:ware implementations instead of chte-carlo'
simulaticn techniques used by other researchars. -

,’rye soil and structure foundation. is approximated as a
two-dimensional plane strain continuum using triangular
elements with‘ six degrees of freedem, Two soil models are
ut:.lized in the analysis, —(i) a layered, elaatie,‘sin'gls
‘phase, soil medium with undrained soil prcperties and (1‘1) a:
piece_wiae “linear; elastic, single phase,,‘layeregi goil meg:liup
" approximating the nonlinear be’havia’ur o?'aoil. A bshga';»

- strain ﬂependent soil modulfas is conaiderad in the piecewisa

linear npproximatien ot‘ nonlinear soil behaviour

———1n Chapter 3, a two-dil;lgns‘ionul plane strain stochastic
éinite element solution is formulated considering two terms -
‘in the Taylor series expansion of the equilibrium equations,
incorporuting the variation of soil )"z’operties._ Instead of
assuming. synthetlc soil propérties as earlier researchers
have done, the soil properties are obtained from results of
prototype in-situ measurements. ° Compu;et- p;oérama in .the

" FORTRAN l/anquage are developed to simulate the derived
theory (Appendices III and IV). '~ The means and covariances

of short térm ’dlaplacepe\nta of the nodal points of the_

. discrétized model of the soil strata{ a;:'e obtained: Normal'
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e and shear stresses of the soil continuum are examined in
e : terms of manrrv_al_ues and variances.

o . Sensitivity studies of chang‘eé inthe coefficient of
. variqtion‘ of elasti;: moduli, the correlation distance
factors .‘in the covariance funttions and comparisons of soil

model‘s are included. Analyses with fixed parameter values -
maximize the material C. ov as expresseq thx:ough tle
alastie‘ moduli, ensuring that upper bound solutions for

- displacement and strass uhcartai.nty are obtained. In purely
stochastic ‘analyses wharein the alastic moduli Lvaty in a
tandamvmnnnar, the resulting displncement .and stresu

coettinients of vnriation will be substntially lower than

¢ LN the uppar bound values. The eomputer software- has been

modified to perform this purely stochastic nlpalyais by

utilizing ‘a b number , in addition -to

the _upper ‘bound Vvalues.
In tha annlysis,' the coefficient of vatialion of
s eluscic modulua is nssumed to be less than 30. 0%, restrict-

\ ing the‘ degree of variability of the soil 1nyers.._ This

restriction is 'Acéaptnbla since most soil parameters have

. coattl_cientu of variation below this value, as indicated in
' Table 2.2. For larger cnatﬂci;nts ‘of ‘variation to be'
includad, ‘some  af :Ltlonal nonlinsm: tem‘in, the. Taylor

series expansion vill have to be 1neurporuted Tinto the




‘
formulation and the pfoqrnms, For the presan} study, ‘ the

linear approximation of the Taylor series will be used.

To indicate the prgcedure, two physical examples are
modeled and comparisons made with tbe measured response of

these ' structures. For the first illustration given in

Chapter 4, a pres ed concrete gravity etmcture placad

i the Ndrth Sea’lis selected. The structure “is. examined -

e gravity loads and with additional torces o uverturning

_ moment ‘and horlzom:al thrust of an-actual storm (Hoddinott

et 'al.” [71]). The second example given in Chapter 5 <:cm—_~

siders a caisuon rotained ?lsland subjected to 1ce loadings

in the Baaufort "Sea (Hoddinott et . al. [72)). " . These  two
> '

Vproblevms are presented in depth.

/ A

: . LA . "
Chapter 6 gives the salient conclusigns of this 9E\Idy .
and outlines further lines of investigation for extending

this study. &




‘ stochastdic variability in

STOCHASTIC FINITE ELEMENT FORMULATION

In traditional deterministic quasi-static analysis of

-of £shore _foundations, the soil p:abertia- are assumed to be

constant'. But_ im —actual situations these properties vary
upatlaliy, as indicated from both iahoratory and in-situ
tests. This uncertainty in soil properties and its effect

. i .

‘on the - system i8 'x’na‘y be ified by considering

varh_billty is modeled as.one realization; of a second= x'der‘

staéionary random field. Following. lén;'ldaz\i practice in" '

qeological' modeling, the assumption is. made’ that the
statistical properties ot"t{m soil are spatl;lly consta‘nt
(i.e. horizontally) and thit.this spatial variability is
introduced by a rundn'?lu}:tuntinn about the-tean, as shown
in Figure 3.1. The random fluctuatfion is characterized by >
point’variance np;l uutc‘co.r:oln:i.on function. 1

The two-dimensional modal developed in this study uses

T a mm:a element ﬂilcretixation of a’' linear elastic sub-

surface, nnd uses. ’l‘.hl t:_lrlt two. terms of Taylor series

expansions to calculate means, variances and covariances of

}\odql displacements.

finite element model. The so(l —
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3.1 Formulation of Nodal Displacement cwarial.u:as

For a qont!.r'mul discretized into a number of elements,
the static equilibrium of the soil-foundation system can be
written as,

(Kl (U} = (F) “ (3.1

wherein [K] denotes ltittﬂess matrix, (U') is displacement

vector and (F) is external load vector.

For a given set of material properties of the elements

in the continuum, the .mean value of displacements can be __

determined by solving the linear system of egquations giv‘en‘
by Eq. (3.1). Using thep mean values of the material
properties for each element, f;ha expected value of the
stiffness matrix IR) can be obtained. Rurranqh;g Eq. (3.1)
to solve-for the dilplncaﬁeni::vector, the expected displace-
ment vector can be determined using the mean stiffness
matrix [R]. 5 f ’

(D) = (R () : ©(3.2).

In this darivntion, the uncertainty xpwu strength is

4 ¢ to be 3 in terms of the alntic nudulua,

E. 'ﬂlat-gore, a Taylor series ex ion of the displ
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vector (U) expanded with respect to the elastic modulus,”
will represent the actual displacement in terms of the mean
displacement () and the spultiany. varying “displacement

terms (Appendix I).

ES S
_ N d(U) 1 N 3(u)
(U)=(T)+3  — (B - F) + = = (E§ - B2
=1 '9Ej 21 i=1 ¢E;2 p
+ seve 4 . ] ' (3.3)
~ , \ . . i

Neglecting seéond order and higher derivatives in Eq. (3.3),
the expansion can be written-in the 11near{zad form by;

. e

- N a(u) . ¢
(= (B + = — (Ey- Ey) (3.4
i=1 3Ej . + )

where i denctes the element number in the discretized domain

and N is the total number of elements -

This simplif/ylng assumption will restrict the formul-
ation to small wvariations about the element means of the
elastic ’;poduiun. A statistical measurement of variation in
the elastic modulus of se‘il is tha‘ coefficient of variation,
defined as the ratio of standard deviation to the mean.
Baecher and Ingra [69] report that if the pn;int variance of

the modulus is larqa‘ with a cougftciehi of variation greater
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" than 0.30, a better approximation of the elemental dis'place-

ment would ir{clude the first three terms of the Taylarv

se;‘ies expansion. Baecher et al. [30], Kraft and Murff [58]
., and Tang et al. [59] have indicated that for ‘soil Pproper-
ties, most' of the coefficients of variation lie bs'low the
10.30 level, making this sinplificatibn acceptable.

¥
Considering one nodal displacement ‘degree of fresq’m-

Uy, the difference between the actual displacement and the

‘ted displacen can be as,
= N aUy s :
(U -Tx) = 5 —= By - F) Dk ©(3.5)
i1 3E; :

( .
Partial derivatives™gf displaceme:;t with respect to the

element moduli can be obtained from Eq. (3.1) as,

TCINRIE S “a(F)
K] — + ——= (U} = =—— (3.6)
0By By - aEy }

; . . 32 a(F)
Since (F) is independent of element moduli (i.e. —— = 0),
: : * 8Ej o

4 N
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Eq. (3.6) yields, -
a(uy (K] )
— = -[K]7} — (U) (3.7
94 3Bj —
Evaluating Eq. (3.7) at mean values, one obtains
a(u)
= (3.8)"
: < 8Ey l

" -
.The. partial derivatives of

‘individual element moduli
vwhereby n is the m:.mbe'r

displacements and m is the

a(uy)  a(Uy) -
9Ey 9E;
a(ua)  4(Uz)
' 9Ey. ©  4Ep

displacémgnts with respect to “the. .
are arfanged in a .n x m matrix
of nodal degrees .of-freddom or’

nunber of finite elements.

a(Uy) 3(Uy) :
aEy OBg
! 2(u3)

(3.9)




The differentials in matrix (3.9) are evaluated using the

mean material and load properties as suggested by Eq. (3.8).

For the ‘two-dimensional plane-strain triangular FEM formul-,~

ation, the first order partial derivative of displacement-
with respect to elaséic modulus can be easily obtained by
- s | .

noting that E being linear in the elastic constituent

", . matrix, D; is replaced by 1.o0. + . v %

3.1.1 Derivation of Covariance of Displacement
; S

Uui.ng th& statiﬁtieul deﬂnition of covax-iance [44 73],‘
.

thu covariance ot displacement between any two displace-

msnts Uy and. U, is,

Cov(Ui,Up) = [ [ (UyBx) (Uy-Tp) P(U3,U4) AUy dUj
e e R

Kl

(3.10)

vhere T ~ .y

P(UL,Uj) = Joint lity density furiction for Uy - *

o0 and Uj.

' Al‘sumf} the soil 'uncértitilt.y in strength to be dependent on .

modulun ot olaatieity, the joint prcbnbiuty density‘

!unction win ha deterninad by’ tha alemant moduli. Lnterd

pandenca. Hodeling t‘.ha 5011 uncettainty in thiu mnnnat has i
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been previocusly carried out by other reseurcl‘egs (63, 64,
65, 66, 67, 69, 70]. . As ghown by Cambou [67), the vertical
noﬁhl displacements are :ela‘tiv;ly i;sensiciva o Poissén's
ratio, v. Neglecting the eff;ct' of: uncertainty in Poisson's
ra‘tio will have 1§.tt.1§ 'efte'ct: on results. Thereby, consid-
eringﬁ"a_nly modul i unéenalnty, the cﬁvariancs of displ{cé—
mefit is glvenby = . ) 8 .

. CoviUi, Uy = ] T AUkD (Uelp) B(EyE4) dBy dBy

- (3.11)

where . .. . . : ¥
P(E},E5) = Joint probability demsity’ function for &
d and Ey. D Fa :

Substituting Eg. (3.5) into Eq. \3.11),

N
=

- © ©
. Cov(Uy,Up) = [
e = [ JLE,

Uy N Uy _
—(E-Eg)1l = —(B3-E5))
AEy © 3=1 0gy

. Wj ¢ . ¥ (3.12)
; \ N [
Rearrarging Eq.” (3.12) and assuning linéarity of operations,
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NN aug Uy o e 2 Lo
Cov(Uy,Up) <= = I — — [ [ (B4-Ej) (E§-E§)P(E1.Eg)
® 3 i=1 J=1 8Ey. 8E§ == == N

0y . — = .

“dEjdE§ - - ' (3.13)

' - Noting that the defini€ion of covariance z‘f Ej and’ Ey is
expressed in the double fftegration term, the calculation

. form of the cm;grhn'ce .ot’displacement is, ¥

* u N aUy 8y :
g MR Cov (Uy,Uy) =, — — Cov(Ej,Ej) (3.14)
’ " - 1 j=l 9By 9Ej" .

When k = £, Bq: (3.14) becomes the .variance :c!.' e d}sglaca-

mént, e T
; : ‘N u aUy oV . Y " i
Var (Ug) = oy 2 = Xk av((Ei,Ej) (3.18)7 4
B x 45 1-1 azi azj D -
{ ) “ = ) . v .

" The variancos nnd uwapimcas of displucements are

dat:amined bnnd on, the purt!,al »‘ ves of displ
with respect to element moduli’ of "the various elements
ev%unt:d at the qnns. The corvariunca of Ei “and Ey c‘n be

’ <sxprclsnd 1n terms of cox‘relation ouatﬂciant, g8, and

-tandnd dovintiunu ot -Ia-tie moduli, aE‘iund o Pj" based on.

o ltandnrd ltuthticnl rnlatlonlhips.
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i 'CovTEi.,Ej); pEiEj.UBi E S (3.16)

©.In the ‘present " study, “',thr' coeffi‘cient of ‘variatio'n of
.mcd\xlus is assumed censtant toy/ any. parttcular alemem:,
thereby making it possibla to avaluata the standard davi- "
ations. of the element mgduli, (:ongtant autocorrelai_:ion
“functions: are imple}neflﬁed"t’ol generate correlation coetfic-
ients: These functions are described in greater detail in
Section 3.1.2. The correlation co*f'icient for Ey ana Ey

ranges in value from 0 to 1.

"7 3722 Correlation Coefficient Function.
In the stochastic ,ﬂnite element formulation, lqaté‘;iul

) properties are assumed l.a.ased on element means, yatiancaa of -
element means anﬁ covarianc;s “among il’am—en?Ameans. The

* statistical properéiss are“int.lue_ ed by element size, shape
and’ orie‘ntation with re'spec(.: to t:hn: cm».r\alat:ion function. .

7 Baecher et 'al. [30], Cornell’[49]), Vanmarcke [50], Diaz and h
"'Vanmarcke [6‘3] and Baecher and Ingra ['6‘91AbhaAva indi:ats&

o some. proc:adur.eg for ohgaining stntlsti;:al ‘propertiea using

) the autocorrelation !unctipné. The correlation functi;m
nust show the tendency for points -cloae:\ly spaced to exhibit

similar .values more than widely u?aced‘;aintu': ‘For soil

tpt.mdufjionu, tﬁ-‘ gltim'ntion‘ typicaily inVe'l.vu' dcg&rﬁiniﬁg

the in-situ soil properties from a’tinite number of samples.
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The spatially varying -property (P(x,y,z)g' in .th?\ soil

a— " - foundation is considerell to be a stochastic. prpcess with

alue function. sP(X,Y,2) and ~covariance function

cév(r) .

"The 1a€ter’ function is assumed ‘to be statiu;naryl

and isotropic tur aimplicity. Thereby tha‘ covariance

batwean ‘the ' property vahxea nt two points in .space-is a
function of only the scalar aistance r batween the points.
When r is .zero, the correlahion coefficient is unity. As
the scalur distance r_ increases the corxelatian coefficient
_decreases until at. x approaching infinity, it is zero.
e . Commonly used autocorrelation functions fox:—::a‘lva—;-_ random
fields gre presented by Baecher et al. [3(‘.{] and vuqmarcke
[50] (see Figure 3.2). « Reasonable choices for the covar-‘

- -ar2 .
0267 and o%e™® " where 02 is the

iance. function are

. 2 v 2
variance and, e™3f, or e™@r. is thejdorrelation coefficient

‘function which decays wi)th distanée'r.- The exponahtia_i'
and éqqared exponential correlation coefficient functions

have been verified by field observations by Hgeg and Tang

. e J60].
. Y !
A parameter 'a' has to be estimated from actual, field.
data. _For an uncorrelated-process, -there is no variab‘illf.‘y‘

in the spatial .avaiaga of ‘a finite irolu;ne. This assumption

. 1stnt:ionax‘y refers to statistical homoqanelty when
dealifig with spatial ;rather than temporal variables. It
desaribes the nature and degree of 1oenl fluctuations of the-
random variables.
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“Rir) . SHAPE OF FUNCTION

65

JEV . ‘ Rir) I :: e
Y a . 3 P N
e~(r/To) ) /J gr

ae~"/To - R

ER | ) ——
e-r/ro Cos Br - B %Ar
-1:-'31’ ’ &; i
1_‘-%'Br+ ‘-;-'ﬁar3 - i_&_r

2
R(r) = correlation coefficient function ‘.
©or = scalar disrrgn[:e between points -
fo = autocorrelation distance ; Rir,) = ’T'
a, B = coefficients dependent upon field conditions ) |
a = exponential/ power : i
Ll

Aufocorrelaﬁon:Funcfiorf for Scalaf .'Random.Fields

F‘y‘IGU‘E 3.2 ‘

g5, 8 b




) cationd w.u:h qunnty control precedures rand (iii) spau

v "N . .o es

of lack of corr‘al_at;ion is reasonable if the volumes, involved

,are large compared to the cu.be of the characterist:lc

cottahtion distance. - Cqmell [49] has stated gat it may

be rsnonabla to use (i) means-based on the designer's best

. eatimn:a of the ptoparty, (11) variances based -on meas‘ured‘

vull‘ie's' in similar situgtions ‘and under similar apéciti—‘

correlation as unity. This ennbles the taigner to obtain-
'maun soil prnperty values, from the proposed strucbure site

and . consider va:iancsn from oth similar qengmphic‘

“locations to be upplicabla to this location. 5

The cprra_l_ntiot\ coefficient of element moduli between -

any two elements ig-ideuli;ed tt; be ti“eqiaasinq as a function
of their centroidal distance. The following éxpression in
exponential .form aepcéibes the correlation c'oeﬂicieﬁt,,

5’2 o /between any two elements, i and'j, viz.,
1i™3 s E

- |r”|"

. = X K
P -
Bigj Pl . 3

where the idal aist r ween elements i and j can

% be dotemined from the FEM digcretization. For 'this

zomulation, the" parnm:ar 'u' of the’ cotrelation tunction

is lulect-d as thu reciprocal of the cdrrelation distnnce,

L. The nxponentiul ratio:is normali¥ed by the correlation:.

di-tuno-, with L being the 'product of a correlation distance




.

factor and the diameger or width of the structure's found-.
ation. The correlation di factor is by the

degree d_t sou':variabiuty in the region, with lwar'taz:(.:nn
indicating graater variability. Jhe standard d.viation of
tha alastxc nodulus, og, is estimated as the ptoduct of th\

i -aan elastic modulus as determified by local soil properties

and the coetticiant of vuiatim\ of the material character-

istics as measuked by the degree of variability in elastic

- moduli from other sites. This standard deviation vlalueiwilll

L.
change from element to element as these parameters ]t
elastic modulus and C.0.V. vary. 2
Al
"‘" For the FEM application, Eq. (3.16) can be written in
matrix form .
\ . N = N .

(cov. (E;, Eg)) = :azjmzi,,juvgj:' Y (3.18)

wherein i and j vary from 1 to N, the total number of /
elements in the dikcretized model'. The matrices are as

‘follows:,
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‘3.1.3 Variance of Relative Settlement

In a d:\atretizad s0il’ continuum; . the "total nodal

di‘sp_].acsments (vertical and horizontal) are éatgminéd by

finite element analysis. Considering vertical displacements

‘only, differential and relative settlements-can be obtained

for nodal ,points having the .same vertical level prior to
application of loads. Baecher and’ Irigra [69] ha;rq presented
a procedu_;é for estimating the variances .ot_édifgergntial‘
(absolute) and relative secé;ements. . For di‘lf'ferential
settlement analysis, the varianées .are " strongly’ nonlinear

and cannot be appto*imated by the 1linear Taylor series

. formulation unless a distributional assumption is intrc-:

duced. Relative settlements are no‘t ‘based oxrany‘d;strib-

utional assumption.

With the ‘aid of Figure 3.3, the deﬂnltian of ;elativa

settlement between nodes i and j'is, 577
/

vy = '(ﬁi_ﬂj.) ) ; . (3.21)

The relative settlement; AUU' is expressed as the ditter
ence i the cted vertical r"nn\ + 0y ana Uy.

Rscun thac the expected diapluuements are obtui.nad from the

zinita,e_lement annlysis»using ‘mean elastic moduli.
e ’




Rela_ti_ve Settlement 3) Soil-Foundation lr)ferfage
-l FIGURE 3.3

0




~
7

The variance of the addition of two dependent random
variables, x and y, with existing variances is defined by

Dwass [74] as, #

.‘Var(x+y) = vVar(x) + Var(y) +-zcov(x_,'y) - (3.22),

v

Relative settlement requires the sub ion of two depend

ent ‘random variables, settlements % and ﬁj. The variance

for relative settlement is expressed by modifying Eq. (3.22)
as,

Var(aUiy) ‘=’ Var(Uj) + Var(uj) - 2 Cov(Uj,Ug)  (3.23)
" 3

where var(uy) and var(uy) are deternined by Eq. (3.15) and
Ccv(Ui,Uj) is based on Eq. (5.14). ) /’
The di‘sp’lacamants, Ty and l-!j,‘ are dependent random variables
based on the 1n£1u_encJ the. settlement at one node has on the
other. /; For mutually independent variables, (‘:h\g cov‘uriance
':em J.n Egs. (3.22) and (3.23) is zero. ' ~
- & e

Aithpugh attention 'here has been focused on ve;rtical
settlemen,t&i';- ‘varinﬁces for horizontﬂ diuplucemen(‘.‘s are also

calcuiatad :L_n, a similar manner.

N
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3.2 Formulation of Normal and Shear Stress Variances

\,IQ. a nner sinilar to the displacement_’vakia;xce
dariyaci\cy;, the mean -and variance o’fvthe norn;A’f and shéar
stresses within an elementv can be detémined. The computer
imp]:emen(:aticn uses a plane BtEiiP triangular element
resulting in constant strains. and 'stressds within the
element.. The bas}c str.’!in displacement relationéhip for an

element, i,»i‘s Gritten as,
(e}g = [BI4(W)4 RN e RT3

where

[(B] = strain displ m matrix on the .

geometry of the element

le}i = [ex ey “Ixy]:'
: ' .wherein exr ey = normal strains' in cartesian
coordinates
1xy = shear strain in cartesian
_ coordinates
v’ . o o = transpose *
(U = displacement _va‘ctor» asscc‘i‘ated
' with element, i, which for the constant strain
triangular element wii:!. consist of ®ix deq;;e¢s

" of ‘freedon




The stress-strain relationship is written as, -

81y = '-[m;mi (3.25)

[D]; = elastic. constituent plane strain matrix

wheré”

! dependent on random element modulus
- “ R

T
(S}i = lox oy rxyli
wherein oy,0y = normal stresses in cartesian coordinates
Txy % shear stress in cartesian coordinafes

Substituting Eq. (3.24) into Eq. (3.25),
- (S{% = [D]j[Blj (U} (3.26).

One can observe that the strésses are de endent, on the
elastie modulug, Ej, through [D]j and the displacement

¢

vector, (U} i, which are both random variables. Neglecting
the\ second order and higher partial derivatives, the
expression for (S})j is unearfzed using Taylor  series
expansion for a 2unction with “two va:iables about their
means (Appendix II).

’ ~ \

' o a(8)y- 3(8)1
S Sy =By + dEy +
9E.

3]
=
a

-
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'rﬂe‘?olloving partial derivatives are detemined hy substic-
utinq Eq. (3. 26), for (S)i,

oy agsyyl. 8. o
g —='= —  [[D]i [Bli (1) <
] 8Ey 3By ., .
- re ’ 3Dy . c .
= ——= [(B]} (U)g . ) : (3.28) "
T eE A L ;
: .
. a(s)i 8. °
S . s D] [BYY (0)1]
a(U)y AUy

. = [D]j [Bly .. ‘ (3.29)

Th'.ad di!teténca‘betwaeri,tl}e actual stress and the calculated
mean stress is obtained from Eq. (3. using_Eq. (3.28) and
“Eq. 'fa.zs) and noting that dEy can ha‘ exprasse‘d_aé_ (B - £y)
and d(U)j ag.((U}g - (Dg). .

S . : t )

_ eyt o Ny Lo
(8)y = (8)y = ‘u: [B]11(U}4(Ey - Ej) + [Dlj.[.\B]i (U} 1-(U)4)
. SN ! . .

Y L ’ Coe (3.30)

1 . / L4 - \
Ulinq Eq. (3 5), the ((uu - (")i) tenh in Eq. (3 30) méy h[
tcpluutd by the, linearized form of t.he ‘l‘ay/lor snrla-:expan—

s

lion for r;odnl. di-plncumm:r




\
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~r

~
-

“
.
o~

> i [ 3
Based on the detinition of variunca, the variance for ux, X
“or rxy © # ot -any -element i cair b2, evaluated. B

- > : ) :

e, variance (ox,o ey = B - z: l‘l-l“ (Hukcov(l: ,Ek)
arha Ty’ =1 3 :l
%o - . s

¢ 5 B v
) o a[blj . . &
{8)i =(S)y = —— [Blj (U)}4(Ey - Ej)
8By - it

L

Bre : ; N ey . _ - w5
+ [D]y [Bly =, — (E4 - Ej) (3.31)7 J
= SR g Ty TR L BBy L
~ . £ ; y Yam . B
e ¢ t P e
Define a function (H} ij ds follows, = o .
3 o o
~J . =L, w S -
. M g5 (oo . AUy |
(H}jy = [Bli (U)3634 + [D)§[B)y ——— '(3.32)
. & aEy .
where the K‘roenec‘ker délta function, . : o
v ) 3 .
&ij-lwheni=j - . \ Frg
v o
N 845 Lowheni;loj N i "
) ) - ‘ P T T
- Substituting (H)ij {fto'Eq: (3.31):
Sl g gd B~ |
(8)4 = (S)y j’=1 (H)ij (Ej = Ej) 3 Yooty
a1 - b / - Vior

[(3.34) ]
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It is of‘ intgres; to note that the uncirtaim:ies in the
pred*cted strasses dapand 3n both the uncerta‘hty in. slament

" ‘moduli aﬁd the uncsrteinty in the nodal displucemanta. ! The

variances and covariances estimated by zqu. (3 14), (3.15)

and (3.34) " in?licnte that uncerta‘im:ias in pted:h:ted detor— \
s g

mations. .and” st:\resses depend on uncertaintias oz all the
elements and thair carrelat ons.
\




), 3.3 Procedure for Soil Nonlinearity Model
= : 3 . ¥ ] N ~
) * v g B
\V “ soiln exhibic material nonnnearit‘ 'rhe stress—strain E

g relat:ions nre much more. camplicataﬂ’ than the” simple, linear \‘\
el‘hatic model assumed in tha previous sections. Theratqre, 4
“to moder sGil-acructura interaction problems reuiaticnlly,\.i\\[
a nanlinaar ralationship mus«: be npp).ied. The. development o

"and npp].;,catinn of euch re].acions have been importnm: areas

ot raaearéh 1n recent yaurs. \Christian /a\mi/ud. [75] have

N pzovxdcd a crmirahe ive reviaw at censti utive models. of *
* soil- bal'&vinur. ’

.,.;‘.“ (‘J_’ K },v-

censtitut:we :alations are r.hose that dbsczibe the

V'relntionships between physical qunntities such as stress, Q

"strain und time. rounded upon. thé theories. of' sol.

“mechanics, . these rnl-t( 8 ips enable-the use of the ‘finite

alament mothods té s!.mulate the sqn continuum's bahaviout

under- vatious—h Tha~ tress-strain behaviour of: the

mutar:l.a!. i

raquired tor appucaf_ton o: the tin:n:e element

method tc ac\:ual problam siiuntiona. Fnr alustie behav.iour,

trniml u:a complecely;zecwend tihan tha 1cad' is

in deform curve is 1denticul B

jbz ho'thvlulndlng and ' unloading. . Ix' thu rnlatianship 15 R

* linear, the material’is linearly elastic. For- this gpaciul



case whei‘e the materials obéy linear co\nstitugiva"lgwa, ‘;he_ b

© . problem solutiun As straightfomrd. only one npplication
o of the (selution process ia requirel to obtuin ralulta for nn
a?plfed lcad‘since the mt&rial pYrameters are constant.

2, i ’ . v

- For. t:his simp].e case, all that is raquired for t&

stochastic finite element applicut;lan are tha valusu of

e,

”mcdulus of elauticity, shear ﬁadulus and Poiuon's\rntio ot
the mntarials. Therefore ‘the solution to this case. can he

obtained diractvly from vthe, theory 'darivéd in sactiana 3. 1 e

For ‘the nonlinear alastic .materials, alternativa
. vsolution techniq\xas hava to he employed. This is aspecially
" relevant to geotachnical.prahlems-_sincq soi{ 1s a nonlinear.

“ g, contihuum where the stiﬂness %g not constant but dependent
" on the state of st:rese, strain an struin ratb. when u,
portion of the st:uins are unrecoverahle on qnloadinq, the

" material -is satd® to have experiel)ced plaatic ~Pehaviour.
V.(Severnl variations of. plastic acraas-strain curves " are
:ealized, R uch nm rigid, parfectly p].ut:ic, (i)

elastoplast:lc showing .perfect plnticity, (1;1) " elasto- o

\
\

plustic with. strain hardening nnd (iv) -elastoplasti® with
strain softening. The q(p:lcal strass-strain curvesgtm:

these conditions are depicéad in'Figure 3.4.

. : B = % & 2 8-
Ty - ALl the above. cases !hvo]kﬁ

occur aiﬁuleunﬁoqﬁly. - Materials

‘QBBB and - strains .fha‘t‘

. —
exhibiting viscous



o Ne—— 2 Y
{Rigid, Perfectly Plastic
> . C.‘

Strain Hardening’ =

erfectly Pla h%
3in° Softenjng

Elastoplastic "4

'

Note : Arrowheads denote: direction of loading. .

[FIGURE 34, TYgES' OF STRESS-STRAIN | BEHAVIOUR *




* ‘strata sh

A relat_ions :het;weep stress anad stz{aim

“use of curve-fitting msthsds, mnthamat:ical t\mctiona and
interpolation techniques. .Duncan’ and Chang [7&,77] ‘used

’_hyperbolic relations to’ simulnta s0il behaviour 'based on’

"‘straas-strain curves. tor shear modulus and damping factoru

3 [ : g

bapa_viou'r, that . js," sttass—struin bahiviou:r thu:?ii{angea
over. time, ‘are “called viscuelastic.‘ Viscoelastid cfeap is’
the’ increasg in “strain with time as, the _*ress renaina

‘constnn}:. viscoelastic. relnxntion 15 f.he,denrana in stresn o 9

“vith time. as- gha strain remains . For ‘the

analysis, 'V}scoua“ or conaolid'atieri‘ effects. Of - the. éafi
ek

_'not  be im‘stlgated. " M:tention wlll ‘be ’

restricted -to short term deformations using lineat elastic

and - nonlinear elastic models. The modela w:

assqme uniqup

.2 Stress-strain Relationship = 1
e B ¥ o T :

L stfess—strain curvaa are oﬂ:en ;he [T

on test s train curves resemblad hyparba).a

p):eviou& :esearch by Kandner; [78] t};at the plot of :xig*jjj .

A4
H;rdln and Black. [79] proposed a formula “for. the * shear.

modulus as a. functinn of nc\:nhadral shearinq atresa 1ave1,

sou plaeticlty 1ndax, overconsnlidatian ratin and void

racic. Hardin and ‘Drnevich ‘[80] eXnmined the usage of

-
* for soils as-applied ‘to design e ,'.l'hay

s

thraa main cnnceptu (1) a reference strain to: nomuzinq



- . i s " :
. strain, (ii) thg simpld’ relationship between ‘shear, lodﬁluu_
:.uv.; damping rntlo for cyclic lom;&ng and (111) the variation :

“of: nodulua lnd damping vu:h strain a-plicuda in tarE of a

s ,V t: in curve r by the ‘end point- uf ‘hysteresis

/ loops.: Rt s

A= g . < i

. sae‘a -and Idri‘l‘ [81) daviied a means of modelh}g large,

/ ,Tha equivalant linaar method pravl.des an upproximnta
nonlinan- noluti.on by using -a-series of unaar nnalyuau with
g stiﬂna’a -and damping coetfieients band on attsctive shear
: strain amplitud- it Idrias at a‘ (82) eatahlilhed a
computer alqorithn tor the .implementation of chg equivaiant

on).inuui effects iof u:thquakc forces.on 5611 deformations.

\

11neur ~The h will & on

or cyclic effects will be treated as a quaul-n:atic una]r;svi’s

~, ,

to reduce

inertial t‘.'m nn wlittad from the unaly;is. _ Seed ‘and
derin [83) devnl.oped typicul ‘soil deformation curves for

= "lhuar-itnin’ level, v, of the uon. To assess the 'inuuenbe

ru-urohan qraphiuny\(riquu 3.5). 'rha mean- normalized

_v - g2
uhsax modulus and elastic modulus variation only. Dyna'-ic

onal_éffort. T re.soil,damping and .

both sand and -saturated clays relgting shear nodulus, e @nq :

'_ of strain on the shedr modulus of natural clays, ‘seed‘and.

‘Idrin y ,;‘ the»' 1 x-uults‘ot several’




,, ._
-0 S0
%
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tain anplitude in. Piguxas 3.6 and 3 -7 for aaturuted clays

nnd nnda" respe:tively‘ As indicatad in Figure 3. 7, <the .

rasuRu rall .a x'el.ativaly narrow. band. A close'

" be rapresented by detemining ﬂeld 2

modulus values oW’ shear 'strain Jdevels and then raducing

this value according to the a&enge sggas strain ralntion—/ ¥

ship. K u:l.milar p!'ucadure can- ha applied/ta the i

ngre J 6 20: clays. Util:l.zing the i.n:dmtion from these‘
sbil model curves,, Lymez et al. [84] prepnrad a tuble of

1n-computih1e soiI' proparties. For carres_p

o! e:tectivo shear—strain, Yy shear .modulus reduction
tactoxs are presanted' in Table 3.1 lor hoth nnd and. cluy. o
Thase reductiun—tactors are. appliad to inif.ial shear modulus *
“ values (1.a. shanr nodulus at; law strain level t.aken as’ 0'4
p-tcent) to. oht:uin reprasent:ntive valnes tor ahur modulus

nt h:l.ghar straina. a j 7z

373.3. Numerical Impleme for of “Spoil Nonl 4
5w ; y g < s .
The honlinear stress-strain behaviour of soils can be -
PP as a plecewise_ linear curvel{7s, 82, 83; 84, -

85).  For the px‘ucadure devalopea harain, it will be nssumed.
't\mt the utrnl—l\:nin,'avnpntihle propattias of : Lyamer at:.
“7aly listed in:Table 3.1 are represenﬁative“{ clays ‘and
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. Table 3..:1?“ strairyConpatible.Soil Prepag:ies'

| : 2

R
. Effective  Shear**  Shear Modulus Shear Modulus
strain v g ion Factor tion Factor
efs. " S w8, e

® - - ..clay. . sand

<.+ 0.0001 -

> 10.0

] B
" From Lysmer et al 84
Effective shear strain is maximum shear strain times - ..
\ ‘shear s\:rain dependent reduction tactor..

sir;ds Eonsidared latér, in" the ‘préblem applications. The
initial shaar modulns values taken'dt low strain lavels are’
& to be estimated frop the. on-site geotachnical testlnq data.
The subroutine us to store tha strass-scraln relationship
»‘-"can be easily modified to inc].ude plautic modulus charucter-

d to bettar teprasant local snil conditions

istics or upd

as datemina from \:riaxial. testing ng the sedhnem:s.



3%.3.1 Fundamental Ralat.icnshfgs )

S

To ‘begin, some_.fundamental reIationshiPs have to be-
established. U'sinq tv:lo-dimensicn;:l elasticity equations,

the principal strasues (crl, a2) and maximum sear stress

(rm,,x) + for ench elément are aetermined from the finite .

element prcham ueing t'_he nemal stresses (vx,d'§) and the

shear Btrns\(yxﬂ/ T e e e o
eyt e TRy MY e W e
e L RO oxtoy . Foxtoy . 72 . :
e.g. 51,/ - _'xz ‘YT i [ xzsz)zf_’xy? % Ess
: Wi X% 3 ; 2 =
(3.36)

onn tve-dlmens*onaljthegry of elasticity’the principal

-'strains (ej,¢3) and mnx.i_mum shear ettain are related to the

princlpul atrass by, - o




wheré E H elaetic modulu. and * e Poisson's ntio. _- The

basic rel onship betueen slastic modulus, B,_ shear.
modilus; G, and Poisson's ratiu, v, for isotropic elements -

i ie, e oL .
“,‘ i : « Ty . %3

Tﬂe algorithm tor the pieceuiaa inaar analyais

‘ resemhles th 8 ant modulus (vuriable stutlness) method of -1

2 cooln [35], 'wherehy the ‘stiffness mafrlx is repeated}y Ny
“kevised." Assuminq initially all matexd is iineatly
elasti’c, ’ the displacaments, stresses and strai{ns are

»computed fpr} a11 nodes and elements. Using the maximum ,’—f~

>
. shear strain, Tmaxs as caluulated by Eq. (‘3 39), {ha shaax:

‘m dulus reductiurﬁ factcr, RF, is detemlned by pertumlnq a

Y-
linear interpolatian between the apprspriata vafuas of ~'1‘able
3.1. - The maximum' !hear atx'ain Y;lue, ‘Imx' is. the uuml‘:lon
P 4
“of all pravim;s 1oud stap strains¥ plus the.. Jncramagtnb

st:ain incurred by the e “1cad m with

ged modulus. '.l'he initial shaar mo}'iu:, Goi Tor 1ow ltuin
rates ,.'lu obtained by - rearranqinq Eq.o. (3‘.40) 1nputt1ng

1n1\:1a1 utio (nbtain-d

1ns€1e modulue, Be, and Pois'on'



To detemine the mcdified shear modulus, the initial shear

. modulus -is ‘}eduued hy -pplyinq the rednction tactor, RF, .- e )

4 annlysisv :

' (3.40), . an ;updated

lastic modulus alue Ey"Y is computed. .
W 5] } =

ﬂnstet ‘con e " o! nqduli, the average of Ej

usad o obtain’a new elastic modul@zj,

N O.S(B'J + Ej_l)‘v
e

G

modulua 1s J.ess th?n 5. 01', the ncdulus is canaidered tn hav&

vﬂn‘&e:qad !or that elaneri;,/ 'l’ha following convargam:e tes\:




. the ﬂnite elamant moﬂel until all‘ or a sntistactnry number,

CEyq - By - - " N :
3 1 3 > 9405 , g N (3.44Db)
E4y-1 . . . R

When Eq. (3.44a) qavems., the_ modulus is fixed at th_is value ‘

i, for 'the remaining itéraftions of - .the load. step. otherwise‘”

the .uncpnverged» element modulus will px}céeed through another
iteration’ until '.compatibla, stress-strain results “‘are
i This prec 48

for all alaments of .

.. of element madu]s& (95%) have' cor\vqrqed. Typica].ly, this— .

‘is considered. _If the new elasti; ‘modulus,

raquires approximacely six iteration.s tor the f—h‘st 1oad
step and. four or £euer i.terutiops !or remaining load steps ;
where each.load. st'.ep pruvidas approximately 10 to 15 p‘ercent‘
“of total 1oad. If smaller load’ staps are considered, _the

nn:mbsr of iteratiuns per 1nad step will ba reduced.

_ To avoid excessive local deformations gnuthe; E:r_ité_rih"

as calculated

by Eq. (3.43),. 15"‘1555 than a pre-selected "mi‘n’inhm lvaluq,'

. ‘the element modulus is fixed at—the. pre-sflected minimum for ..

‘al1 remain{ng 1terationa and‘load steps,.. A mininum modulus,

Emim of 20. 0% of the. origiﬂl element ' mndulus E° ‘ig
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f;ra Emin = 0.2 E, for the element. This cl\ritetia also has . . o

v

___the benefit of artiticially including plastic seil defor-’ T
mntion et!acts into th)rrasults. ', :
y
For . the piscewise linear analysis, the total 1oad is

'_ raduced to equal tractional loads. 'rhese in";ramem:al loads . e

e app].:l.ad to thu um mseh in--load steps. . For each locad |

@ step, convargence of t‘he elaatic modulup must be obta:.neﬂ

prinr to advancing t'.o he ne&t load increment. :When all of - v

the s!.amentu ‘have cunverg he alemental eluatic modul.i

‘Stored. ' The aleﬁantal stresses and. strains and
nodal disp}acamam:s ux.-a accunmlated as the sumtion of a11

_previous load step vuluau pluu,tha incremencal tams of th

A presant load Btep.
N

The ltechautic analysi.a 15 canducted usinq the converk‘ .

. ged alment moduli ‘for ‘the load step. . : Using A:he elastic

. moduli values ‘with the esst and aispl

by . the fractionul 1oad,r the diracc applicnt:ibn "ot Egs. i
(3% J.l).. (3 15) and (3 34) 15 mde to ﬁetemine the tesulting il

BT 10j s, “the- uovariances nnd varianc'as of euc’h»loadl‘stap are

uparlmpoued._, ‘Due to simplifyi’ng nssumpt.ions * 1n -both the
2 ltuc)\utic mulyuin (d.e. _J.i—nauriud Ta\)hor series upprox-

: jmption) and the piecovise‘ unear alnsth anulysiu Ii.a.

.
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- " —_
stress-strain . relationship appro; mntior‘x)‘,"\:hg cumulative .
effects’ of covnrianceé and variances for displacement und_v
stress are additive. “With ‘the limitations of the procedure,’ .
‘the eiﬁple‘ superposition ;t Tesults provide the best
‘estimator of material .uncertainty. The‘implem.ermlcn of -
tl:nis pw’é:gﬁﬁra into .tha anali(sis, nséumes the vaxiance
addition [of 1oad steps to be mutuﬁly independant rundom

variahles. The actua]_'

ave some 1nterdapendanca within l.oad 1ncremunt:s, rnsulung-
variance iormula batwaen 1«(’ st:aps simnar to Eq.‘.

‘j‘ha pnssihility pt ubtaining an nutocorrekti—on

onl inear . s6i1 modal :Ls expec:sd to. |

.function between the piaceuise_ linear’ stagai warrants

furthet study. The present inve'stigation will assume the

.independence. between stages and provide a basis’ of compur-— !

ison for additional research.




\The atochaut:ic tinite ele\nant model developed in

i " sections 3. 1 and 3.2 eathnates uppet bound solutions for -

node displacament and elamem: stress uncertainty. The '

5 methud ct analysis usés a constaut alastic modulus cueff;c-‘» .

.ient of. yiri_atj.on (COV) us the measure of -matérial,

e “‘unc"éi.-ta'inty 'x'ms constant nadulus c.o.v. - ?ures that. L
P muximum attacts af ‘soil. uncart:ainty are obtained m the.‘

'covariuncé resultu :rom the computar unalysis.. o ¥ ‘.

: _‘ ' . As praviously mentianed, tha sou strengt:h vuriution is .

1 to be en by the c ! 1n element noduli. Co

The covariance !unction for elas\:ic moduli (3 16) 1ndicates

the manner the variation occurs. 'rha modulus c.0.v.
2 dateminea the standard deviaeion /of e].astic modulus, g i
‘£Or an element, } el o ) L o g BT

P ”E - 51»\1 p e i (3.48) - N

- s L -«

whex:e Ei 1: the best. estinate ol' ‘the’ alustic'modulus for, the
. alement and A irfhe—‘modulus c. D V.

“4‘

N

m purely -tocna\seic' anulyein,' thé ‘elastic “modulus

x varie! in 2 randon manner nbuut tha mean modulus. Su et al.

[»66] and Bnuhar and Ingra [59] huva 1nttaduced Honte-Curla



simulation to generate. randomness in their ‘stochastic

mode{_.g. For the ‘random ic unaiynis, an

| . ' alternative ean;;)uter techni.qne is selected. ’'To incorporate —. -

this effect, the selecuon ot modul\xs C,0.V. must ‘range trcm’
- zero—to the mnximum or best J&timate :of the material'l

C.0.V: This :ls achievad by mking a random salection of the'

modulus. C.0.V. fnr each element in the finite element’ modal .

By irg a ‘random b _", .R, en. the value of zero '

3 va'nd_one‘,‘ the eleﬂeﬁtal"atjaﬂdqrd deviations are mo:uﬂed.-

¢ og = E{RpG i o (3.47)" -
’ i e I Y

. ” \ A .
Lewis et ‘al. ([86] di ' the dc "{9n»ot a

pseudo-random ﬁuﬁber Vqén’eratnr to’ usage on .an IBM/360.
5 computsr 'systen‘i. he nu.mber genezator is . based on the \
followinq alqorithm. . To generate N ‘Tandom numhezs between

Zero and ene, select any number, so, between ‘1 And (231-1).

This‘ starting value, sc',/ ¥ill ‘be used to L‘nitiutu, the

sequence of 'rando,m numbers.’
H ® (\ ¥

Sy = 75sp (mea (232-1)) o

F &
" = 273gy
. R o e p
Wwhere i.= ;., 2, «see, N and Ri e t:ho
The totnl number ot randon numberl

.generated .

¢ ;\5‘



e : o
equal |to.the total numbex of elements, . thereby obtaining

random| o values for eagh’ element. The mod)xfo function will
o - :
perform the following steps: - |

(1) Pivldp the first argument by the _second,
(75 So) e
' e.g. ———
i (2311 :
Take the inteqer part: of ths quotient by trun—
2 cating :lt to tha next: smal ,eat intaqer (abaolute

valua) .

(1ii) Multiply 'E?;e 1nteger quotiant by the secund

arquuent,, and subt . the _from the first
. ‘argument. : R

- Thﬁ’ process is ‘aﬁulogous to the process of lrong division.

For further tion Ol;l_ this e see 1 Yt and

" organick 187]. : . ) SR FE

sequence of random numbers being g'ener;te_;i when usihq the .’

same starting value for Ss. :Once the program reaches a’lt

steéady-state, 'the'_';n‘me uqu.néa of - random 'numl':ers”axj:e

repeated over: a ‘nndwidth of 32 as’ indicated in Tabla 3.2.:

“The ‘pseudo-randomness is attributed to the same




\This provides ,adequate randomness _provided that@ta'

96

element model dges mnot 'tgnve layers ‘with the number of

elements being muitiples of -32. othervise, the - pseudo

randomness will be veiy _subjective .to locnlized effects,
with an’vertical unes of elements havinq the same pueudo-

random coeﬂic ients. The: p ,o!

unifom ranﬂum nunbers ' with qood randon churkctertaties

([86]: 871, 7, ; |

..Table 3.2 , Pseud =3 d jlumbgr ; Be 0,1 ’
Starting Value Starting Value' . - Starting Value
So = 1000 - . Soo= 123,457 So- = 500,000,
€ 1 0.966220 1 o0.913185
2 .0.260742 2 0.894531 -
_ 3 .0.293945 3 0.386719 4
. 68 0.152344 12 '0.153344 7 o.269s3f' T .
69  0.241406 13 '0.441406 8  0.011713 -
70 - 0:714844 - 14 , 0.714844 9 0957031 .
71 -wb.378906 15 | 0:378906 10 0.824219 -
72 0.277344 . 16 | 0.277344 11 0.644531 - . -
L : b B 3 P
I e : . !
96, 0.027344 40 . D.027344 30 0.519531
97 0.566406 “41  0.566406 31 0.761719
98 '0.589844 42 -0.589844. . 32 -0.207031 = -
99 43 0.503906) . . 33  0.574219 .
100 44 ©.152344' - 34  0.894531
101 45 - 0.441406 35 0.386719 T
102 46 .0.714844 . 36  0.582031




vaxaminad'/(i) sou '_ '_ i’nn n on of a

g PO v RS . e e

3_5' ; -m . ‘ of the . g K

The alqorim- and procéduru -developed in the previous g
sections have— been eoded/ in POR‘RAN 73 damgtage ena

incorpbrated irito uter progr: dble 3.3 indicates
a/‘:nix_x_ computer prnqrams developed .for thg‘ stochastic

finite element 'anAlyniu‘. mﬁ._p:ovhlgn'fsituations are”

implanented. (1) linanx' olastie model, (11) linaar e].qutic
mndel vit-.h pl.udo-rnndo; maeerinl propa&iis and (111)-"’ h

" pd piecevlse une!f elastic. Mel. The progrm utillze

5wm1 nubroutim- which are’ Iiated in detai.l in Appendix 4
Iv. mis format -is used . since . all the prograﬂ are

|essentially modified forms of ELASTC.FTN, having the same

basic eubm‘xtinu with additinnal nnd slightly changed
tinet Jto d rporate the ~di cen versiona.. _An-

outllne of the logic and ) s are listed for

the-main program in Tables 3.4 to 3.8. T e




©  Table 3.3 Hain -Computér Progrbms for Stochastic
. _ Finite Element Formhlationa R

- AR L . 1 et

Type of -« “Gravity mat:“:m Mobile Arctic

5 'Ana'}ysis‘ 3 ' . .Foundadtion ' l caisson st:rueture

i 1"near Elastic ’ ELASTC, FIN i cuson.mu

RAND. FTN

\Linear Elastie i EWD.P‘;I'Ii
with Pgeuddo-Random !
u{atetial Propsrties

E Pi'eéewis_e Linsar NONLIN.FTN
Elastic’

NOTE: iProg—ums are listed with desczj.pt:ions in
3 Appendix III .




Table 3.4 Outline of Main Program ELASTC.FTN

Desr_.-ription’ g ] 3w i

afid elenent stresses,. {8), for each
= node and element. {Reference: Bq. (3 26))

“(10) Dit!arem:iute ﬂiaplacement with respect
to ‘elastic modulus to obtain coefficients
used. in calculating the covariances of
nodal dlspiaeamenta. (Reference: . *

(3:8)) . Requires subroutine SYMBOL to -
obtuin coefficient values mmuzh l‘llck—
vurd substitution.

Subroutine

(1) Generate locatrmé and numharinq of nodal GGEN
points and triangular elements for a
toundat!on overlying layered soil ‘media.

*(2) Input material pz-opertias, nodal loads, Hainv
- coefficient of variation for elastic Program *
poduli and carrelatian diatance factor.

(3) Generate alastic constttuem: macrix of DMAT.
mntarial properties -

U (4) Assamhle lccal stiffness matrix for ELST
‘ element ‘which: requires: the inter- BDEFIN
polation matrix, [B], as determined i
in subxoutina BDEFIN, to be generated. -

(5) Assamhls q].ebal atiﬂnesa matrix. - -ASMB
. Repeat nteps 3)., (4) and (5) for all
. elements. %

(6) -Decompose. global utittness matrix to an SYMBOL
upper triangular matrix using 'Gaussian p
eliminatfon-procedures.

(7) ‘Generate 1jad vector. LOAD

".(8) Decompose 1dad vector and solve' for ‘ SYMBOL
nodal displ
substitution. e ;
(S) Determine displacement vector, (lJ}, RDIS

DuWM
‘SYMBOL




Table 3.4 Outl&ne of Main Program ELAYTC.FIN -

Descrg,wg\g

Subroutine

(11) ine d fan DCOVL
solvihg "Eq. (3.14). Use suivrautine Cro  or8D
to calculate scalar distance between
element centroids for corralntion #
function. - Call subroutine SCOVE.

' (12)pDeterniné variandes of stressés by ' SCOVE

using Eq..(3.34). This requires-(H)j MAT
function values as desoribed hy Eq 3 32)
, and obtained in subtoutina MAT




.
- Table 3.5 Outline of.Main Program E{RAND.FIN

- j . » _ N 5
Description - - Subroutine
L yi
3 x -
(1) 1 ion. .an ng of nodal GGE}'
points and trinngular elements for a . A,

. toundatiun overlying layered soil media. X N

(z) Input naterial propartias nodal ‘'loads, Main’
coefficient of variation 10: elastic Progran
moduli and cortelation distance factor.

(3) Gen-rata al.astic ccnstbtqant DMAT, *
'/ material: properties 4 . B
Wy (1) ‘Assenble local stittness matrix for 1 - ELST

‘element which req‘uires the' interpolation BDEFIN
matrix, [B], as determined in subroutine . . "
BDEFIN, to be gene:atad. .

e 2 -
(5) Aasemble qlobal stittness matrlx. - .ASMB

v nepaac steps (3); (4) and (5) for all
elen o - !
(6). Deconipose qlobal stiffness matrix—to—an— SYMBOL
. upper triangular. matrix using’ Gaussian - .
al!.mlnat:ion pronadures.

4(7) Genarata load x(eetor. ) , N LOAD"

A (B) pecoupgaa load vaci:or u\d solve for hodal  SYMBOL
using ba substitution. .

. (s) ‘Datirmine diapucamai-t véitor, (U), and © RDIS
\ elefient stresses, (8), for each node and-
. 'elemént. (Referenca. Eq. (3 26)). .. ‘

(10) 2 D:l!tetant{uto dlsplacamemrwtttr-nspecr to.', DUWM

e)astic modulus.to obtain Eocefficients . SYMBOL
ed. in- cnlaulat}mg the .covariances of '

“nodal ‘displ ‘Eq. (3% B))

‘Requires subroutine smnoz. to obtain .

. coefticient val.ues through backﬁn:d suh—
ntitm:ion.




Table 3.5 . Outline of Main Program ELRAND.FTN W

. Description T, . P - subroutine. .
. ; ; gy -y

(11) Detexmine displacament cbvariances by ™ DCOV4_ L B
golving Eq. (3.14)," Use suBroutine CTRD CTRD [ : =
to calculate scalar distance between , GGUBS -
element centroids for correlation. )
functian.\ Subroutine GGUBS is fse@ to

ary the nt of var- .
tation o! .the elastic moduli. call 7. we U
i suhr:outinaLSCOVE o .2 - . P
7 e (12).‘betermina‘ ariunees of stresses by & SCOVE i M
o . using Eq.” (3734) .’ THis requires ( 1] MAT 5
32) .

. . functjon values as described by.Eq.
! “and-. obtained in ‘subroutine MAT. . .




. 'l‘ubla 3.6 .Outline of Main Program NONLIN. m
e . R S .

ﬁesctip!::l.on

*'Subroutine ' "

(1) Generate location a‘nd —numbsriﬁg of ;:odal ‘. GGEN: . B
. points:and triangular elements for a . i
\_!oundntion overlying a layeted s0il media.

‘Q; (2) ‘Input mteria\l proparties, nodal . loads; " " Main
coefficient of variation.for elastic - ' Program .
® -'moduli and correlation distance tactor. T W

_ 3y Ganerhta Blastic constituent’ mntrix
.'material properties. fegh "

e - = *(4) Assemble-local” stirfness matrix for" :
- 5 element which requires the im:erpolaticn
matrix, [B], asyfetermined’ {n’subroutine .

‘BDEFIN, to ‘be g nsrated as based on : . ‘ 5

latest modull vatues: @
(5)’ Assn.mhle global stiffneas matrix. e o Aé)_m

v

Repaut atepa 3 (Q)

(sy. for al 1
elements: "

_7:/+". (6) Decompose global stiffness matrix to an | ' SYMBOL. -
/ .~ upper triangular matrix wsing’Gaussian + .
. elimlnatiqn procedures’: & -

SO (7) 'Generate load véctor for load stage. U 'LoapD T

= 8y Deccmpnde oad -vector and solve for'nodal, SYMBOL '
E w4 using be su.hstitution. .

. (9) Detamine displacement. vectot, {U); and, f_ RRDIS
5 .o element utrssnes, {8}, for each-node “and L 3
- L N elwent. ‘(Reference: -Eq. (3. 26)). k B LN Vs

(10) Select pie eviae linear alas’tic 'mcdu].us
5 for each- element based on- shear modulus
T “ and principal strains: obt:ained tram lutqsf. ¥
. s & sti!tness amlysis. . . i

. .:Rep.nt steps. (3) to (10) until all elemant
By moduli have .converged (Eq..3.44) or when’ -
¢ ' advancement to next load stige is required.




e

Table 3.6 Outline of Main Program NONLIN.FIN Sa A

¥

¥

Descripti.on Subroutine
! (11) Aﬁ:er each load staga, ‘the nndal dis- ‘_' Main ¥
. acgmem: and’ element str&sses are : Progr,;m_, -

= acgunulatad

n( ntiate displa ith res UWH
to elastic modulus .to-obtain. caefficiants ') SYHBOL
ised"in: culculating the covuriances of . '

10dal- dis) iy, 7
- EQY (34 a)). Requh.—es subtcutina'éYHBOL

' to ‘obtain .coefficient. values thrc gh
5 _hackward supstitm:ion.

(»13) Detemine displacemenc covariancas for' -°
this load step by solving Ed. (3.d4). 0
‘ Use subroutine CTRDD, to-calculate scalar 3
distance between element’ centroids._fop .-
carrelatmn function. call subroutine

"SCOVEN

o,
. ter_-mine varianoes of. stress i’ox: thia . _SCOVEN . "~
*. step by uging Eq. (3434).' This requires MAT

(H) 4 .function:-values as described by: R
.32) and obtained in subroutine'mu!. >

Accumulata the nodal displacemaqt ¢ovu' B Main o
iancea and alamental stress varinnces .

;Rep.eat "steps’ {



Table 3.7 Outline of Main Program CGAISON.FTN

. pescription ' e ' i s_le!?’rbutiﬁe
t e Beg s 1) Input 1ocation and numbarinq e: nodai l Main - > ooe

peints and trlangular elements for a Program .
' .Mobile Arctic Caisson Island resting on . CE
the sea floor.. - Input: material properties,
3 nodal loads,” coettiuiant on’ for

Generate ilzntid ‘€0 stituent mntrix ort
. material pri pe:‘ties ®

(3). Assenbile 1oc‘a1 stitfne atrix for: -~/ EDST = -
+ -\ element;which" ‘requires. the ‘interpolation . BDEFIN
. matrix, [B], as determined in subroutine 3
' . 3BDEFIN, to be generated. . R

(4) Assemble global atltmess matrix. B j» ASMB : _._J

'Repeat stags (2), (3) anrl (A) for all‘ L e
elements. .
RTA o .

Decomposa qlnbal stittness mtrix to an ' SYMBOL

. upper triangular matrix usinq Gaussian -

' eliminatinn prucerlures. "

@enaute "load vector. - i " LOAD St By g

Decompnse load vector and: solva for nodhl p SYHHOL
usii substitution. - R

() Detqnlna displdcement vector, (L'), and - RDIS"
... element" st:essas, {8}, for eaci h—neda.a d 4
element. (Raterance Bq.- (3 26)).v .

Dif!arnntiate dlnplacement with respact tc DUWM .-
elastic modulus”to  obtain coefficients ' 'SYMBOL- ', %
usad in* culcuxating thu covariances of . ' - .- -~
‘nodal 'disp: s ¥ i
Eq...(3: a)). Requires uuhrbutine SYHBOL to S v IR |
obtain cnezuciem: valuea through :bacxward' i S e
substitution. - i % o




—
’ _ Table 3.7 Outline of Main Program cusox-rn(j =
» . N
- - #
Description “ e g Subroutine
5 (10) Detanina dinplaculant l:cvnrhncgl by DCov2 ~
- . solving Eq. (3.14).. Use subroutine CTRD . CTRD a

to calculate scalar distance between
" element centroids for currelation function.,
4 . ! call subréutine SCOVE. N G
(11) Deteminc Varinncas of strénas by, using SCOVE
N “EqQ. (3.34).. This requires (H)j. t\mcti.cn MAT
i g, . valueﬂ as described by Eq. (3. 31)

s \ obtained in subroutine’ MAT. A




Table 3.8, ‘Outline of Main Prcéram RAND. FTN

Deacriptiox:n LT . ' _: -Subroutine

S T (1) Input location und numbering of nodal Main &’
E ® 5 .points: and triangular elements for a . .Program )
"Mobile Arctic Caisson Island resting-on i
® ' the sea floor. Input material properties, vy \
,\ - nodal loads, coefficient of variation for 5 s ¥ |
:la:tic moduli and correlation distance s . \
- factor. ' i

. (2) Geneérate elastic constituent matrix of . DMAT
' material properties. 2

1 (3) Assemble local stufness matrix for . ELST - .
element ‘which :requires the interpolation , BDEFIN . : \
. matrix; [B)}, as detemined in suhroutine . 3 s
° BDEFIN, to be generatad. N

'(4) Assemble glohn]. -tuznass matrix. . ASMB

' _Repeat steps (2)," (3) and (4) for-® a11 %y " .

. elamants. 7 VA & LY
(5) Decompose qlo 31 stiffhess matrix to an - SYMBOL'
.+ upper triangular matrix using Gaussian L

. elimination procedures.: . W : et
(6) Gonerata lond vac\:or. . : LOAD

“(n Dscompou lead vector and sﬁva for nodal ~ SYMBOL
dinpldﬁamant \zsinq backward suhstitutinn. s A

- (8) Determine displacement vectnr, (U), and o }iDIs :
& i " element utrassas, {S), for each node and
alumont. (Reterence. Eq. (3. 26)). 5

: (‘9) Dittnrantinte diaplacemnt with respect © . DUWM
. ‘to, elastic modulus to obtain coetﬂcients' SYMBOL
used in calculating the covariances of - - .

.nedal displ
Eq. (3+8)). - Requires subroutine SYMBOL . k
to obtain coefficient values throuqh 5 /

backward subseitution . . .




Sl

Tdble ‘3.8 ,g\utline of Main Program #xnp. Py

' (i;l.) Betarmlhe variancau of utﬂssas by using SCOVE

Description : r suhr}outlne
(10) Determine dhplueeuant covariances by DCOV3 -
solving Eq. (3.14). Use subroutine CTRD CTRD
, . to calculate scalar distance between™ GGUBS
‘element centroids for correlation .
function. Subroutine GGUBS is used to ~

randomly vary the coefficient of variation
of the elastic moduli. call subroutine
SCOVE.

:13v34) . This :requires (H)H function MAT
vahus as, ‘described by Eq.. (3.32) and ob~ - ver o
tained in subroutina MAT. .




'STOCHASTIC FINITE ELEMENT ANALYSIS OF SOIL-FOUNDATION FOR A
T ——CONCRETE GRAVITY PLATFORM i
2 X .
4.1 Introduction f

The scuchastio finlte eleme.nt procedure outlined above

. can he applied to mnny struc 1 and ical bl

7o indié’f:a the possible usage, an application related" to

ott’shota nil and gas axploration on tha Canadian East Coast,
T the likelihood of a :ixed plat!orm pxuducti.on mode hasg
becmu a’Itronq polulbllity. The foderal and l!ewfonndland
governments have tnvoured athe use of cnncrete qrnvity

plncforn.s tor f_ha mbnrnia oil txe‘ and recently, Mobil

ment plan at: least one concrete qravity platform vill be

ueilhed.' Huch )mwlodqa ~and expertise in concrebe gravity

&e North, Sea. 'l‘hata are . many similaritles bet:ween the

marine ,,,'cl'limntnl‘ct these two regions. The erwironmantn],

. conditions . such an“wnter te i air

- offshore" structures 15 sale’bted.‘ ‘As 'a result of the

011, the devlnpu of Hibemia,\f stated in their’ develop- <

,.-tmctursa is raadily available from existing cperatiuns in’
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£ : excrame wind. and wave conditions, all indicate common design
< ;
riteria . . o

To make the. example more‘applicalﬂe to the 1local

utfshoré, a. North Sea concrete gravity structure located

under siﬁiiar water depth- and’ soil' conditions to the

Hibernia site is pret‘errad. .From ’l'able 2.1, the Ekofisk

& 2 Tank at 70 m water depth overlying densa sand best rasemblss

g -~ the site ccnditi..cns .of Hibernia at 90 m water dapth [es). '
’ : T};e Ekofisk 'Tank, being the first cdi gravity ’

placed in the North Sea, has been the subject of several

technical pa.peré‘ describing its design, & const:ucticn,

locatian and on-site pertomanca. wii:h this abundanc'e of . . \

1nformatiqn availahle, ‘the Ekofisk Tank can be exami; ed to
detarmine the soil-fnundation interaction.' comparlsun of
the stochastic analysis results and the meusurad response of !

tha tank Eoundlﬂn as  reported in literature is made (&n

this chapter.

2one notable is
pack=zice and icebergs on the canndian East
requlra specisl attention. ..



4.2 Ekofisk Tank Description — .
R T . %

The Ekocisk Tank (Figure 2.2) has -been .described by
Clausen et al._ETmi cex-uick and?Hognestad [90]. Based
an theh- deacriptions, a plar& and section of the Ekofisk
Tunk is _presented in Figure 4.1. : The pr“estras'sed concrete
atructure has a larqe inner concrete section'of nine‘}
callular compartments with an overall . dimension of\*sz m
square. sn:rounding ;his central cellular section 15 an

outer perforated breakwater wall of the_Jarlan<type [91].:

‘In plan.this wall is a 92 m square with corners ;'ql;nded to a

ﬁs.zs,m radius of curvature. The ‘platform "is‘resting.‘t;n the i

ol S 2
seaflodr in 70 m water depth'with the deck level 20 m above
the ocean surface. The tank foundation covers an area of
- it i

7360 square meters. 0

4.2.1 Ekofisk Site Conditions

: Examination of subsurface _sedixﬂents‘ require more costly '
sq;npii"zetrieval neﬁhfds._ siich as gz:av_:n:yy' corers and wire-
line drive u‘gmplers t;:r deep bo‘rings.' Expe‘r:imeﬁtal scatter
of results within a boring sampla or batween several borinqa

in t.he 'same vicinity indicate the ditﬂculty ol specj.tying

" the proper scu st:rengths. The doil strengths are expresaad/

as the algebraic’ sun of a mean valua anﬂ a; deviation. The

effect of uncertainty on the pluttorlgl‘response is examinéd
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8 ution—from fou

in a quantitative manner By the stochastic finite element
proéodure} Using the means and~ variances of the site
‘ou;nditionl published in uta}-utura,f’ ‘the analysis is per-
formed. p

Typically. at the Ekofisk field, the upper 25 m consists

of o:ctranély uniform sand. =Samples of grain-size dhtii:-/

plattorn sites, shown im_ Figure.

indigaﬁ_e the’ @a composn:d:nn to be tairly consistant

" ‘throughout the _’ana‘ (Bjertmp T191).. It is of interest to

“n'u/t"e that the samples fall within the middieé ragge for sands
ible to 1i \ ion ‘noué sand uyar_,‘tn» f‘_he' North .

sea exhibit very dense depositions with 90% to 100% relatiy

danaﬂ:y -

8 e

The. clays 'encountered beneath the  sand are of the

'Pleistocene age. ‘These'clays are haax}ily w'br—consolida;tad.

'me clays,; with the 7 ptio \@ i 2 , range
tm stitt to vcry hard cenaistqncy vith .an- average un-
drainea u’eat stnngth of 200 kPa to ,509 kPa. Typical clays
“in .the. North: Sea have aadi\m'to high plasticity with a
plaat:l.city indlx .ot 20-40!. The vater content’ of theue
1nys is elosa to the pluatic 1limit, u-uauy 20-25\. 'x'hu
unsitivity is on t;m- nveraqc—l 0. to 1 5 for this- ngion.
‘1t s not uncommon for tho cl.ay layers to, aontnln bands, of

lilt and silty clays vlt'.hin the ‘soil natrix. In some
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locations,, boring sanples show a ttena in the undrained’

— shear ntrangth of’ clays as a functicn of depth [13, 92].°
e W .
. . The soil compositlbn at the site is shown in Figure 4.3
[19, 89]. Tx‘ae top 26 m of Eoil ccnsiéﬁs’ot fine uniformly
» graded sand at a relative éensity close to 1005 The anqle
‘ of, 1nterna1 :rictien fox: the dense ‘sand layers under ,drained

| conditions is #. = 42°.: The minimum pu&osity (Mmin, )fof 34%

and the mnxlmum porosity ("@"’" ) of’ 49% ars characteristic
of. the upper sand ‘layers.. Interbedded in thls sand 1ayer

batween 16 m ‘and 18. m depth is a two metexr 1ayer of stiff

c;l.ay with low plnsticity and undtainad snear strength Q 200,

'Jé?u. ; At t.he depths' between, 26 'm to 40 m, 49 m to 53 m and

\ E 3
480\ m to 100 m, extramelp hard clay materials are enco\mtarad i s G
wiﬂ; an averaqe undrained: shear strength of 400 kpa These
clay layers are found interbedded with dense sand to densa’_4 ;

s:lléy‘ sand layers. ‘Below the 100 'm depth, little infor-

matian i- available on matarial proper\:ies for ‘the soils..
The unit: weight of the soils are consistent within t:he /rnhqk
.of 21.0 to 21.7 kll/m3 . - . .

"4.2.2- Finite Element Representation i

: The stochastic- ﬂnit lement formulation  developed in

3 utilizes a’ tvp-dimhnsional p}.ane Ltrain finite '
7 o
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chis procedure, the problem si‘tuation must be rapresentad as

‘tvo-dlmeneigglal section with all model defoma.t_iens

restricted ta this plana. ‘l'his linﬂtation 1nVolve‘s. a ’
simpliticaticn of most real” prablems ince in reauty the

matarihls are frea tc deform tn,.all i:hz:el dimensions.

usatul intcrmatian on problams. Proper St lect‘on of'

matariul properties, section locacions and load app :lcations

vill pravida a reliable analysis. »‘

s . 4

o - i
[ g8
fqpndatiun of the Ekofisk. Tank and the

A

i ’,"hé mqt
3 s

undetlying~suil continuum have been *discfetized into

o trlanqular ‘elements - as shown in Figure\ 4 This madel :
cbntains 303 nodal points nn 36 elem ”'l'he basic

procadure utilized i‘n arriving at thls cqnt).guration is®

prauentna heréin. - ol

. 'l'he overall dimens‘luns of the finite elemant madel have
bea‘n\mda to. con:espund uith tha limits suggestad by earlier_ .
rosaarcherl .for soil-foundation interactionl problems. wThe'—-

horizontnl dimens:lon of the model should be. vithin the rangs

of 4 to 6 timas _the toundation wlﬂth to ensure z'aliabla o

re-ultl 8imilarly, “the criterion :l.'or vertical overal.l'

model dlmnnsloml should fall vi.t.h‘:lnx 3" to. 4_times tha v
toundption widt.h. » ’
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Bpundary conditlnns of the n}odel have been selecteﬁ to

best: simulate the uoll bshaviou:(

At"the lower horizontal
boux;ldury, the noden are tixed to teptesent the diminishing .

h‘n!’ s at this lobation ih the mesh. Vertical- -

rollers nre used at the, ('.wo vertical boundaries to permit
vert:j.;:al movement anly. s I.ataral resistance ptcv:.ded by
'\mighbwring sail‘s is consida:ed sufficiem: to ‘restrain- any
hnrizuncul nodal dlsplacements sat thede locations. :
"selection pt interhal dimensions nf the mesh are
intluenced by primnrily two . tactors, (1) soil stratification
fd (11) elemenﬁ npect ratios (e. q. ratic ot 1ong to uhort
. dimansion of elements).- As 1ndicatedv in Figure a. 3, the
aoil profir\.q,benqath the . tank consis’ts of several _nearJ:}.( o
_horizontal  strata of ‘diffdéring soil types. T6 dupls_cagé,’\" T
‘this effect, the vertiéal depth ‘of the elements have been v
uelactqd to cntreupond to act:uul 1n—situ soil layers.' But,
-to abtain pemiss!hle aapact rut—:ios, some goil 1uyara have‘ e
been coﬁed to. form a sing].e layer with modified matarial_‘
p:opertiea. Reliable tinite elsmeat resulta require a 1u—qe
>numbér ot smhller elements haneath the highly stressed
3 Rﬂdatip_n Zone ‘and aspect ratios no qxjegtet ‘than, f.ive- or
'8ix.’ . To achieve thié“ 1a€€er'_r€guireyént, a 'cluy' iuyer
pétwesn elevations 16' m /arlg. 18 m h'as’v been caﬁbined_witﬁ a

.sand; layer from ‘18 m to 24 m'(see-Figife 4.3). - Similarly,
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the clay layer betveen 49 m and 53 m has been grobped with

. g . ©
s the: dense sand above it.. Censequently, over 95% of the

elementg ccmfcrm’ to the aépect ratio requirement. A small
L number of elements ir; bath"upper corners ,of the mesh"ha\(e .
aapect ratios of 6. 25. Thesé elements a:e' situateﬂ in a )‘.ow i _.
stress reqinn away from the ratt foundation zZone; thereby ;
- ; having nagligiblg affect on ragults.- )

5 we Yy Tha puhlished 8011 borings are limited to the O m to 4

A ) - 100 . depths. Beyond this 1imit tha matezinl properties are )

assumed usinq graduully stiﬂ?er materials. i : ‘ ¥ J o

4.2.2.1  Mean Material Properties forFinite Element Model

The concrete raft’ fpundation of the Ekofisk Tank 15 Y o
% ’represented by sixteen elements shown abuve 0 m level 1nv
) . Figture 4.4. 'l'hese elements are 6. m in height as indicatad
B g in F:i.qu;'e_ 4.1. The concrete foundation cnns*stu qt a lean
: cnnc}ete mik (i.e. iew strengt}i, high water-cement racié)' .‘ Tt
Jaured between a. sf.x:onqer_vertical concrete rib natwa:k\ ’-
L.+ '[90] . - Using an average conc ete cmnpressive atrength, £'ci

\ of 20 MPa, the m»atervial‘_propertl_es are asthnated. ; ) ¥

o . The , modulus of elasticity, B, for normal -density <.\

: concrete "can‘be dqtémined as [93]



7B =730 [T ' (4.1)
= 21,150 #Pa ’
\

«

: ) soil thereby inducing the ccncretie fotindation to behave as a
_riéid structure. ¢ ’
For nomal dénsit ‘,,cnnerete, Poisson's rat:l.o has an
expeuted range of values betwsen 0.15, and 0. 25 as suggested
by the Canadian* Portlandvcement Associatinn [9_4‘]. 2 Rcigson'a
fatio, v,  will vary according to ‘tha‘ “aggregate type, "

§ moia@ge‘ condition in the service; environment and age of
concrete. For this example, a value of 0.20. is selegted,

£ ' For imediate or short-term settlement analysis, the
o L .geotechriical properties must be representa'tive 6f undrained

"site conditions. Rjekstad and Lunne (957 have provided

undrained elastic modull vuluae for a Narth sea site with

denss svd wex'lying hard cluy, sinilar to ' Ekofisk. 'l‘hair

results have indicated the \mdrainad modnlus, Eu, typically
varied from 130 MPa for the upper 10 m, incransing to 160
MPa tor the next 35'm, “then regchinq a maximum of zun MPa a
la dapth af 45 m.  These valuas are in qood agraemsnt with

muna givan by Bowl’as [96] -

‘\:rh}is elastic modulus is substantially higher than that of *°




For the undrained soil céndition,’ with Poisson's ratioat

" 0.5, the elastic modulus, By, can be approximated as 3 Gy
% ! ;

1o0'm level. For the, present analysis, 8Q to 90% of total.

isoil deformation has occurred in the ‘upper ‘100 m based on-

122
sj.mi‘larly for clay straiu, Kjekstad and Lunne (951 have
presented an empirical relationg& between undrained shear
strength, Sy, and undrained shear modulus, Gy, for cyclic
stréss levels below 0.35 Sy.
Gy = .13585y - o & a2y V=

" ox:

By = 4008, . i : : (4.3)

Using this relationship, Ey for the stiff clay and hurd' clay.
»

layers, respectively, are estimated a;t' 80: MPa and 160 MPa

for the Ekofisk site (see Figure 4.3).

o mg i — ; '{‘f 3

As . mentioned. in’ Section 4.2.1, - little published:

ihfomatiun is ‘available n}nv;,f:hs soil prope:ttkas,belou .the

preliminaw finite element resi‘alts. . This is‘ compazab;5/ Z.)
an ‘axpechea 80% of total aettlament -Benedth a -quur'a
fon with and lnminnted sou uccard,tnq to

ﬁeaterquurd [973.. Bssen\:ially, soil settlement is primaruy )
detcrminsd By the uppex' soil layers. . For the finite element




. model layers below 100 m, the mbdulus is assumed to grad-
5 5 B A
ually 1}1cx:.e§ae , to physically. represent the expected

. increase in stiffness with de.pth.'

‘The mean material properties selected to simulate the
snil cdnditions ut _the’ platform site are indieated in 'l'able
4.1. The selection of Poisson's ratlo, v, has. been rsduced
slightly from t:ha 0.5 vnlue tor u_rgx:ained condit:m s to
avoid numericnl instability in the ﬂnite alement analysis.

_Phissnn's rati have been salected as 0. 49 for clays, 0.45

for aanda due’ to its almost imnedlate drainage action, 0.46

—

for' combined sand and clay strata and.0.30 for typical rock
types. : E ' i “\

s A
{

R

: Table 4.1 Mean Material Properties at Platform Site

apth Hatarﬁl ~. Elastic - Poisson's
Range .* ' Description Modulus ° - -Ratio
Yo . . (MPa) i

“(m)

Dense Sand -
ayey Sand -

clayey sand P
:5ilty Fine Dénse sand 200
1

i “Hard Clay @ 60
100 - 135 Very Dense Sand 500
135 - 170 - .. Very Soft Rock  _ 1,500
170 .= .205 - Soft.Rock 3,000
205 = 240: ~Medium Rock . 5,000
240 = 275 . Medium Rock : 7,500

310 ‘Hard Rock . 10,000

"




Table 4.2 Calculation of Average Hadulun of Elasticity
for Uppex' 100 m of Seabed at Ekofisk

Depth Thickness Ey g Influence Ey' *
1 Range F t per layer ' Factor per layer
(m) (m) (ipa) - (I.F:) - (MPa)
- 8 118 . L3 12.27 ¥
3 8 148 oo L2 14.21 ?
1o 152 CEREE ¥ T 16.72 - "
5 14 - 160 . 1.0 . 22.40 E i
/ 13 - 188 i 0.9 22.00 :
) 27 200 0.8 43.20 3
E 20 ‘160 0.7 22.40 / Ly

- m:“' = 153 20
xR ‘A EBy' = ‘layer cnntxnmtion to" average eldstic modulus

Ey' = Ey x LF. (1650 -
(Based on Westergaard [971)

clausen et al. [39] have reported an average alustlc
modulus of 150 MPa. on se\:tlament recorda 6f the Ekofisk
tank. ’rhe averaga modulus for the top 100- m as calculated
3 u “ im\Table 4.2 has béen estimated at 153 Mpa. ‘Included in thsl 3

calculatinq pracedure are the affects ot layar depth and tha

dﬁcrauagd intluanca on the average vith incz‘eased depth

. (L.e. influence factor). v gl




4.2.3 Lodd Cases for A{nlyah of Platform

P

‘To apply the ic Finite element , two

X practical load cases are exa-ined for the Ekofisk Tank The
first case is the sutlc load with the qravitatioml forces
.of the subnerged tank salt-wsight acting on the Soil nedi\m
The aecand can is the quasi-static wave force of "an .actual
storm combined uith the qravit:y load. clauuen et: ul £89)
hava puhlished numarical values tor both cond:l.tiens “:
ind§cuted in .xigura 4.5.

For the;_calo of a rigid fouhdation res‘ting _.on ‘a den_se

sand 1ayei with .mduhu of elasticity increasing with depth, /
_the pressure distribution peneath the - foundation is maximum .o
* at the center and minimum. at the :dgen Hwe‘verv as‘ the
foundation dimensions become large, the distribution of

h a uniform distrihutinn [sa].
Such is the case for the gnvity loadlng of the Ekofisk
Tank?. The auhurg.q_weign_t of f_he ballasted structure has
‘been astl.l‘utéd at ‘1860 MN.. By .cbnslécrinq this force ﬁo be !

distributed evenly over the total base area of 7360 m?, the )

base t is 252.7 kPa. 'p’sinq a one

m“att. wide ltxi‘.p," tl;iu pressure is applied as nodal forces

3The modulus” of elagticity for the concrete 'foundation
being approximately 180 times that of'the uppermost sand’
layer, the toundu:ion w111 hchavn with much more' riqi.dity =
than the soil. e




" - . 92m v
= - * . GRAVITY LOAD:
L B - - 7V =1860 MN
£ | -H=omN
L it ; | m=z0MN-m
7 N g 70m P 90™ GRAVITY 8 WAVE LOAD: -
. "HE V.= 1860 NN .
¢ z = . - . i H=677MN
-k . R — 3 M =24,500 MN-m
i & " 3 o
I i FIGURE 45 . LOAD CASES FOR PLATFORW
& ST (Clausen et o. C891) ~ -

8zl




on the tlpig:a element mesh of Figure 4.4. These forces

which ‘act on the nades re ing the " tank

. “ foundation are shown in Figure 4‘.6.

In November 1973, the Bkofisk Tank had been subjected
'F v g ’ to a North Sea storm creating wave forces at 90% of the 100~
year desiqn wave. “This storm of five hours duration had an
averthe vnv?‘;riod of twelve 'seconds and a maximum wave

height _.o! 21 m. Estlma'ted storm forces have. been obtained‘

tx'cn tests on al: 100 scale model of the Eko!iak Tank at the’

Rivar and Harhnur- I.abnratory'in 'l‘tondhaim, Norway.. Using a
21"'n wave with a !ifteen second peried, the quasi-static

‘forces at ‘the seaﬂoor level ‘were estimated as 677 MN

+horizontal sliding force and 24,500 MN-m overt.urning moment.

‘
# -
RGP o \'J:hs average vertical lodd !emaine_d: unchanged at 1860 MN
iy \* ; > d .
- - e [ o S .
. The . ional 1 -tnr i on a

Sl x'.lq:lrl foundation suhjacted to an accentric vartical load is

used‘t"' arriva at tha soil pE ¥ures and the

'nodal loads. E

i 3 s S 3
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-~ FIGURE 46 - LOAD FORCES ON NODES OF - FINTE ELEMENT’
’ REPRESENTATION - OF. TANK FOUNDATION




= vertical force (1860 MN)

area of raft foundation (7360 m2)

- wenuminq mamant (24,500 MN-m)

a—m » <
]

= distance frof extreme fibre to bapdiné\axis
= (0.5)(92 m) = 46m |
I = Jgross mr;ment of:inertia (see Appe“Gix V)

- + (4324150 m‘) - a

The son preuure :nnqes from a minimum of -7.9 kpa a,
nuximun ot 513.3 kPa. The nodal forces x-equireq to sim 1ate
this loading Bondition are dar:lved\'in Appendglx vI. In

Figura 4.6, the resulting nodal rorces are indicﬂted
‘




— - °

4.3 Linear Elastic Analysis . . i WU R
-

Using a 1linear elastic cem;titutive refationship roi'
the modulus of elastiqity, the stochastic finite element
method 43 applied to the Ekofisk Tank. K Using the program
ELASTC. FTN (Appendix III), the soil- fmmk&atian interaction”
is examined "for the gravity load and ‘the combined gravity |
“and wave load cases. The analysis pas ‘examined the vertical i

displacenent, relative settlement, normal stresses and shear
p : .

_sStress of the ‘s6il Ffoundation as the gravity base is .’

subjected to ‘these loadimj conditions. To establish ’tha s g

~senéitiv/uy of the stechastia procedure to. chungeg ‘in "
parameters, several versions of the analysis' are compared.
The paxametexs to be vuriud in the computer runb gre the
coeffic: of variation ot the elastic modulus, c 0.V, (E) =
and the correlation. distance factor, CDF. - =
< . S

Considering the modulus c.o.v."t}reprasent the degree

of materialy uncertainty;_a value is assumed for the cComputer
analysis. This selected modulus C.0.V. is constant for each

element during the analysis. fThe range -of walues used in —

the parametric unaiysis varies from s% to 25% by 5% increm-
e A .

ents. This range is representative of t: soil strength’

e uncertainties as suggested in Section 2.2,4.1. 'For this .

segment of the parametric study, thé correlation distance

3 * 7 N )
factor is fixed at 50 to remove. its influence on the



results. . As 1ndicgted pravicusly in sectien 3. 1, the

* modulus C.0.V. should he less than 30% due to aceumulating’
erroré. in neglecting. second prder fa/rqs of Eq.-(3.3).

The acochmlc nuture of the analyais is attributed tc,

J the correlation function as deﬁ,ned by Eq. (3 17). The !
% ccrralation functinn describes the degrea qt dependency or

'likelihood ot simi].nr matarial properties cccurring as .a

tuncticn *0f the distqnce hetween elemen(: centroids, rj_j.

The rate cf. axpcnahtial decay of the currelation function is
-established throuqh the corre at‘cn distance, L. S ‘The: S
ccrtelaticn distance is" simply product of the width of °

the !o\mdation (e.g. 92 m) and the. cerrelation distance’

‘factor. In Figux:e 4 ',’ tha correlatxcn functicn is shnwn

ES

) = . for’ varinus cozrelation distancaa corresponding to correl-

ntinn distnnce tactors ot 0.1, 0. 5, 1, 5 and 50. Por i

corralut;on. dintance. of 9.2 m, elements separated by more N

than 50 m nr’a jzarté'ctly “uncorrelatad. For this\case, the@

1e littla :I.nﬂuencg. of one element's’ uncertainty ‘on ‘the
ot}mrs. “For corralm:ion distance abova 4600 m, the_sodl:‘
continuum becc‘mes hithy ccrrelatad. Under ithis" cnnd‘i‘tion,‘
"thn uncert:uinty in elastic. moduli .of all €lements have )
P aiqniﬂcant Lnﬂ(xance on thn uncartainty of 1cca1 displace- e
ments and strenes. JThe effect o! di-tterant correlation

distance factors _cn_ralu} in exuminad by ﬂxing th-

moduius €.0.V. at Is¥..
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4.3.1 Vertical Displé;eman}: Results

The nadal displacements obtained trom the plane strain :
finite element analysis are. selected as the expected mean

) displace . for. . the ic analysis. ‘ In Figure _4.5‘,.

' the -mean vert;lcal displacemonts at  the ‘soil-foundation - -

'hxtax'faca -are. indicated for "both load conditions. The
Ekolia): Tank- on is - ed bef -46 1 sand, +46.m

'with zero repzesenting che center of the foundation. The

anplysis indicutes symmetrical settlementa for ‘the graviﬁy

load.. As cted; i) rngsm' ? and .dif al

sattiaments ‘occur‘durinq ‘the combined qré\vity and stom wave

cases. ‘cl'ausen" et, al. -[89] have pubushed actual tiela

measurements. of ths tamk's part‘ormance. Up to tne ti.me of.

ballusting to 1860 - )m 8! erged weignt, tna' tonndation-

settled on nvaraga 140 mm. © Maximum sactlement predicted by
. the qtavity load in’ Mgure 4.8 is 60 mm. some of this"

) dittarance can be. attributed to consolidatlen settlement vy

over the two—mpnth instnllation period and settlement .
.resulting -from- previous -wave lqad_ings being included in tne.'_
146 mm . figure. -But”tna' mnjor‘ factor contributing to the
larqe ditteranea is the neqlecting of' nonlinaur scil e!rects

. in the ‘linear elastie model. As. shown in ' sact.ton 4. 4, /the A

nonll.near eoll .model prbvides a nor‘e reauacic comparison

_with_-v th_a vt_!.alq data. Atter the stom wavs londing, the .-
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total settlement was meu%l'rad at 220 mm [89]; the elastic’

finite element model gave an average disp_lacemen\: of 60 mm

’ ., at the centér and a maximum displacement of 73 mm at the

edge. The elastic material éi‘operties have not been

. adjusted to account for these discrepancies since these

values provide excellent . agreement between .the nonlinear

’ :ana;l.ysis raéults and ‘the tiald: data. Nevertheless,. the
linear elastic analysis will indicate the qen’ernl béhaviour

wof ‘the atruétura, A modification factor can be applied to

' retlect the. relative proportinn ot the actual displacement

to the predicted vulue.

? In Figure 4.9, the vertical displacement profiles' at

different’ depths are compared. The depths con'pidered are /0.

,m, 40 m, 'and 80 m with zero denoting the original seabed

lavel.‘ The -results are presented for both load conditiiqns. .

The uuttlemants are s& anticipe with 40% ng in-the

40 m and 35% occu: _;x:ing becween ehe 40 m and 80 m 1ave15 It

is observed that as depth incraases, the local dgstortions

Vbecome less pronounced" .indicating the. rgdistribution of

" applied stresaas in the ao:u..

s
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4.3.1.1 Effect of Coefficient of Variation for Elastic

Ll . Modulus .
1

» -

The uncartainty in the resultinq nodal displacements

due tu "the nncertainty in elsment: moduli is .determined

through the stdchastic analysis. " The sensu:ivxty to

diﬂerent coa:ficients of variatio‘n foy the elast:.c modulus

is examined first. usinq Eq. 3. 15, the variance in vertical

aispl "‘_ nts is, ed Zl!uf each of the nodal ‘points’
'selacted for uncertainty ‘anflysis: Using ths detinition of -

standurd deviat:lon as  the square toot of variande, ‘the’

i results are plotted in Figure 4.10 for t:he gravity load

case. Dividing the standard daviation values by the mean

‘vertical displacamants ,(Figure 4. B), the coetficiencs of

variation for vertical displacement are inea.

Sinmilarly, the results for combined gtavity and wave 1cads
- are shown d.n'Figure 4.11. As expected tor both load cases,
the atandard davlatlon curves are maximum direct:ly beneath

the £oundatipn. o The arger standard deviations currespnnd

('.o regions of qraater rtical settlements. ~The sensitivity

ot tha standard devim:ion to changes in modulus &.0.V. is a

linear: rela}:ionship. The vett:lcal displacement c.0.V. is-
fairly , i ‘the i for - each modulus.

C.0cVs cnrve, but it tends to become eyat:ic at the tound-
For_the combined load

‘{cally bet ~100.1
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. 140
and -150 m. This anomaly is attributed to the magnified
effect on th‘e resu].‘tﬁ when the mean displacement decreases
rapidly. ’ .

To provide a means of ea_sigr physical intémretation of
these'statist;cal parameters, c‘onffdance. :Lntaryal's are used.
For most st‘:at_istical and désign purﬁoges, the‘L95‘8 confidencé
limi'ts are most common. ‘The .95% confidence limits are showlr] .

for me vertical displacement of the gravity 1oad and

‘combined qravity and wave 1oaﬂs in Figures 4.12 und 4 13,

respectively._ Based on a material uncertainty of 15% in the
elastic modulus. and a correlation glistance factor, of 50, the‘
xeqior?s Houndéd by these 1imii_:s .'represeng:»' the - rnﬁge “of
prokable settlements tor*‘ 95% of the time. ' The upper n‘nq

lower limits are obtained by  adding and - subtracting two

. standard deviations to the mean values [99]. This procedure

is based on —"the‘ assumption that the. stochastic results
togiow a )norr;:al distribution. As observed, the bamdfldth is
widest»'direc_tlf, beneath the 'tank‘ fcun§ngidn, reacping a
maxinun of 43 mm at +35 m in Figure 4.13. - The observed -
bandwidths are worst cuse scenarics sinca £he- pros‘ent-b
analysis assumas a’ 15% modulus c 0.V. tor all el nts. In
a real soil medium, the .modulus uncertninty wlll vary from -
location to location.: This n_ape:ut is addressed in’ Section
4.3.5¢ Another ;:qntrlbuting factor to'the large banqwidih

is :the Eorrela:ion ‘distance factor of 50. Under - this

ol
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condition, the model becomes highly correlated, increasing
the influence ‘of uncertainty in nodal displacemants on each
other
C
. 4.3.1.2 Effect ‘of Correlation Distance Factor

The correlation distance factor used in evaluating the

corr’algtlon,doetﬂvient between elastic moduli of''different

.-_-i:his_nn.iLy'sis, the elastic modulus c.o. V is fixed at 15%.

The uenaitivuy to\,g‘itferent ccn-elution distance factors-ig

by thasa results:’

(1) As the correlation .dist factor

infinity (i.e.. for practical purposes, _approaches 50), the

C.0.V. In Figur:ss 4.14. and 4.15; for CDF of 50, the e-o-*
curves pive \attnined a value of 15%, equal to the mod\‘}lus

C.0.V. used in the analysis.

the yertical displacer €.0.V. app zero.

_ These _;ésults are antici d’if the ial decay in’
‘the .correlation coé:ticient function' of ' Eq. (3.17) is
Qgs"ezved. i with larger correlation distance, the correlation

(ii) as the correlation distance factor approaches ~zero,

elements (Eq. 3:17) is set at 0.1, 0:5,. 1, 5 and 50. For ° .

examined in Figures 4.14 and 4. 15. Two trends are indicated

vertical displ c.0.V. the elastic modulus

corqft!.Ei;i\i aﬁpronches one} vith smaller correlation dis--
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. tance, the coi—;elatlon coefficient approaches zero (Figure .
ATV 4 - 3 '

‘.

_Ths méﬁt pertinent information relating to‘soil’ - ;
disblacém‘gng relates the bghaviouI under the str\icture.'
" Restricting the examination of results te‘di&ecti‘y beneath.,
“thetank  foundation (i.e. between -46 m and +46 ), the

. . rgsults. 1nd1cate essentmlly the .same vertical aisplacamant

S 1C.0.V, for hoth 1oud ccnditions using tha same parametera :

This squests that. the vertical displacement cov.- is

Lnsensitive to load typa ('_

q., unitom or 1inearly vury

-0 v‘ 'dimensional madels

5 15a-,, \tha results o riear: elas 1:: modsl are compnred

: »The .

ol protiles.
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In Figures 4:.16 and 4.17, a cemparis;n of 95% confid-
ence 1ntervals for correlation distance: factors of 0.5 and .
50 is presented. The predictability of short term aec:la-
ment'_fi _greatly enhanced by thg CDF of 0.5. The maximum
bindwidth reduces from 43 mm éoz: CDF of 50 te 23~ m’n,
indicating a significant reduction in di;placamentr uncer-:
tainty.- - mxé coxrelation distance factor 1is 'a parunieter
detemined by, site soil’ condi\:ions and tcundation width.

For practicul applicutions this factox.- has to be verjtied by

‘statistical analysis ona gria netb(érl& of boreholes pvR

4.3.2 Relative Settlement

1 : ¥
Relative settlement, aUj4y, is expressed as the differ-

ence between the oted ‘vertical displ Uy and Uj.
Using an i-axis to denote the location of node i orn the tank :

foundatien, the mean relative displacements for all nodes j

“are computed relntive to the’ mean vertical displacement at

node i, using Eq. (3.21). The variance for ‘tiese relative

settlements ‘are estimated -using Eq. (3.23), derived i‘;\

'Sectién 3.1.3. For ‘each relat:iva_ggtuementt the variance

is the s@ai::lon of the ve{tical displncement lvarinm‘:e at

node 4 ‘and 3j minus twice ‘the covm:iunce bdtween nadal

V. displucements “i and Uj
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The relative settlement at the soil-tank .interface only

is exumihed, si}xna it has physical significance. For the

present inve,s‘thation', results are selected <from the
stochastic anal’ysln‘ in which the coefficient of variation of
elastic modulus. and correlation Qistance tacto;‘ are fixed at
15% and 50, respectively. vIn"Figures 4.18 and .4.19, the
results of the‘ gravity load vcasa aré compared using 95%

cor;tidance'lntew;\ls, " The results are_symmetrical about the

and  lower limits; this term‘ is used to describe the curves.
—_ :

’ gr'ad\i‘uuy increases with distance from node 1 hitﬁin the
vi@inity of the fo‘\ul-nda(:fon, a maximum bandwidth of 10 mm is
‘measured. ijor‘ 95% contideﬂce, the 16.5 mm mean relative

) aettlemént ha_'twa'an‘ the Qnﬁei and: edge is e‘xpectéd to vary

— s ’an'ywhere batween 11. 5 mm to‘ 21 5 m: clausen et al. :t89]
have:’ teportsd the tunk‘a ditterential settlenent as less

’ than 20 mn for the’ grqvlty 13!'!!‘ ase. - This .vu_lue c‘ompares‘

- well vich the. stochastic n}ndel simulatinn. Beyond "““the

covariance term and.ﬁhe vardance of node jv‘ter'm' beco_m:a' more
“'significant in.Eg. (3,23).. Both terms decresse in magni-

‘tuda., wlth the .covariance term gradun).ly takinq on 'a

t.’qou."'

center. of the foundation for both i-axis' locationms, :

Defining bandwidth-as the rangeé of values between the“\ipper‘

Typically, the bandwidtp is:zero at the i-axis location and

foundation to .the edges of the tii\igg element - model, g:ﬂa )

) nagative vulua. 'mis explains the’ (1,atqe handwidtha beyond
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Using the same stochastic parameters,: the combined

gravity plus storm wave load case results ‘are examined for
relative . settlement. The information is summarized using
confidence intewnls'ns shown- in Figures 4.20, 4.21 and
"4.22. These curves indicate esseqtialiy 1;.he same results
but plotted from different frames ef__—r\efefence. In Fig:ure
4.’20, the difference in settlement (;f th’e f‘oundation is more
pronounced on t‘:he left side of center. Afi:er examining the
"load configuration for the overturninqwigure 4.6),
B} this ‘result seéns to be .reasonable. To observe overall
v_‘ditt-:antial settlement,  the l—axis is 1ot:atad at the: left
or right edge. of the tank foundation.(Figures 4.21 and
4.22). With 95% confidence, the stqchast-ic 'u?lal;(sis has
suggested the” total differential settlement ranging between
41.5 m and 77,0 mm, With an expected valus of 59.5 m.
After ‘removing vtﬁe— effects of . the ‘;;tavit‘y “I6ading, the -
relative est"tlemant ‘attributed to the.storm vave loading is |
estimated batwean 30 mn to 55:5 mm with a mean valie of 43
nm. This concurs with the cbserved tield settlement of 40
m [89]. - .

5 > . P Y

within the vidtn ot the - ion, the idths are

still rathar large. As mencionad in Se;aar 4.3.1, the

tochastic parauoters descrlba- a vorst case scenar!o. A

ion in ‘thu ’ " 1nty will occur in nost pncticnl‘
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problems since the actual soil continuum will have less
correlation and the modulus C.0.V. will not be a fixed value

but vary between zero and a maximum. ~

4.3.3~Vertical stress Distributions

The mean vertical stresses utilized in the ;tochascic )
analysis are obtained from the finite element analysiu. In
Figure: 4.23 hhe variationbor vertical straas, oyr is ‘.-
presem:ed fot gravity load nnd gravity plus storm wave loads &

on the Ekofisk Tank. The highest vertical stresses occur
- - . o i . Y o
dii:ei:tly beneath the plnttom foundation as expected.” lee’

and Focht [iooy hnve calculnted a cnntact bearing p:assur-

" of -267 " kpa duzing static gravity load. In the r;)r:agu\t'.'l'
analysis, the expccted uniform . vertical lt:au 1s estimated
at =253 kPa-rbaud on . simple toot:ing bearing presuﬁy
forsulae (section 4.2.3). Similarly, 'during the combined

“loading, the vertical stress variation beneath the found-
ation is estimated to be linearly distributed with a minimum

s of +8. kPa and a maximum of =513 kr’a.’ These . computed

utresses are compltible with the ﬂny:e element valu lhmm

in ngre 4.23. J}\shnuld be noted that theu alnmnt

stresses ,h represent e average stress a}_: the | alu_mnh
céntrdid depth ‘of 2..61 m tdr_the top. 8 m sand layer. These
values will reflect the actual soil pressures at the -}1‘

foundation interface with sufficient accuracy. /
o 4 ; -
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In Figure 4.24, the vertical stréss profiles at 3m, 44

__——., and. 112" m depth *lw seabed surface are cmpured. The
5 vertlcal strau is greatest at the loi].—toundntlon l)yer,
.averaqinq =250 kPa for th'e qravlty load and varying from =75
kPa to -450 kpa for the combined load. - Betwéen the 3 m and,
44 m depths, the stress in reduced 35%. At the 112 m depth,

the majarity of the uppuea load has dissipated . 4

._ To“\cer:uyv the plane st‘rnir‘l ’triE:qu‘lar tinite alemam:
model” used in the present amlysis, the Vertical stress
varlations .over depth predicted by the tinite element model

for the gravity load case are

to some ical

distrihutionu. These' thesretical modeis ates . -

(1) . the Boussinesq equivalent square  fundation model
% :

in a semi-infinite honoq;méo ‘elastic-solid [97],

(.U.)‘ p the Boussinesq mtini y long foundation model in

“a seni-intlnite honogenms elnti\-orid 971,
(111) tha ‘Westergaard infinitely long foundation nodel

in a sami—innnita hoqunneeul thi; 1y stratified material.

wich elnt:lg propqrt&as {971, and ) '_ o 2 7B

(iv) the simpln radinl distri.bu%on pzu:adura puuntuﬂ

by ’rimolhenko nnd Goodier, [101] {tor a setles of po!.nt load

diltzibuﬂnns on the straight boundary u! an inﬂnitqu'
l.arqa plnte (bued on thacry of ala-tloity).
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The: Jleah lodol shmm in ngure 4. 4 is used with the qravity

load ncdal fox'cel shown in Fignxe 4.6. Three li.naar elastic

lj.nita eluant runs aze nde \Iui.ng vaf&bui ntex-ini -proper-—
cies, nanaly-

(i) honoqanms soil pxctile with elutie -oduluu of
150 Hl’a and Polnon's ratio of 0. 1, '

(ii) honogenaaua soil pro!ua vith elast:ic moduluu of

e 150 MPa and Poisson's rati.o of 0. 45, and

emal & Y

(111) mean mtcrhl’ properties as shown 1n Table 4. 1.

"rhe sons are p: . % graphically for verticul o
4 stress watlation vith depth about the center of the zound-
aticn (Pigura 4. 243) and about the edge of the foundation 4

(Figure l.zsb). ‘:l'hera iu good -agreement between tha

Boussinesg infinitely long foundation nodel, the Timoshenko

and Goodier model, and the hol;:gahaou-n finité element model
with Poisson's ratio of 0.1. As the finite element model is

modified to repreunt a more ‘ccnpiicat-d‘ soil profile (i.e.

varyi.nq Poisuun'- ratios and elastic moduli),. the vertical

.lcresa distributions digraea from eﬂﬁ lhrpla theéretical

modala. The ntdat of nnqnicudo of dittaronc. is the same as

that pradiutad by Baecher and Ingra [69]. 3 9 3

v /
9 T et 1y
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divided by the mean vertical stress.

4.3.3.1 Effect of Coefficient of variation for. Blélti:
MSdulus N
.

The effect of soil uﬁ.ar»gth uncor"lnty is ifivestigated '

. through various computer ‘runs with different -oﬂulu-

fation. _ The unurtuinty oi the vertical

-(:reas results an computed in acoo:danca with Eg. (3.34),

(:harehy da!inlng the variance tor each elanem:. -As w!.th the

displacement’' C.0.V. ocurves of Section, 4.3.1.1, vertical

_stfess 'C.0.V. values.are obt,éinat.!' as; the standard deviation '

¥ S . .

| <
The results of .this parametric study are presented in
Fiquna‘ 4.25 -‘and 4.26 for the gravity load and combined
lud:, respectively. Results of both load. cases indicate

essentially the same stress C.0.V. for corresponding modulus

© €.0.V. The only anomaly occurs with the combined lcad case

where the stres: v.lua'lppr;acha- zero, causing an inflated

. coefficient of variation. The stochastic ahalﬁis appears

to be 1n-qnl1tlv. to joad case for vertical st 5.
: - o

The stnndurd deviation curves nhow a llnaQr relation-
lhip ‘with thc modulus C.0.V. - For equal “increiments in' '

modulus c.o.v.~, a 3 "‘ i in -

deviation is observed. . Ga’n‘unlly‘, the shape of tha standard

Va2
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deviation curves reflect (th"e" ‘absoluté’ value of the mean

. vertical stress cﬁryes of Figure.4.23.. '

w s 2 o
The coefficient of variation attains a nearly constant .’

2 valye af approximately . .twice ' that -of the modulus 'C.O.V.

This sques\:s that the element ‘stressés are. more sanaitive

to ‘the soil strength uncertainty than "the node displace-

ments. By _examining Eq. (4 5), this statanem: ‘can be -

verifieds 5 P
o aply - LUy ;!
{H)j§ = = [B]i (U}y §ij + [D)i[B]y —— (4.5)

X .. 0 . . 9E§

The first term éstimates the u'ncsrtainty contribution from

«the element stress whila the second ﬂm detérmines the

e:tect: of uncaztainey ot all the ‘nodal disphcements in'the °
finite elamam: mash. With the cDF equal to 50 theﬁ.\em-_s B
ch

are almost partectly qorrelatad. The, nat ngsult

% ® ’ term attains:a coefficiént of variation ‘Gt}stresa equal to

the med_\xlué g.o;v., c]omb*r;ing to give twice the modulus
C.o;‘_\‘l.,pé_tcantaqe. . . ] o

'rhe 95% contidanca linits ‘are shcwn for the vartlaul

) . stress due.to qrnvity load and combined’ gravity and' wave

" loads in Figures 4.27 and 4. 28,,reupact1valy. Bonanth the

tank. foundation - (e. g¢ hetvaen'-ls n to 46 m), the bnnduideh
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is essentially constant at 300 kPa .for the gravity load

case. ’For the: combined loading, the bandwidth étax:ts at 85
'A kPa at the left. eédge of the plattorm, gradually 1ncreasing

Kﬁ mximum at’ the. right of 540 kPa. As mentioned pre-

vi usly/ thase curves repressnt a worst case scanario, with, . ’ .‘

more probable situutions having sma].].-’; handwidths.

— s . -

/@ct of Correlation Distance Ga;:tor
¢ »

To astablish the intivence of t:ha cox:relatinn function
" (Eg. 3:17) on the vertical stress results, several computer
runs are e:ltamined usinq different correlation distance
factors. As wiih ;:ho displacement aﬁalysis‘, “the modulus
C.0.V. is consﬁant at 15%. The cérrespcndinq standard
‘deviation and. coefficient of variation - curves of. the

:,varcicul stress distributions are pressnted in Figures 4.29

b ’lqad cases.

v‘and 4. 30 for ‘bo

. The ntnrfdaz;i deviation curves reflect the shape of the
’ ,‘yggitil:glglrtreus'maqniéuda-, as_mentioned in Section 4.-.3.3.1: L =
For both loading éonditior;n, a 7% increase in' standard ) ‘
deviatlon is- observed for an increase in the’ correlation v

distnnce tuceor tram 0.5to 50. o. For simua: CDF chunge in 1

the vertical dlsplncement analysis, over 25% 1nc<-aﬂe in the

ltund_ax:d deviation t_)ould result (section 4.3.1.2). Based_ on

'*, this ‘cbservation, ﬂ:ﬂe vertical stress is not as seﬁéiqiva' to
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: in r_atet Eca to the vart: cu stress /€.0.V., curves-

. the modulus c.o.v. T e,

chanqes in the. correlation distanca factor as diaplacement. ) el

gz‘aﬂhn ulso indicate tha

The. “coefficient at vurlati, 3

influence of correlation dis\:anaa is not vas signiﬂqant for.

stzess ‘ag tor displaceme Tha runouj,nq ramarka arem mudu

AL
inﬂnity (.l e. foz' p:actical purposes,‘ uppr s 51 ﬁhe s

As the corralation distance: fnctor appraauhes

vsrtical stress c. 0 V. uttuins a value equivn].ent o twice
!

~

(ii) As the ccrre ’_gtion “distance factox' upptoaches’
zero, thé vertical stress c 0. v. approaches zero.

The rate at which these..trends. ocour is not as qrea:: as

obsarved in saction 4.3, 1 2_for’ dieplacement c. o v. :
r ' * i .

" The 95% conﬂdencé 1ntarvals of vertical, “stress {ay) g
are- sho n Figures 4 31 nnd 4 32 for. hoth Load pnas. % Z
‘sets otwits are: inﬂicated correspon;i to~ CDF of 0.5 und
50. .Comparison ‘of - the two sets ot limjts suggescs little
difference 1n the' stochaseic anulysia £ vartichl atress.

This &.—eemphusizes the ‘obsexvation that veﬂ:ical stress 15

. not ag siqniticantly atfected ﬁy cha cun-a;ation distanca au

nodal dfhplncaments . ? 0!
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4.3.4 Shear Stress Distributions
,

Although the principal stresses and maximum shear

stress are calculated .by th&¥ computer progi-am-, the appl‘i-_
E ~ - >

_catien of the stoch_a‘ftfc £fTnite element analysis to these

forces has not yet been developed. The present .am;lylil .

’will be' restricted to thé shear stress, r corrasponding

to vartical and horizontal -stress within each element. ‘In
Figura 4.33, the._ shaar {tress variatien is 1mn|=utad tnr
b. both ‘loading conditions. For the gravity load, \:he 1arqast

sheax: stress, 27. z'kPa, has occurred at the edqas of the
plaf.tom foundation. - For the cembined wave plus gravity
N 3

) . 1
'load,ll:he shear stress levél in the top sand ‘layer has-

increased signilfit:antvlyk, Varying from 83.6 kPa to 41.1 kPa
‘beneath’ the foundation. This result is. gttrlb\xted tu’t}:‘a
horizontal force component of. ghe storm wave :]’.o’ading. The
maximum shear stress of 87.6 kPa is observed at the right

‘edge of the ’;ﬁp where ‘increased vertical " due

€c_ the overturning moment combined with horizontal force has
'induc_ed‘larger Qhear‘ing streéseg .;n the soil _coqtinuum. .

In Fiqu‘re 4.34, *the shear stress is examined at various,

deptha wlthin t}le 5011. - The results are errati‘ with no

obvious trands present‘ This is puz‘tinlly attributad ‘to nat B
using the maximum sheé\stxasaea as auociatad wit.h t'.ha .

s

princ@tresas‘s .
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S, . 2
. 4.3.4.1 Effect uﬁ Coefficient of Variation for Elastic

n’odu’luq‘_ TR ) . S :
“ N / : S \

\__Ss with f.he p@evious displacament and sttcgs analysis,

the modulus C.O. v. values are ultéred for aevetal computer

runs to establish the sensitiyity\ of stress to ‘soil uncers
tainty. The‘*"varian'ce of a‘haar stress, rxy; is defined hy

. Eq. (3.34) Pr each element. Figures 4.35 and 4.36 graphic-
'ully portray the standard deviations and coatfiuienta of. |
variation for “shear. stress. ' The coef!icient of variation

J -?ults vary closgly resamhle the vertical stress rasults

,(F gures 4. 25 and . 4.26) .. ;l'ha stress’. C.0.V. values are’

practicuny 1danti a].' nttaipiﬂ'vpercentuges twice .that of
¢

the modulus c 0.v. 'ro thie atfect the

of Section

i 4.3.3. 1 are aquuuy applicahle here. - ) e B B
LR rpldcany

Tha staﬁt;ard deviation curves for the' shear ;{ress have-
diﬂarex\t shapes as comparad to the vertica]; stress: plots.

" ‘The’ peukinq ot rasults At “the- plattorm bcundaries highlights i

_the increased uhcartuinty“ in shear si:f’ éss at the’ toundation‘
edgas. 5 ’l‘his :I.s dus to “the mean’ shear strass at these >

1ocations having) larger maqnltudas. ; .
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, with 15% modulus q.o.v.

46 m).

‘ 4.3.3.2.

4.3.4.2 Effect of Correlation Distance Factor

To illustrate the ettect of correlation Zunction on’

shear stress,

jtochasti
tive ditfax:ent correlation distmce factors. "

° are shown in Figures 4.37

4
'analysis is performed using
The results

n‘d\i 38 for both load conditions

The stahdard davia\:ion curves agai‘n

! o
g

(1.5. at =46 m and

show the imums’ ét the

from 0 5 to 50 does not al

less ,than 10%).

In Figure .4.38,

more erratic as a redult of

'l'he 95% confidence int

shown in Pigures 4.39 and '

pondﬁq to 0.5 and 50 CDF v

As

' ot pessihla stregses.
: -Ttrass is noz: signifi,

distance as nodal displucemant\g‘.

| L
Note that changing

|

Vo e
Lthe correlation d!stanca factor'

er. tha results very ‘much (1.9.
|

'l'he coe!ticiam: of variaticn curves: for

" .shear stress show tha\\same’ trends .as descx:ibad in section

’ e stress C.0.V. ‘curves :appear
‘ie plotting scale selected.
|
ervals for shear stress, Txyr are
0. Two sets of limits corres-"

aylues show little effect cn range._:
with vertical stress, the shear ]
ca\r‘n:rly ‘affected - by . correlnt}on

For the gravity .l.on;; ~the

'bandwidth 15 maximum at adges with 33 kPa narrowing to .10

| kPa ‘at tha cencax-. Fox‘-_

£ 105 kPa'is, obs!
bandwi.dth o a

the combined load, the m_a;i;um

erved at +55 m.

|
|
s —-—




CORRELATION DISTANCE FACTOR
CORRELATION DISTANCE FACTOR
CORRELATION DISTANCE FACTOR

CORRELATION DISTANCE FACTOR
.- CORRELATPON DISTANCE FACTOR

cor-ud
~mooon

) .

~ STANDARD- DEVIATION (kPa)

‘0 . A3 1 0. -
R OF FOUNDATIO! B %
. s : X

b w )

z

=

= N

Eﬁ

X
=

w

. :
=2 .
= ;
g =
=4 o
Il )

th TN = E S

o - % - € .
8 ;

~120 -%0 T T I) 3 & Ft L3120 ‘
+ . DISTANCE 'FROM CE TER OF FOUNDATION (m) ) E

FIGURE 437 - * STATISTICAL PARAMETERS FOR SHEAR STRESS'

DJE TO GTAVKLDAD




- . '~ |~=F—  CORRELATION DISTANCE FACTOR = 50.0
. CORRELATION DISTANCE FRCTOR = 5.0 e
~ ~% CORRELATION DISTANCE FACTOR = 1.0 4
—%— " ) CORRELATION DISTANCE FRACTOR = 0.5 P |
= - omnsmnm' DISTANCE FACTOR = 0.1 =
) = 4
} | i - -
= ; T \ K ) . ‘.
B é L) i R\% . . L ‘
= -
E- i y
]
Saf -
2 pv. |
' ¥ @
LA BN
!
/
~120 90+, ~60 -30° () 3 &
S DISTANCE FROH CENTER OF FOUNDRTION ()~ ’
H .
= ] 0
a i / % B 5
8 o
S
=z
=
1 2
=
e :
s
o =&
T . A §
e |
Eu
b =3
o ></\ »
- | ¥ ) " il -
~120° -90 -60. ~30 o 30 o, 80 s 120
. - DISTANCE FROM CENTER OF FOUNDATION (m)
i PIGURE 438 STATISTICAL PARAMETERS FOR SHEAR STRESS =

/. DUE TO GRAVITY & WAVE LOADS 2



u»s ssx cnnﬂnsgcé-u&n (CgF=50.0)
- UPPER 957 CONFIDENCE LIMIT (COF=0.5)
HMEAN VRLhES OF SHERAR STRESS
LOVER 957 cunnnsucs LINIT (0F=0.5) |1
. LOWER 957 CONFI E. LINIT (COF=50.0) . '
=

SHEAR STRESS (kPa).

RN Sy

T 5 TN
DISTANCE FROM CENTER OF FOUNDATION Cm)

\ " FIGURE 439 - 95% CONFIDENCE INTERVALS FOR SHEAR STRESS
DUE TO GRAVITY kOAD .. - .* ’




N E:.cnz:ou 40 ¥3IN3D WOHd 3N
S g S O S2- - 03

Savo wPSs \:] tfg oL w‘ﬁ
mwumhh YU3HS ¥03 m.~<>~m._.z_ JONFAIINOD %56

yLs1a”
- S

. .ﬂ»v E)SE]

i

ol

San

(0d¥) SS3HIS "HYIHS

[

(0°05=409) 11W17/3IN3014ND3, %SG ¥IK0T
(5°0=402) ‘1IW17 3INIAINOT %S6 YINOT

B S53ULS BYIHS 40 SATIA NUIW
(5°0=5) 11W17 IONIATINOD %56 ¥3ddn

ﬂuu 1M1 3ON30I3NOY r.m Y3ddn




186
.
'4.3.5 Random Stochastic Analysis

In th’ pr{fus' ions, the ic analysis .

‘has ausumed the soil cantinuumfta have a fixed oefficient

of variation .of elastic modulus fnr all- elements. This.

T /mathod ot analysis mximizes tha uncertuinty of the materialf

4 propart:le? the;elfestab]:iehmg the upper boumaries of -the

"‘ .‘ »’resulting and aisplac ts.  In a purely stoch-

astic analysis, the elascic modulus varies»

4andom1y ahuut a

constant nean. For more raalistic rasults, the madulus

can actually be anyvhere bett een zero ‘and :the maximum 2

”value anticipated. A outlined iﬂ Section 3. 4, ‘a pseudo-

‘random numbex- generator is’ used to c):eate ‘a sequence of

'thirty—tyo randém numbers betwean egro and unity. Thtough

the appl t{ation of Eq. (3:47), a random‘.v‘%iation of mnduli

da\&atiens are obtained.

x i . —

"‘ For thq Ekotisk Tank prohlem, the compuber program
EWD FIN of Appdndi)u III is used to slmulat:a the random« o

stochasiic unalyais. puring the pressm: analysis, the upper
»bound Qlaatic modulv C.0.V.. is const:anr_ at’ 15% with a'
cn:xalatian distance factor' . of 50/ Using the ditterant -
p stnrting valuas, 8g, -to 1n1thte the random nus er sequences~
listad in Table 3. 2, thx-es psaudo-random varsions of! tha
seochastic‘analysis are qomputed. : In the. follawing ﬂis-

. cusaien,

tl\e pseudo-rqndom aampla numbsrs 1, iz,nnd‘
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correspond to xesult;.s obtained with starting values 1000,
123457 and 500000, respectively. The mean:displacements  and
§tresses of Figures 4.8, 4.23 and 4.33 are appli.e‘d to the . i
pseudo-randon variances to deternine “the coefficlents of -
w;ariatioh. . g F,

.

In 'Fiqures 4.41 and 4.42,  the pseudo—randcm standard R
deviations and coefficients of variation for displacamancs

benaath the tank are compnred to the upper baund analysis.

The pseudo-random curves , 'sxhibit little deviatioh between

t_hem. T\ese curves ate shown to have a '50% reductiun tro

the u'_pper hound. values. . This. is attributed to the statis-

tical probability that ° the. sequence of random numbers . '

varying between .ze\‘ra and unity has an average of .0.5.
v

Vo ’ .
The statistical parameter curvesfor vertical stress

are presented in Figures 4. 43 and - 4.44 for boéh < load
conditions. Similarly, Ehe results for the shear stress are | g
indicated in Figures 4.45 and 4,46; Unlike the vartical-

displacement results, these curves hava erratia tly\ctuations

throuqhout :lndicating the increa: ed inﬂuence of tundomneu P
7

in the spread of results.. Typically, t:!;xe .pseudb-rando_

results’ range between 20% to E‘oé_reduution trt?m ‘tha. ‘upper. ,

baund levels. This suggests that due td the nature of kq.

,(3.132),' the comhinatlon o: rarldom ettacf_s in tha nndal

NG
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displacements” .and element stresses will provide more

ysigniticant variation. ' g

As ob’s'srved in the results from Figures 4.41 to 4.46

nclusive, the upper bound uoﬂ:’:ZAns ‘provide a worst case

scenario of the calculated uncertainty in_ settlements and

_stresses urising trom materhl uncertainty. '.I'he ‘pseudo-
rundon resulﬁs present a ‘more- raalistic situaticn for a

givan lavel ot soil unnen:aincy.

i




8 4.4 Pi‘eceviseéinaar Elastic Analysis

< . / v‘l‘o incorporate the nonl].xnsar const&tutiv- ela-tlc
modulus relationship in the stochastic analyuis, the program
NONLIN.FTN is used.. Discussions on the log:\stics and
mechanics of the prograin are preun‘tad in Sections 3.3 and
3.5. The px.'uen.t an§1ysis will highliqht a few Of] the
ptinciple ‘features .relevant to‘ the aoil-toundatinn i ter-
acticn results )ot the Bkotisx Ta}n)( problem. : B

B Y \

As with the linear elastiq model, two 1oad cases are,
exnmined, tha gravity 1oad cane of .the tank 1ncl.ud£nq its =
-~ c and’ the quasi ic wave force of the Novouher 1973

" Storm. For the piecewise linear process the  two types of -

'i:otces, .qraviutlenal and vave have to be ttaated-u'epa;:'ltc-
ly.  This .is achieved by subtracting the gravity load - ‘
component from: the combined .nodal. forces given in Figure
4.6. T'a.ble_ 4.3 - reflects this calculation, indicating the
forces usad in the plecewise -linear analysis. ’ Using eight

load steps for the load applicatian rate, four 2 ncre—
(-\/ men_ts of the gravity load followed by four 25% increments of

the wave load are- 'applie‘l to the finite element model. ,. "

Ir the version of/ NONLIN.FIN 1isted in Appendix III,

the elastic modulus s a routine check o ensure the ° s

modulus never falls below\the minimum of 20% of its initial




Table 4.3 Nodal Forces for ‘pieé:@unau Analysis

-~ < & 7

NODAL GRAVITY- LOAD. WAVE LOAD .
, FORCE* <L) (M) 2d 2

* = = ;
Hy . 0.00 0.5688 /
Hy . 0.00 0.5688 /
v . 1.453 -1.4048 / =
vz 2.906 -2.2479 - /

v3 2.906 -1.4987 _ “

A 2.906 -0.7495 /

Vs 2.906 0.0 /

Ve 2.906 0.7490

v7 2.906" 1.4987 v —
Vg 2.906 2.2479

Vg ) 1.453 © . 1.4038

#Notation used is the same as Figure 4.6

modulus value. (In subroutine NLIN, this term is denoted by

EMIN) . the e ce of the piecewise

1inaar analysis, the initial moduli values ot Table 4.1 are
reduced according to the 5hur strain level 1n the elements.
The EMIN tom provide a superﬂclal_nthod of accounting
Yor plastic deformation in the éoii continuum and provides
‘numerical stability to the tinitve element pro«zasa. The =28

elements that have attained strain levels equivalent to EMIN

ynluoi _for the total, grhvim and the total gra‘iity and ~
) vq've loads are prcunie'd 4n Figu‘ras 4 47 and 4.48, respaut-‘ o

ivel'y. Por H.gure 4 47, it 15 3. observed thaﬂ the plastically
'aatoninq elonlntl ocour, 1n:l.tin11y in the. two totally clay
. layers butuaan levels 24 m to 40 n _and 80 n ee 1no m. This _r'

T ds ntt:n'mtod to the higher Peluon'n ratio of 0.49 for
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FIGURE 4.47 ELEMENTS ATTAINING EMIN MODULI VALUES
FOR 100% GRAVITY LOADS
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" these two layers. s the combined load is applied, a weige

shape of plastic deformation spreading beneath the xo?md-’
Ao =

ation is indicated. This is a result of the higher strain

levels experiericed in these locations. -
’ -
. > ~ -
In section 4.3, it has been observed that at a correl-

ation distance above 4600 m, no appreciable change occurs in

,the 'variance of the wesults. This copﬁitinn of- a highly .

' correlated sni} cu;'ltinnum .ovar such g range “is very unlikely
ph =

Y (i.e. CDF = 0.5) and a modulus C.0.V. of~15§ in material

! mcdels, linear and piecewiae linear, is oxpreusaﬂ thr\gh

the 'vilcinity of the platform foundation are examined. .

in nature, ésﬁ‘lcialu '1; a subsea envirompent. - A nore .

realistic rangé for the correlation distance is from 30 n (;o.

1oo m range [30). Using a correlation distance of 46" m. ‘

uncerydinty,wtha nonlinear stochastic unaly-!s is computedi~
ox /
For cum;arison with-the Iinear elastic model, the results

using the same- paraméters. are used.
: w ~
H - =

I the tonouinq aectlons, the vertical displacumt ’
vertitc stress an shcar stress nlong the uabed surface in

[

Sensitivity of the stochastic procedure to the cnnatftutlvu

- Q
graphical analysis.
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C w 3 g ;
4.4.1 Vertical Displacement Rasu}ta .

»

== "ﬂ‘m' vertical nodal displacements along the - seabed

sur_!hcar are presented 'in Figures 4.49 and 4.50 for the

piecewise linear model. Using the load increment approach,

a_ realiét’ic load-ut.tlmnt ::elationship ‘is maintained. :
This procedure rnnacts the gradual increnne in selt-welght
during bn\llnsting operntinns and the- accumul.nciva et.fect of

smuller vave torcal prior to the' Novemher 1973 atom wavas.

. This tac‘:or comhihed with tha inclueion of soil nonlineurit‘.y

has leﬂ to’ closer- Sme e t’lald ea o —and
e

!1n1;c alemmt lnalyais._ conpnnd to- the linear elastic‘

nnalyuis, ﬂ:e nagnituda ot the sattlements are uxg‘nxficnm:ly

highax- ‘\ tha nonlinear soil model.

In Figure 4. 49, ‘t.he nnnunear properties are apparent. :

Eor egqual 1oad 1ncremants, the amount of disp!acelent

camsponding to the lond s\:ep hmraases. . To, illustrat:e the
at!ect, the. udttlcnant at t.he cantex- nt the foundution _13

oburvad to iner

mm, respectiva‘.[ty for" -each zst 1ond stap. simi].nrly "

nonnnear effects  are avident 1n rigura 4 50 to;‘ the wave

load incramnnts. ‘At 25% wave load, ‘the- displat:sment uurve »

-un Axn:uu,c- thn Y 1_‘ shapa 2 istic e!v

-byzzsm* zssu,:ss-mandno'

’

grivity londlnq. “This squestb the .ztact of total

grlvity loud luppressas the 1nxluenco o‘! t:hs ﬂrst vnvc
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increment. Above this level of loading, the wave effects s

become prominent. ) - it
v For the total gravity load qasa‘, Clausen et al. [89)
had measured an avei;age settlemént of 140 mm. Maximum tank i
-settlement predicted by the 100% gravity load .id Figure 4.49

" is 130 mm and_ the averade is approximately 125 mm. The 10%

1

difference betwéen "the pfadicéed and measured -values is
partially att;x_‘ibuted to'the fact that the 140 mm field value

includes settlement caused by x;eiaaat’ed wave 1oadinds on'thé

. tank and cansolidation of the clay layers during the, two
mcnth installation period E S g
i 5 4 ~

After the storm. wa\;e loadi.nq, the total set:lemant is -
reported at 220 mm [89]. Fi.gm:e 4,50 indicatas an uvamge
settlement of 180 mm with a maximum displucement of 250 m‘

v ’ at the edge., Tha 40 mm’dxf!erenr:e between the actual and
the .nonlinear ptedicted settlements may be partinny

explained‘ by the consolidation of the clay l.yers ‘during theé

‘five month period between installation and ‘stoim. © - The

. finite ‘elément: procedure used in this study does not account-

for soil consolidation. R ' Sl oo
g‘ 5 %, . 5 L . < o ==
e £ . ‘A comparisnn of t:he piecewina__unaar xasult:n of the
N sto;hasdc analysis 'to. the corranpondinq 1inanr curveu is
' :, . made for the ‘total gravity load in Figure 4.5, The
-3 . . . ~ G . £
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Figure 4. 52,

, ‘ - 208
standard deviation of the vertical displacement is observed
to be 20 \:o/(ot higher for the piac'ﬁise'unear analysis
results.
is 50% lower than the linear __anu"ly’sis results. A couple of
factors lead to these results. Use of a rionlinear stress-
strain relationship has accounted for‘a twofold increase in
settlements as .seen in Figures 4.8"and 4.49. with these

larger displ the

deviations tend. to be
The net effect of é slight 1ncrease in standard

deviation oyer a aubstantially larger mean displacemant is

‘to reduce the coefﬁcient of variation. . .
: . ¢

'.l'na combined gruvity and yave results are prasented in
As before,
for the piecewise linear analys%s and the coe:!icient of

variation is larger for the linear analysis.

The coefficient'of variation for the diuplacementv

The symmet-"

the standard deviation is larger

rical = distribution of ‘the standard deviation about “the

foundation centerline is unexpected.

" In Figure Aﬂ
veiti‘cal displ’i;i‘:m: )

st‘andard deviations,’the bandwidths for the piecewise ;1near

the 95% corifidence intervals for the
are presentéd,- With; the increase in

analysis have increased. For the 100% gravity load, ‘the

maximum bandwidth haa increased to 20 mm from 17 mm for the
linear case.

For tha 100% gravity and wave loads, “the

maximum bandwidt'.h has incraasad to 32 mm. from ‘24 mm.

Thaqe )
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95% confidence “Yimits indicate that the range of possible

valu?.s deviate from the mean displaceme'nt by less than +10%.

-,
5 - -

4.4.2 Vertical Stress Distributions
ap T o .
'The mean vertical stress distributions shown in Figures
4.54 and 4.55 follow the same basTs shape as the  linear
elastic* result:s_ presented in Section 4.3.3. %e highest
vertical stresses occur. directly beneath the tank found-'
ation. _The p\iecawisa linear results have a s'ligh‘t‘ increase

in mgnitude.ovef the linear.values. In both Figures 4.511

and 4.55, equal load incre S . induce ally equal
stress 1ncre¢sés, suggesg;imf the model's 'ins_ensitivity to
changes ’fn conscilﬁutive‘ relationships. 'Po't the gravit‘y
load, the vertical stress is maximum at -290 kPa along. the
edges reducing to -240 kPa at the center. This corresponds

well with Lee and Focht's [100] calculation of -267 kPa for

g bearing s For the combined gravity

and wave loada', the 'curves indicate the pressure distrib-

"ution of -220 kPavto -510, kPa directly beneath the platform.

The 'maximum agrees.with .the -513. kPa predicted by simple
footing bearing pressure formulae.

_.In_Figures 4,56 and 4.57, the'standard ‘deviation Van‘d‘v
coefficient of variation for vertical stress are preéented
for both.load conditions. - The 11n§ar curves aré‘typically

Y
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greater than the “piecewise linear results. Thi’s“ differs
from the previous displacement graphs where the standard
deviaticm curves for nonlinear analysis are larqar.: In
E‘iqure 4.56, the standard deviation for the linear analysis
is 65 kPa but. reduces to 33 kPa tc;- pilet.:ewise linear.
éimilquy, there is a 50% reduction in the coefficient of
variation, falling #rom -28% to 14%. The coefficient of
variation valués r the vertical stress are n.m:i"n greut;f
than the corresponding 7% aﬁd 4*.valugs determined for the
- vertical displacement (i.e. Figures 4.51 and 4. 52)' The
results for .the combined gravity and wave loads (Figure
4.57) exh;ibit more variation in the s:atistical parameters

due"to the ,ur;symmetriqal loading. " # &

The 95%:confidence .limits are presenf;e:l in Figure 4.58.

The bandwidth for the gravity load is 130 kPa_on average

¢ompared with 260 kPa for tHe linear results in ssction»

i3580 The combined loading bandwidth is upproximtely
150 kPa "throuqhout the car.lk'as breadth. This value compares
with the increasing !;andwidth of 80 k?§ to 500 kPa Et;m left
to right for the linear analysis (Figure 4.28). Generally,
these léwer,'bandwidths for the piecewise linear procedure
reflect the Eduction in standard devietion nmi conaeduehcly
provide "improved predictability for the stress values.

- N ' -

NP
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4.4.3 .Shear Stress Disgrfbutiens

. . . -

3 . w8 2

The. mean shear stress distributions for t‘ha‘ p?.ec‘euise

Y. : 1inea§-ana1ysis are shown .in" Figures 4,59 and 5.60. The

. - shear stress is insensitive to changes in the constitutive
r relationship as- shown by 'the equal stress changes with equal G

- © load 1ncrements,._ For the gravi}:y load, the: shiear stress o! -

,T_, 27 kPa is maximum at the platform edges, - then stabilizes to
24 kpa beneath the tank By comparison, the linear xeaults &

. in Figure 4. 33 1ndicate an edge shear 5tresa of 27 kPa with E

the interior reducinq to 10 kPa. For the camhined qravity

h and» wave l.oads, the sheaz stresses _are largest in the‘A

boundary layers. néxt to ‘the !qundation adga, reachi.ng 23 kPu‘ ' '_ p 7
and 54 kEa. In the region beneath the tqundation, thq slpnx: o

8 “'stress avéraqes 0 kPa. Theae values are 1ower/éan tha' %
S : Shear stresses predicted by the 1Lneat mudel for ' the .
' /:\nbined 1oadinq (ngre a. 33).~ . : . s “hne :

The' standard deviatian and coefﬂcient cf vnriation’ £6T

shear stre 8 are presented graphica]«ly tor the linear and "+ .

. ,the piecewia 11near analyses in Figures 4 61 and 4. 62. Aq
with vertical- stresﬁ-—resul\:a. typically the linaar curves .

‘are greater than tha piaceulse ldnear valuqe.

R . The 95 conf.‘ld nca llmita are preaentad in F:lqura

. The handwidth for| the gtavity load rangas l.'rom 6 to. 15 kP'nl e
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compared with 11 to 23 kpa for linéar analysis of sactio_._n : H

4.3.3.3. ‘The combined load bandwidth for piéceviae linear .

‘analysis is typically 28 KPa beneath the tank tcungation.,
£

This vaiue is in contrast to_the 45 to 80 kPa range for the

linear analysis (Figure 4.40).
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g ¥ CHAPTER 5 _

STOCHASTIC FINITE ELEMENT ANALYSIS OF SOIL-FOUNDATION
5 INTERACTION FOR A CAISSON RETAINED ISLAND

5.1 Introduction

) )
To @#urther qemonsﬁrate the versatility of the stoch-

asti¢ finite element to echnical and struc-

‘tural ‘proh;.ems‘vaputhet type of grav;.ty structure is exan-

ineﬂ. Recent  expl i and d 1 t of offsh energy

and nineral our in the t Sea has ; a

fixed year-round drillind and production platform. In the
+ \ :

harsh Arctic environment, severe and enduring ice forces are

the norm. For shallow waters one.viable solution has been
an artiffcial island constructed of compacted sand berm with
protective riprap. But for deeper waters this has not been

e;onuiical. Thus, the concept of a caisson retained island

! has been a)&Alimd and found 'f;aaibln for water depths
ranging from 15 to 40 m.[7, 8, 11].

In general, caisson retained islands are capahla/ of

remaining in service year round and withstanding the on-site \
ice  forces. These structures consists of three basic

components: ,an outer. caisson structire made of prestressed

concrete or high tension steel, 'a hydraulically placed sand
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filled core, and a carefully compacted sand berm. The outer e
wcaisson has three essential functio}m: (i) It confines the
sand £illed core to within the caisson thereby obtaining the

required height. using less material; (ii) It serves as a

protective armour, defiacting and restraining ice from

eroding the sand core; and (iii) It provides a firm. support
N 2

for the drilling and .production platform. The caissen

co'ncept is more ec‘unomicnl largely due to.its ahiliﬁy to-be

removed and relocated after ion ‘of expl Y

drilling opuations or the depletion of the field. .The - = =

inner sand core providgs the_ large mMESSg req‘ui»red‘to\ resist
the lateral ice forces. The sand material serves as ‘s 3
medium through which the lateral shear forces are trans-

.mitte'd by friction to the berm and eventually to the Y

underlying seabed material. The sand berm is an econnmicﬂ\
3 -~

method of obtuiningva maxinum additional height of 15 It
provides flexibility in the design to make the caisson ¥

structure. suit a number of varying water depths.

~ The novelty of caisson retained construction has meant, g

increased uncertainties inherent with the; structural and ’

foundation design, Uncertainties Fiiae' from several
sources: (1) unpredictable {iava,l .vind, ice.', and pack fgc
loads; - (ii) lack of andihg -and ience of the

physical responsa mschanisms -of these structural syntams,_

and (iii) vanht:ion of uctual materinl propen:ies tram -the
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.
design values. This has necéssitated mo{e conservative
foundation ;iesigr;s. The designer ml;st identify the signif-
icant sources of uncertainty and properly assess the effect
on 1 The ic finite element is a

quantitative scientific approach to measuring these effects.

To ilTustrate its application, the Mobile Arctic caisson

. (M.A.c.) is examined.




5.2 " Mobile Arctic Caisson Description
/

The Mobile Arctic Caisson is a hybrid soil-steel
structure designed and -constructed for Gulf Canada Resources
during the early 1980°'s (8, 162). The steel caisson, called
Ho}ikpaq, is basically an octagonal annulus in plan with a
'uimply supported operations deck. ' The steel caisaop “has
twelve ballasting crmpa;ﬁfents which penzt it to be t{catad
to location, then installed on a ‘previously placed under-
witer berm by tl‘ondinq the compartments with' seavater.
Preezing is uvoided in the “ballast tankn and the sand core
by using insulation and heatinq units.

- ) " 2

A schematic cross-section of the M.A.C. is pre'santed in
Figure 5.1. This schematic is paled on the 24.5 n water
depth at the Tarsiut, P-45 wellsite, 110 km northwest of
) MDMuk, N.W.T. The caisson:is 29 m above the berm with
the deck and base widths approximately 73 m and 110 'm,
respectively The caisson base rests ona 5m sand bernm,
_13 8 m below mean.sea level. At the top of the berm, the
width is romghly 170 m with side slopes of o;e to three. In
_the b‘eating regions directly beneath the caisson the toé 3.6

m of soll had consisted of soft clnys wh:h shear stungeh

less .thun 175 kPa. Thegé weak surficial sediments hud “been

rmoved in a 4 n subcut into the, origlnnl seabed surface.

The sand £i11 ’on




lo.om

290m

50m
4.0m

M.A.C. SCHEMATIC CROSS- SECTION

FIGURE 5.1

9ze



/227
sea level to ensuré greater stability by anreasing the

core's effective mass.

5.2.1 Finite Element Representation
~ . - ,

. . 2
The M.A.C. and soil continuum “have beenh discretized
ﬂmto ‘tridngular elements as shown in Figure 5.2. The model

consists of. 116 nodes and 186 elements for the plane strain

finite element analysis. For bt results, the analysis is

representative of am interior section through, the structure.
>

v o4
The overall dimensions of the model have been made to

correspond with the cross—section of Figure 5.1. As

by [69, 851, the homizontal dimen-

v
sk f the model is approximately four times the core width

‘of 73 m. The overall vertical dimension is less than the

-\qgested three to four width range. This,‘is due to

insufficient infoimation on the in-situ soil strata and the

possi_b}]:ity of epcount_erinq frozén soil at dépth beneath the

seabed surface in the Beaufort [103]. The soil below the 90
> B

nlevel will not greatly influence the results.
— . =

Boundary conditions \mve been selected to best simulate

the soil behaviour. At the-lowest horizonul. boundary, the

nodes are fixed both horuun\:ally and verticany to repre-

sent tha reduction in nodal dlqplacamants at this dJevel.

£

>
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Vertical rollers are ‘u;ed at the two vertical edges of the

mesh- to indicate ‘the heavinc’j‘or sinking motion of th\\sau

o surface due to loadings on’the -cai_sson structure. Lateral

. resistance pravided‘ by neighbdurinq soil;‘is cénsiderad
sufficiept to restrail.-l any horizontal muven_xent. '

Selection of internal ;dimensions of the p\ésh_ are

determined by the gombination of material configuration and

elemernit aspéct ratios. , .The combination of structural'shape

and material type (denoted by circled numbers “in Figire .r;.z)

detemines the basic element disczetizatien. . For highly
stressed zones, a finer mesh of elements will provide better b

\resul_ts. Once this' criterion has been ;latisfiec_i,_',.&:ha l'mph

is subjected to an aspéct ratio test whereby the ritias are

.to be no greater” than sik. Ideally, the aspect ratio should

i be in the range of one to two. In Figure 5.2, the ma_jority
' of. elements fall witi\in these- limits, with the maximum i
aspect rratia of 3.3 éccurring in the berm layer edge

elements. . o SR -

. )
'5.2.2 ‘Mean Material Properties . N

The expect:ed properties of the Hobil.s Arctic caiuun
system have to: be detemined to implement the finite elemant

procedure. ' The mesh configuration lhown in Figura ‘5, 2 is

slllhglivided into five mterial types as suggast:ad by Figure
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5.3. The required material properties of submerged’ density,

' .elastic modulus and Poisson's ratio are indicated in Table

5.1 for the Tarsiut P>¢5 wellsite. N

The weight densities for the material types are

representative of the gravitation forces resulting from

material weight applied to the original seabed. For this
reason, the weight density tor in-situ soils are zero. The
net submerged weiqht ‘of the' stael caissnn plus bullast above

heutral buoyancy combine to . give a net weighc of 673 ml.

With the

'm3, a load densiéy of 4. 5 kl'i/m3 15 ohtained. This 1nw value

reflects the hollow cellular structure of the caissons. The
density of the dewatered 'sand is 20 kN/m3 .while the satur-

ated sand is reduced to 10 )m/m5 due to buoy;ﬁcy effects.

For the steel caisson, the standard textbook values of

200,000 MPa for elastic modulus and 0.33 for .Poisson's ratio

&re selected.. The influencg of:-the hollow steel caisson is ‘

‘invegtigated by reducing. the modulus bi. a factor of one

‘tenth.  Less than 2% di in nodal displ s is

observed. Kent et al. [103] have prokosad gralned elastic
moduli tor typical sand !ill core materialg. ‘Sand tllls 1n
the stress range of 300 t:o 350 kPa have drained moduu of 40
HPa.\ For quusi-stacic unalysis, ‘the eljastlc modulus remains

essentially equal er dewatered and saturatéd ‘conditions,

erall ‘caisson volume being approximately 150, ooo




1256 MPa is selected for the dense sandy silt. Poisson's
o ) ratios for undra‘lnac\ conditions are 0.45 for clay and 0.40

for silt.

5.2.3 Load Cases for Analysis

To illustrate the application of the stochastic finite

element model, the M.A.C. is examinegl uhder two practical.

load conditions, éperating (gravity) loads and tombined ice

and gravity loads [11,'10:, 105, 106, 107]. The presehnce of
C. ' a’ constructed sand berm with- the M.A.C. structure and w A

densified core'has added substantial gra{r;ty loads to the

g founding seabed :soils. The M.A.C. has an éqﬁiva’lent
: submerged weight of 673 MN for the combined weight -of
- -—exisson and ballast water éabove neutral buoyancy. from

. drilling operations-—-and equipment on the deck, a plagform

live 'load of 148 MN is expected. In addition to' these

oy loads,  the submergéd weight of the sand fill core .and berm
materials havﬁ a loading effect on the oz:ig_inai seabed

‘material.

N 3 . Jelgeries et al. [11] ,have suggested values for the

extreme environmental ‘horizontal loadings on Molikpag. For

.'a 4% .p lity of jan maximum loads of 110 MN and

+ 140 MN have been i)'rediated for wave ‘and’ earthquake lateral
forces, .respectively, at the Tarsiut P-45 site’, But’ the n
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Table 5.1 Mean Material Properties at Tarsiut P-45 Site

. . § .
Matérial* Description Weight** Elastic Poisson's
Density Modulus Ratio
(kN/m3) (MPa)
1 Steel Caisson 4.5 200,000 0.33
2 ¢ Sand (Dewatered) 20.0 40 0.25
3 Sand (Saturated) 10.0 40 0.40
4 Firm Silty Clay 0.0 100 0.45
(In-situ 0-25 m)
5 Dense Sandy Silt 0.0 125 0.40
(In-situ 25-9Q m)
o o

* For material  number, refer to Figure 5.3. A

*k weiqht density denotes 1oadings in addition to seabed
self-weight, excluding external forces such as plattom
and ice loadings. °

—
Refeyences: Stewart et al. [102], Kent et al. [103], .and
Bruce and Harrington [104].”

with the physical change being indicated through the

Poisson's ratio. Base&‘ on recommended values by Selvadurai

[105], Poisson's ratio is -taken as 0.25 for dewatered sand

and 0.40 for saturated sand. N
e

‘e

Y . « ; .
For the in-situ materials, the firm silty clay has an

undrained shear strength of 100 kPa (»Rogarg et al. [(1061) .

For stiff clays, the elastic modulus is proportional. to t‘he‘

undrained shear stren@h [105]. Using the suggested factor .

of 1000, t:ha elastic mndulus is eatimated at 1oo MPa for
clay. Due to \mavailable intomncion, an elastic lgodqlus of




critical environmental condition is that of a 500 MN
"horizontal ice load, expected  once- every 25 years. In
'physiculr' terms, thisA»situaticn,ccrraspond; to a 1.2 km
d!.amat.er ‘muiti-yéar- ice floe vilzich. averages 6.1 m in
thic‘kness with pressure ridg_es of 12.2 m thick travelling at

1. és km/hr. Although the earthquake, wave and current lnadsa
are siqniﬂcanc external 1oads on the caisson system, only"
the comhinsd ice and gravu:‘y lopds are examined ‘as the
s_acond loading «condition. Actual field data on lateral ice i

. térces indicate thai: M.A(C. has been subjected to only
4 0

. of .tha sv0 lm value [106].

For the gravity load case, sources that introduce new-
loads on the oriqinal aeabed are dansidered. ' This requires
the inclusicn of plat!ox’m 1uads, caisson self-weigm: and
weight of sand fill core and berm in the analysis. These’
' loads are applied ‘to the ‘finite élement mesh in the most

representative manner. The actual nodal loads are ba‘sed on

i»ohe‘ mecex‘- (plane strain) islica tk‘xrcugh the base of the
‘structure. Fanna::arials beneath the water level, submerged
weights have to be used. .As outlined in subroutine.LOAD'
(Appendix IV), i:ha rate of loading per: _uni\: area - (based on a
slice. of oné mete'r) is cﬁleulnted for each material type.
The load danaities presentad in Table 5.1 are used for this
purp\ose. ' ’l‘he velght for each el‘ment is determined and 5

aistributed aquauy as a vertical force at its three nodes )
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To aniuda the external platform load of 148 m}, the force
is distributed .over the 6400 m? surface. The nodal forces
are in proportion to the tributary load area. Figure 5.4
indicates the nodal forces used in the analysis.
- >
‘1‘6 represent | the design ice force of 500 MN, ‘the

distribution of tlle lateral force along the:caisso

's side

P -
has to be divided among -the three nodes. of the mesh.. The

ice force on ths ane meter strip is ‘obtained by dividing the
500 MN by the structura 8 vidth at water lavel. 'x‘ha force
‘is estimatgd at 5.65 MN/m. : Conaidering the likalihood of
ice riding up on the sides, 20% og tha torca is at the

Wost nohe. The remainder is proportioned such that the

moments generated by the nodal forces about the base balance

the moment generated by the ice forcelacting at water level._—
The resulting nodal-forces are indicated in Figure 5.5.
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5.3 Linear Elastic Analysis

Using a’ linnr_nlastic constitutive relationship for
the elastic modulus, the sto:hastic' finite element prccgdure
is applied to the Mobile Arctic Caisson. Using the program
CAISON.F'_X'N (Appendix III), the soil-foyndation interaction
15' en}lninad for the graviﬁy load and the com.b.ined gravity
and ice load cases. varr._is:al diéplucemant, vertipai stress
and ‘horizontal stress along ‘the datum level (sea_Figure 5.2)
are examined. The datuz;.:[e\}el‘ represents. the interface
between the original seabed material _ux&}:_ha sand £i11 hgm.

@ = 20! . 3 ‘ : -

The stochastic 'nature of the materials is simulated by
the correlation function as defined by Eq. (3.17). The
correlation tu.nceicn-d‘us,cribes Q".iu likcl._u:ood of similar
material properties occurring as a . function o‘!’ru, the
disunce“ element __: The ‘rate of exponential

decay gpf the correlation function is' determined by the
correlation distance, L. The éntt_nlntion d}g}:nce is simply
the product of foundatfon width (elg. 110 m) ana the/

76 . shows the

correlation diptinoe factor, CDF. Figure
correlaticn - turi'ut!nl; t,or» ;ax:ious correlation * dist‘.mcauh
* corresponding to”CDF's of 0.1, 0.5,'1, 5 and 50. For a
correlation distdnce of 11 'm, elements separated by 50 m of
more are perfectly uncorrelated. This means the uncpn;alnty

4n materjal properties ‘will not be influenced by elements
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beyond a 50 m radius. According to Baeﬁher et al. [30],
offshore soil properties typically have correlation dis-
tances in the range of 50 to 250 m. Based on this infor-
mation, a CDF of 1 would best simulate field conditions.
’ - =

To establish the sensitivity of the stochastic proced-
.utd to correlation di‘stance factor, several versions of the
an]é’ly,sis arg\compared. For this parametxit{ analysi‘s, the
cgefficient of variation !exl the, elastic modulus is fixed at
de o~ L
— s -

&
/5.3.1 Noda!

isplacement Analysis
/ .

The nodal displace_w:s as obtained from the finite
element andlysis are censidered' as mean displace)eents for
the stochastic analysis. Mean vertical and horizontal
displacenents at datum level are presented 1x; Figure 5.7 for
both ,1oad ‘conditions. The M.A.C. is located between -55 m

and +55 m with zero representing the center of the planar

+ section. The x:asults indicate symmetrical settlements for

the gravity 1oad. . Haxh{um nodal displacements ‘occur
dix‘actly beneath the smcture. For vertical 'settlement,
the’ rasults indicate 111::19 diffexence betwean the load
T conditions, with the average caisson sattlement being 110
“hm. Rnge‘r s et -al. _[‘10,6] have measured a total settlement of

185 mm gtégr nine months. This. ‘includes consolidation
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settlement of the clay layers ﬁhereas the present analysis

estimates short term a'ettlemeqt’s only. In Figure.. 5.7,
7horizam:ul disp;ucemgm: is measux;ed pc;sitive to the right of
center. . The net effect of the iclﬁ/l?éd 15‘ to cause a.30 im
horizortal movement of the structure. This value is within
, the 100 mm quizmum/.r:espénsa range of the inclinometers used
in .1nter9rat'1ng.h’nt_izront‘al motion [107].
AvInVFlgur‘e‘S.é, the vertical displacement profiles at:
'auz;;ém. ria'pthu"are compared. The. dépths considerpd are 0
m, 2‘5"m, nnd 50 m wit:h the zero denoting -the seabed datum

" The resuit:s are plotted !or both: load conditions. ~ ‘The

set‘.tlaments -are as anticipated with 25* occurxxng 1n the

upper 25 m ana 35% occutring batween tha 25 u and 50 m'v

1eve15 It; is observed that tht local qistnrt:.ons become

less proneunced as the dapth increases, ,inﬂicnting the

radistribution of stresseg in tha soil.

Using comput:er soluti?ns tor ‘Eq. ¢ (3.15), vartical

aettlement variancas are datermined based on a 15% elastic_
modulus c 0. v. The atundard devia!:ign and coefficient of,

varlat:lon curves are plctted in Pigures 5.9 and 5.10 for:

both loud cnndltions., Cmnparhmn of * the twc fiqures show

" little difference with the exception of boundary. atfects in

o
the tinitu e].ement analysis. within tha zone direcx:ly‘v
ure l’air].y ‘constant. . By. .
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increasing the correlation distance factor, it is observed

that the curves approach a maximum C.0.V. egual to the
assumed modulus C.0.V. This represents a highly coﬁulptaﬂ "

continuum. For an un‘cnrza!.atad continuum, the resulting

: C.0.V. becomes much leu,'approachim; zero as indicated by a

= . CDF of 0:1 or smaller. These re;ulm are anticipated if the
o A exponential decay correlation coefficient function of Egq.

(3.17) is-closely examined.
. . v

Using the standard deviation curve for a CDF of 1.0 in

,riéure 5.10, the 95% confidence 1limits are computed,

that the inty follows a normal distribution,

upper and lower limits are datarningd by addin§ and: suhtzfac‘;

ting, vely, two rd deviations :roi -the mean.
Figure 5.11 shows the _95% ‘conﬂdenca._ interval for the .
combined icq_ and gravity loads. - This reveals the likely
boundaries within“Which_-the vertica{ displacements will
coincide. The bapdwidth is widest directly beneath r*

structure, reaching a maximum of 55 mm at +55 m.

5.3.2 Vertical Stress Distribution

g .Tha mean vertical stresses for the M.A.C. are—obtained
from the plane strain finite. element results. These
stresses are presented in Figure 5.12 for the elements at

the datum level. The ‘stress values are best representative
2 - =
. <
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of the triangular elements' centroids, 8.33 m below datum.
The results indicate maximum vertical stress occurs directly —
beneath the caissons at -325 kPa, then reduces to -310(!(?;
at the sand core interior. The combined load shows the ice
effect at the caisson by decreasing the aérgas to -310 kPa ;
on the ice-impacted side and increasing the stress to -_:so_
kPa on the opposit: “side. 'i'his s#gnitiaa the frame action

of the 'steel caisson and deck in transferring the lateral

' force and resulting overturning moment to the semahed.

Rogers et al. [106] l;ave reported a vertical stress of -‘250
_kl?;: to represent éha ‘{:otal load increasa on “the ~aﬁbcu€
material. This indicates less than a 10% difference in the
average stress 'prﬂldaa b§ ‘the - finite olmnt_. analysis.
The.difference may be pnxtiél:ly attributed to éi!tarancau in
platform load and sand £ill éenaltiel.

In Figure 5.13, the vertical stress distrikutions at 8

m, 33 m, and 63 m depth below the datum level are compared.
The .vertic_al stress is greatest at the caisson u?‘ soil
interface (i.e. 8 m depth) zeichihq a magnitude of 0 kpaY

Between the 8 m and 35 m depths, the stress is reduced by 25

kPa.  At-the 63 m depth, the vertical stress profile is

tending tuwards‘ a uniform value of approximatély -150-kPa.

Using Eq, (3.34), the variances for ' the ‘vertidal

. stresses are estimated. In Figure 5.14, the standard
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deviation curves‘tor the ;:qmbined ice and gravity loads
:cuw“tha‘ basic shape ‘of the mean verticals stress "curve
(Figure 5.12). This is an indication that the stress
ﬁagnltuda influences—- the standard deviation-‘ value. | The
previously mentioned trends for displacement apply here as
well. The curves for standard deviation and coefficient of
variation approach .a maxim@ as the CDF increases. For a
CDF equal to 10 or gﬁanter, the vertical stress C.0.V.
.lttili.ns a 30% value, twice r_;xa elastic modulus c.o.v. of
15%. This suggests that element stresses ‘are more sensitive
to materl.;l st_raﬁg‘_!:h un;eﬂ:ai;\ty t'han nodal displacements.
This - conclusion is vefif{e@ through . examination of Eq.
(3.32), whefre the first term . represents, uncertainty from
element stress and tﬁe‘ second term, muhicertainty tvr‘om all-the
nodal ‘displicsmqntu ‘in the : finite eldment “mesh. For a
highly cdrieiated continuum, each of the two terms approach
a particular value such that the resulting contributioh to
the coefficient of variation is equiv;ulent ‘to the modulus
c.0.v. : '
‘ With the standard deviations for vartica‘l stresses
being a greater percentage of the mean values. as éompared to’
ltha qisplacenenf;' ;:asults, the confidence intervals will
;e:mllhi‘t—increased uncertainty.. Using the CDF of 1.0, a wid'e
;angn of_ péss!pla qtreéeép are indicatéd in Figure 5.15.

N - .
_ The bandwidth averages =350 kPa below the M.A.C., reaching a

(T
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indicate the” impori:am:e of quantifying uncx?rtair;ty in design
work. F L} )

5.3.3, Horizontal Stress Distribution .

The horizontal stress distribution at the datum level

is pfesghtsd in Figure 5.16. The gravity load results are

syhmetrical about them‘iﬁé M.A.C. strucr.uze. The

stress is maximum at -210 kPa at O m rimamlng constant
through the sand core. Under the steel caissons (between 35

to 55 m), tha stress  reduces to -150 kPa. Beyond . the

cgiéqon; the 'herim‘mtui stress. decreases ux‘ﬂ:n.-’;he load

effect ‘is 'n%g‘ligible. " For the combined ice -and gravity

‘case, the 500 MN lateral ice -’ forcé slightly altered the
‘l';orizom’:a'l stress pattern. On the ice-: impacted side of the
caisson, ths herizont.ul stress is uctunllyvsmaller than the
prev\‘liou.s case. To the left of center, the stress.gradually
-décreases from -210 kpa to -100 kﬁa at the. caisson's outside
" edge. V'The cvareurning mnmene caused by the ice force
genarates an uplitt!.ng at!ect to the lelt ot center, thereby
,xeduuing tMorlzontal stress. ‘By the same ‘tokén, ‘the

strass is incransed to t.ha right‘., reaching a maximum of -225

maximum of -416 kPa at +50 m. These large stress varjations *

" kpd. This s!:zess 1ncreasa is attributed to the caisson- '

N\ digging :lnto “the seabed as tha ice contacts the structure.
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’ The standard deviation and coefficient of variation for
hnrizanm ltx'alu-u are computed in the same.manner as the
vertim Bttlll!l, using Eg. (3.34) and the mean gt:assas.

1 = The- analysis is based on the stochastic results of 1587
fodulus ' C. 0.V. -In Figure 5.17, the statistical parametérs ~

" b ‘are pzasantad for. the gravity load. The standard deviation

SO curves are cloiuly. -paced, ipaica tin;; the insensitivity of -

the atqchastlc analysis to changha in‘correlation distance

factofs.‘ ’l'he vnrticnl 2 : and displ disbluyed

a vidsr range ot standard deviatinns as 'the CDF:_increased o

/lx’ﬁm 0.1 to 100. 'A‘ha cognhingd ice and gravity resullts in
< ( Figure 5.18 indicate Vth'e. same pattern, suggesting th;t the
; . differing load conditions do x;ot strongly influence tha.
s ;itm:hal’th: analysis. This is true in the highly stressgd’

-zones below the caisson ,and the sand £ill berm.. The_ -

* ... coefficients of x;a:rlnt:ion are -fairly oonstim:_ ‘Within .the

‘confines of the -M.A%C. but tend to‘l’:econe.emtivc at the °
bou{ldar].u.' ‘This is ,exp!aingd as low stress vplue'é hnv.e an:
'intlatgng effect on d;:-t‘ticient of .vnrihn'tkm. énpuntionu. < ‘
Bliull chnnq-‘- in'the utqixdar;l devlatml are exaggerated, many

ginn when div.iq'a by - lmnl,l hnrizontul stress Valua!/ In~

Ehl z-gionl beneath the M. A.Ciy the horizontal streas C.0.V.

pproac!\n 'a magnitude of' twice the' modulus C.0.V. ' This®
result is similar ‘to the van‘.!.pul stess annlyuu.'
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In Figure 5.19, the 95% confidence interval Er;-): th;
horizontal stress is ‘presented for the CDF of 1. 0. Balow
the M.A.C., the bandwidth avex\nges -250 kPa, varying trom
-175 kPa at ~50"m to -275 kPa at +35 m. As compared to
Figure 5.15, this bandwidth is 100 kPa smailer on .average
than the vertical stress bandwidth. N v )

) - L)
5.3.4 Rdfidon Stochastic Analysis k)
The previous s‘tochastic analysis has us;sumed the soil

continuum to have a’' fixed 'modulus C.0.V. .of '15% for all

.
elenents. This procedure maximizes the material pt{pe}j;y

uncertainty, thereby establishing'the upper bound of the
stress and displacemé;t variation. 1In a purely, stochastic
anaiysis, the Flastic_:‘ modulus in the t"telﬂ varies randomly

about an assumed constant mean. As outlinad in Section 3. 4,

.a pseuda-random number qsnarator is used to create a

sequence of thirty-two rundom mxmbara between “zéro and

unity. Using” Eq. (3.47), a random variation of elastic '

moduli standard deviations are ﬂeneratad for t:he ﬂnita
v

i
i g .
For the M.A.C.| problem, the computer program RAND. FTN

of Appendix III ‘[{a used to simulate .the random stochastic

unu).,ysis. For ot the d -the

anticipnted modulus * c 0.V, is 15% and the CDF is set at 1..

Fi 5 L
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Using different starting values, S,, to Inithme the random
number sequences (Table :.z) ,, three pneudo-randal‘ versions
are investigated. Pseudo;randol sanple numbers 1, 2 and -3

correspond to Sy values of 1000, 123457 and 500000,,:33})’0(:0.-,
] . « .

ively. - The mean displ and of Figures ‘5.7,
: - . .
5.12° and 5.16 arg' applied to‘the pseudo-random standard

de_vi‘ations to obtain the coefficients of variation.  For the

-pseudo—),;andom analysis, only the combined ice and gravity

. loaﬁs examined. '

In Figure 5.20, the standard deviation and coetfici.nt
of variat:ion distributions at datum laval are Rx‘esented for
the vertical displacement. The paauda-random curvés ahuw
ralatxvaly small - variations between the thrae nmpleu.'
Typl‘cally the variations are about 1.5 mm in the standard
deviation and 1% in the coefficient of variation. - c:vuact-
ively, thesa curves are approximately sot of the upper bound
distribution. This is -attributed to the statistical
probability’ that. the soquanc‘a of random numbers varying
betweenzero and unity. has an average of 0.5. With the
expected material uncertninty of '15%, tha ‘upper hound curve
rapresents-Atha worst case scenlntig. As indicated by the
random, st:ochustiq ;nnlyall, tfla aetuza!. degree of expacted

uncertainty in displacements will be much less.
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In Figures s.‘zl,and 5.22,~ the statistical parameters
are shown for vert; caT and hnri:oqtn) stresses, relpoet-.
ively. These results haveé erratic fluctuations throughout,
indjpating the increased influence of randomness hg, the
apxjnnd of results. The r'nnﬂc.mnans in the aﬁuti-tlul
parameters for .'ntreu are affected by the element stre

uncertainty and then, ed by the of the

L displacément.‘ After examining Eq. (3,32), the combination

of random effects in .the displ .and s will

provide more si.gn—iﬂcan't variation.” 'The pseudo-random
stress results range betwaex; 20%_to al;; r-!ductio‘n from the
upper bound 1evs1;. At some point locations the random
results al:t;i_n values close to the upper bound. .Poz large

scale anal.yuiu, these localized anomali

‘can be considered
redistributed among neighbouring elements. Figures 5.21 and
5.22 indicate that the random ut’haltie analysis ‘affects

vertical and horizontal stress in the same manner.
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'6:1 éonclpa#ons’ . P
v\““"A ifochastic Jtinita element procedure is developed . to
estirate the influence of—®lastic mgdulus uncertainty on the
lshort term settlements and gtresses -of foundations. -~ The
pracedt»:ra is based on.a' plane strain trianqular fini}e\;
element model .that incorpc;rates the elastic modulus var-
iation by constééring a tﬁo tem’Taylor series expansion of
the equilibrium equations. Two ‘soil models are ex:amined,'
(i) an elastic, single phase, layered soil and ‘(11) a
plecewise  linear elastic, single phas‘e,’lay’a;ed soil

representing the nonlinear soil behaviour. Using FORTRAN

p ing, a ic analysis is carried out
to establish the sensi}:iirity of the stochastic finite
element procedure to correlation distance, modulus coeffic-

lent of variation (c.0.v.), and soil models.

Two ocel;n structure cusas‘ are examined to verify the
procedure, numsly, (i) .the Ekotiak Tank, an offshore gravity
platform and (11) the Hohile Arctir_' cai (M A.C.), a

‘ caisson retained island.  In both casau, nunﬁrical results;:

I ;
have uonpnr.d vary “well vith those’ puhlished in literature
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for the prototype structures, differing by less than 10% for

most conditions. . Parametric studies of Eoth problems have

follows:

(€508

(i)

(iii)

~\

similar results. The general conclusions are sufmarized as

For the elastic soil model, “the sensitivity of .the
standard deviations of displacement and stress to
changes in modulus C.0.V..is a linear relationship.
- :
The effect of modulus uncertainty is more pronounced
b

in the unce‘rtaim:y of stresses than the Txncertainty
v

of displacements.
_ v

As the correlation distance factor becomes large
(greater than iu) , the variation of displacements or
stresses attributed to local material uncertainty is
smaller. Under this ccnd'it,m the soil continuum is

highly correlated. o

Jorar——a. d

For large correlation distance factors, the dis-

pl C.0.V. a value equal to_the

assumed modulus C.0.V. Similarly, -the stress C.0.V.
(e.g., vertical, horizontal and shear) approaches'a .

value equal to twice the assumed modulus C.0.V.

" -




)

(vid)

(viii)

With smaller correlation distarces, 'the coefficients

of variation for displ and are’

decreased.

.The lmiel of uncertainty in results- are insensitive

to the™ varyf %load conditions. Appxoximately the

‘snme C.0.V.'s .are observed for the highly stressed.

zones, ragardless of the loading, whabher it is

totally gravit:ational or colnbined with lateral

forles.

The random stochastic analysis yiélds &an apbr&xima’te

50% Sdtion in the displ C.0.V. from the

) s

upper bound values. For stress, the results are
B

more erratic ranging from 20% to 80% reduction from,

the ﬁar ‘bound values.

The piecewise linear soil model" provides closer

agreement -wiih" ché published data for prototype

stiuétures and yields lower coefficients of var-

1ation for displ and than the

alasc:l.c model. o !
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. 6.2 ‘Contributions . . . ’ -
. A - ’, . ' - :
= . (1) A p_arametric aﬁalysié of tpe linear elastic stoch-

astic finite element procedure is’carried out and - i

i ) " the érocedu}é";zerified using two, problem ‘uppli.c- -\J

- #  ations. - : ) . - L
i R

- . . P .
. ~ 3 ’ N X . i
: (ii) A random ic model is i 7,' into’ the
\( ¥ elastic finite element program. % e . o
T\J ’ r 8 . 7 ok .-
. : . v
. O - (iii)- A piecewise linear procedure- with shear 'strain .
. . & - [
dependent modulus for . soil' is investigated in
- ; J o,
‘conjunction with the stochastic finite -element
’ analysis. . i \ ?
3 ) \ . .
N Lo : > 4 s = ‘
6.3 R ioné £Sr Future L T,

The /following recommendatfions are made as paossible w o

avenues of research to extend tHe present work: -

P .2 <ty

L . (i) - .apply the stoéhastie précedure to other - finite

" : " élemient models sfch ,as “1linear ‘st:’;ﬂn triangles,

. linear ' strain_ .rectangleﬂ, and B-nsd-ad/l.ﬁ-n'o’ded
!

e . a

bricks, : ¥ .




(ii)

.

-
. (i)

=,
ARY
)
.1‘
. o
S
Rl
(vii)

TN - ro S :
_}(viti) develop a. corre}aticm function for -adding covar-

- [ v
iances for each load step in the piecewige linear

) % sin o, oz : .
interpret stochastict analysis’’in terms of ‘principal .

stresses 3 iy pi
i i T SO

.include higher order terms iﬁ i‘ayldr s'ati‘es expan-

sio- of eguilibrium equations to pamit ‘ihvestz”
Ld iqation of highar modulus C.O.V.,

study different cgrrelation funct}bns to corre’pétld
wdth field data,

.

incorporate a two 'phase soil- modal (i e. so'lid and

tluid phasas) to determine the pore pressures and

"soil skeléton” atrd_gaes,

: R . )
improve ‘on the ~nodlinear mr:'qa;ihg of' soil proper-

ties,

\
\ .

provide a b\tter random numbex: \generatur in computer '

progralﬂs, nnd

analysis. §

;L \
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R : APPENDIX I : -

Taylor series Approximation of
- Nodal Displacements o
N

’

0

The Taylor series .for functions of ‘one variahle’ is

P Y 3 in many ical boeks [108]. Lét "f" be a o
j tunctian that is; continucus together ‘with itg' first .Mnt

arivatives on an 1ncagm1 containing tan nnd wx", _ Then the

alue ot the !unctiun nt "x" ia given by:

’ v 3 e BT,
) f(x) = £(a) + £7(a) (x-a) +
y “ LT o 21 !
-, N . ! .
4= = . = . L
. v o , £(n=1) (a) (. -1 . .
s 4——— 3R (T.1)
=, (-1t e :
LAY : i <o) . -
i A C . G
« phere Rn is the remainder ‘after “"n" terms. ki L
7 - S ‘ « %
e 'qu 'the app’ro){imatl.on .of nodal displacements by a
" -Taylor ssrias expansion, the tollowing patametar o =

E asso‘im:f"/s are made:’ .~ . . .

! N

E," : = “elastic ﬁbdu],us variable 1y )

mean elastic modulus variable,

Lok %
nodal.displacement véctor



: S\ibstit\_it ing ‘intc\a

£(a) = (0), mean nodal displacement vector
3 a(u). ¥
fr(a) = —, first derivative of diaplucaments
. 3E. w.T.t. element moduli
a2y -, . :
fr(a) = second derivative of displacements,

3Ej2 ' w.r.t.-element moduli

“(x-a) = (Ei-ﬁi), difference of modulus and mean

modulus.

etc. . ¥ T

. (I.1), the éxpre_séinn becémis:

_ N a(u) - 1 N 82(u)
= (T + % — (ByEp)ct— 3 (Ej"gl)z
i=2- 8Ey. - 21 -1=1 QE
> . i

e . © G o1

.\"




APPENDIX Ix

Taylor Series Approximntx.on of
Element Stresses

. . —
] (Ths Taylor seriés for tunctions of - two variables, 2
£ is as follwﬁ [108):
) . ' £(x,y) = £(a,b) + (x-a)fy(a,b) + ‘(y.-b()fy.(a,b) .
=, ‘ o s -
a . 1 " » . . . . . N 5
k5 ;‘(-(X'-B)fox(ﬂ,b) ¥ 24x-3) (y-b) fxy (a,b)
e oW 5 + (y-b).zgw(a,b)) + (IT.1)
" ".' ) » “' . - s '
where. Fx(ab), ty(a ), Eilab) fw(a,b), etc- ‘genote .
,paﬂ:iaf derivutives with respect to variables x- Qnﬁ y . ,

‘gvnluateﬂ atx =a and Yy =b.
. For 1linedrized Taylor - geries, all Becond order and
higher purtiul derivatives -'aré neglected: For approximatxng
,alement .stresses of element 1 by the linearized Taylor'
seriaa, these phnmeter assoclutidns are assumed LBy SO

; B Wy T e BEE g ; ) I

elastic modulus variable -
‘nodal’ displacement variable vector

‘mgan elasti¢ modulus:

mean nodal. displace}nents .
i v ~ . (i.e. six nodal displacements fur
‘ L N element i with triangular. plane !

G . . \vstral.n fornulatiun )




) &
— 4
1 e e
. . . 286
£(x,y)" = (S}i, élgment stress vector as,6 a function of

two random variables, Ej and Uj

£(a,b) = (5)4, mean element’ stress vector evaluated at '
5 variable means By and

L
—_—

g (s}
- fy(ab) = 1o

i first order partial derivative of (S)j
AEj w.r.t. element modulus, Ej

Z . e ¥ \

y .
o )

aSH : S0 ey AT

— first order partial derivative of (S5);.

a{U)y w.r.t. nodal’ displacements, Uy = s
. e

W (Ei-ﬁij, difference of modulus. and l\iean modulus -

(y-b) * = ((U)4-(0}4), différence of node displa and
- . mean node displacement
~ 7 ] g .
Substituting into Eq. (II.1), the matrix forylinearized
' Taylor series of element stresses becomes: :
. . - a(8){ - o - «
o s T . 8y =_(8)y + (E{-Ej) + ((U)4=(U}4)
T L 9E§ a(u)y .
~ T ] ¢

S~ (IT.2)
-




APPENDIX III

;2 v g
Main Programs -for st_och_astic Finite
Element Analysis '’

The prnblam-npp{icntiené were analyzed using computer /
proqrams developed in FORTRA;{ laqguage. The main frame AX
11/780 digital computer at Hemarﬁl University of Newfound-
ianda was utilizad for the compilinq and running of programs #

All main ptoqrnms used for { stic linite lement

T analysis are listed below vith all. subtoutines provided in- i

‘Appendix_ IV. - ALl prngrums nx_'e» self~sufficient’ and'can be

i Mivith‘t‘he inpp«:';daca‘ files. : =

(1

CAISON.FTN: Anulysis ot nobne Arctic caisson st:ru - - ;

ture'and Beabed | usinq ‘linear elastic fin ta

B element with stochastic naterial properties T

, ELASTC FTN: Analysis of qnvity platform founriation .

: ——und seubed using unea: elastic tinite eﬁsment
with stochastic mﬂterial properl:ies .

Analysis ot gmvity platfom foundation

EL’RAND.FTN:‘
and  seabed using, linear elastic finite’ elpment
v!.th randon stocbntic matexial propeﬂ:ies

nomn.m Annlysis ‘of qrav.i.ty platfom toundation

And seabed using piecewise linear upproximatian/



soil _stress-strain .'hmviour in elastic finite
element with ut;nimastiu material properties

(5) RAND.FIN: Analysis of Mobile Arctic Caisson structure “’\
and seabed using linear elastic finite element

i ) v:}th random -todmst‘:ie material properties

’




ChRw . AHRAAR *r
c* % e -
C* MAIN PROGRAM CAISON.FTN: HAIN BODY OF THE PROGRAM FOR *
c* ANAMYSIS OF LINEAR ELASTIC FINITE ELEMENT WITH *
34 STOCHASTIC HATERIAL Pnonnnss/" :
cr v &
c LIt T *n s
c* Bd . w *
C* THIS PROGRAM (WRITTEN IN THE FORTRAN LANGUAGE) ANALYZES * °
C* THE SOLL-STRUCTURE INTERACTION OF A MOBILE ARCTIC.CAIS—'*
C* SON RETAINED ISLAND (M.A:C<) AND THE_IN-SITU FOUNDATION *
C* MATERIAL.. A PLANE STRAIN: FINITE ELEMENT MODEL 1S DEVEL=— *
C* OPED WITH LINEAR.ELASTIC MATERIAL PROPERTLES. MATERIALS * -
. C* ARETREATED AS STOCHASTIC WITH REFERENCE TO DISTANCE .. * <
. C¥ BETHEEN ELEMENT CENTROIDS. THIS PROGRAM EXAMINES THE . *
‘ C* UNCERTAINTY IN MATERIAL STRENGTH AND THE CORRELATION OF *
‘ C* THE MATERIAL "PROPERTIES WITH RESPECT T0 DISTANCE. ESTI- *
C* MATES OF NORMAL AND' SHEAR STRESSES OF SELECTED NODES ' *
C* AND ELEMENTS ARE. GIVEN. THE PROCEDURE APPROXIMATES THE _* °
C* DISPLACEHENT AND STRESS FUNCTIONS AS THE FIRST TWO Bl .
c: TERMS OF A TAYLOR SERIES EXPANSIQN. *
cx ) ’ o e *
Ch% Y * i " T
Fy i " e
CA NUMHAY % NUMBER OF LAYERS IN' FiB.M. MODEL | .2
- C* NUMNP . = TOTAL NUMBER. OF NODES' *
. - C* NUMEL . = TOTAL:NUMBER OF ELEMENTS ¥
C* X,Y .- = X &Y COORDINATES FOR NODES (m)’ 4 /
. C* ID(1;J) = BOUNDARY CONSTRAINTS FOR NODAL DEGREES OF _ * |
c* w i FREEDOM (D.F.):. 0= FREE . * - ' °
c* ¢ o 1 = FIXED . * 5
- CANC(N,LL) = MBHBER mcmznczs FOR 'N' WHERE 'LL' EQUALS *
[ . ; *
] C* NC(N,4) ! = LAYER NUHB!R FOR ELEMENT < 'N' - *
C* NC(N,5) = MATERIAL CLASSIFICATION FOR ELEMENT 'N': *
c* STEEL CAJSSON =1 &
c* 6 ) BERM (DEWATERED) = 2 _*
cx _ . . BERM (SATURATED) = 3. * ' _-
c*k . . SAND (IN-SITU) = &4  * (540
C* NE(1,J) = NUHBBR SIGNLFYING A PARTICULAR D.F. AT NODE * -
o J = 1,"X=DIRECTTON D.F. *
c* oL a— i 'J = 2, Y=DIRECTION D.F. * s
c* NF = TOTAL NUMBER OF D . . .
ot EN(1) = MEAN ELASTIC uouuws oF MATERIAL LAYER 'I' - # |
c - . ’
.C* PNU(L) ' = MEAN POISSON'S RATIO OF MATERIAL LAYBR)‘I' oo
-C* DENS(L) = RATE OF GRAVITY LOADING PER UNIT AREA OF 2~B *
c* MODEN FOR LAYER 'L' (HN/sq.n) ° *
c* 33 = TOTAL NUBER OF NODES UNDER EXTERNAL LOADS -
“§*PR1,FR2 - = PACTORS TO DETERMINE PORTIONS®OF TOTAL LOAD *
c* : APPLIED: FPRL FOR AKEA LOADINGS *
o - FR2 FOR NODAL LOADINGS .__t i
c* ' i ~

*
>

* wh e e e ke e Ak A e ke e



¢
c* ‘ \ ..
. C* NN(II) = NODE NUMBER FOR LOCATTON OF EXTERNAL l.ot,és *
C* PX(I1) = HORIZONTAL FORCE VECTOR (nn) .
C* PY(II) = VERTICAL FORCE VECTOR ;K I e
c* cov = COEFFICLENT OF N (C.0.V.) OF HATER- *
c* % 7 _ ' IAL PROPERTIES AS-EXPRESSED THROUGH-A FIXED *
c* ©  PERCENTAGE OF THE ELEMENT MODULI .
C* NW = INTEGER FOR DETERMINING CORRELATLON *
c* DISTANCE PACTOR . ¥
C* NEP . = NUMBES OF NODES CONSIDERED FOR STOCHASTIC _*
c* DISPLACEMENT ANALYSIS *
c*+Iv(I) = NODE HUMBERS FOR NODES CONSIDERED 'FOR STO- *
c* CHASTIC DISPLACEMENT ANALYSIS *
. C* NES = NUMBER OF ELEMENTS CONSIDERED FOR STOCHASTIC *

* STRESS ANALYSIS- o
C* IVV(1) <= ELEMENT NUNBERS FOR ELEMENTS CONSIDERED FOR *
c* ) STOCHASTIC STRESS ANALYSIS ..
C* ST(1,J) = GLOBAL'STIFFNESS MATRIX—< *
c* *

C

>

-

N

N

-

1P um 3)) 10,20,10

DIMENSION ST(538,32), PLOAD(S38),X(303),¥(303),

ID(315,2),NC(536,4), !H(l‘) NE(303,2),D(3,3),58K(6,6),

XX(3),¥Y(3),51GH(3,536),5TL(538,32),0PU(538,536)
DIMENSION PNU(14),DENS(14),FX(18),FY(18),VVAR(35,35)
+E(536),NN(18),1V(35), u(:o; 2),1VV(47)

EQU IVALENCE (S'r STLY

k=0

READ(1,*) NUMNP,NUMEL

READ(1,%)(X(1),¥(1), ID(I,1) ;ID(I,2),I=1,NUMKE)
READ(1,*) (NC(J,1),NC(J,2), NC(J,3),HC(3,4) 9(.1 5),

NECL,01)=0 ' .

K= .
uz(x J)-x . "
CONTINUE i 3
WRITE(6,1000) NUHHP NUMEL

WRITE(6,1030)

WRTTE(6,1040) (I,%(1), Y(l) in(i, 1.) 10(1,2),

, I=1,NUMNP)

NP=K .
l.BAD(l *) NUMMAT-

READ(1,%) (EM(I),I=1,NUMMAT)
READ(L,*)(PNU(I),I=1,NUHHAT)
READ(1,*) (peNS(1), 151, NUMMAT)
WRITE(6,1005) HUMHAT
WRITE(6,*)(PNU(I),I=1,NUMMAT
WRITE(6,1015) NUMMAT
WRETE(6,*)(EM(I),I=1 mmnu)
WRITE(6,1035) NUMMAT

N\




WRITE( 6, (DENS(I),I=1,NUMMAT)
WRITE(6,1045) N
READ(1,%) JJ, nl,vu g
© DO 200 1I=1,
READ(1,%) n-(u) FX(I1),PY(IL)
wuu(e *) mmx) u(n) FY(IL) e N
: 200 CONTINUE ’
- WRITE(6,1025)
DO 50 N=1,NUMEL -
i r WRITE(6,%)N, (NC(N,J),J=1,4) /
L. i 50 CONTINUE _
READ(1,*) CO¥, 0@ - .
‘READ(1,*) NEP,(IV(I),I~1,NEP) oz
ann(x *) NES,(1VV(1),I=1,0ES) .
MB=0
DO 5 11,NF -
. Do 5. J=1,32 . 5 .
5. s-r(l,a)-o.o . “ *
. D0.100 N=1,NUHEL
i I po150  LL=1,3 .
-~ © T XK(EL) =X(HE(N,LLY) P - . ;
' YY(LL) =Y (NC (N, u.)) : i, e
150 CONTINUE - s a1 e
MT=NC (N, 4) an o8 =i &
PR=PNU (MT)
EEX=EM (MT)
___ E(K)=EEX = % .
CALL_DMAT(PR,D) & il .
CALL ELST(SK,XX,YY,EEX,D) .
s . CALL ASHB(ST,SK,N,NC,NE;MB)
100 _ CONTINUE - -
CALL suio:.(l,st,m.ou,m,nn.su) .
WRITE(6,1070) K
% i CALL LO‘AD(H! PLOAD NUMEL,X,Y,NC,DENS,JJ,NN,FX,FY,
1 - FRLP \
. auk snuox.(z ST, PLOAD, NF KB, 538) Lk
£ cu.v. RDIS(PLOAD, D', ‘X‘“ , NUMEL, NUHNP, NE,NC, X,Y,EM , PNU, g

CALL : DUWH(D , DFU,STI,PLOAD,X,Y , PNU,NE ,KC, NUNEL, NF ,MB)
CALL~ DCOV2 (E,PNU, DFU, n.ou NUMEL,X, ¥, mmm: NC, NE ,NEP
& IV,NES,IVV, COV, NH U,SIG
1000 - FORMAT (///* No. oF uonu. rom-:s =,13/ * No. oF’ ELEM
2. 1 ENTS =',I13/)
1005 'ronm\r(/l( 3x,'?onsous RATIO (HATERTAL 100,13, (

3 /)
1015 vomu‘(/// 3x,'uonuﬁrs oy zLAs'nmx (HATERIAL 1 10'
1,13
1025 rumn(// bx, _‘ELEH. NO. HEMBER mcmuczs

1 )

5%,
_GONSTRTS. ') /2(3K, 'NO.',10%,'X',5K, '1',9%, 'x' V5%, e

27 ,3X)/1X,2(1X, 4(h%), 5K, 14(1ER ), 3K, 15(10%) 3 //)
1035- -ronun:(/l/ 3x,'s0) llllG!D WELGHT (HATERIAL { 10°,13,"
1

W ) :

(1,J,K) * MATERIAL NO. ',/
1030 romu(//l(zx.' ODE',6X, 'CO-ORDINATES!
1




- 1040
1045
1070

)

£ : '_:.::_\V

1
¢ \ -~ * 292
ronnn(1§ X,13,6X 2(!6 1,1X),6X, T4 , 5%, u.lx))
FORMAT(/// /,6X, ~LOAD 0AD', /)
vnnuu(l//l,‘ BARDI ;u -'.U n
STOP 2
END . Sin
- €
e
5 5
~ b
.
- ¥ , ~. i
1 e
| s
2] i




C* MAIN PROGRAM ELASTC.FTN: MAEN BODY —OF JTHE PROGRAM FOR
c* ANALYSIS OF LINEAR ELASTIC FINITE ELEMENT WITH

Tw e

c* - STOCHASTIC ‘MATERIAL PI\OPEKTIBS b,
(4 / P
guan £s A 3

C* THIS PROGRAM (WRITTEN IN TIIE FORTRAN LANGUAGE) ANALYZES
C* AN. OFFSHORE TANK FOUNDATION -AND SOIL INTERACTION US‘!/NG
. C* A BLANE STRAIN FINITE ELEMENT MODEL. THE ANALYSIS USES
C* A LINEAR BELASTIC SOIL MODEL WITH STOCHASTIC MATERIAL

C* PROPERTIES. THE STOCHASTIC ANALYSIS IS WITH REFBR}(NCE
C* TO4DISTANCE BETWEEN ELEMENT.CENTROIDS. THIS PROGRAM EX~
C¥ AHINES THE UNCERTALNTY IN SOIL ‘STRENGTH AND THE/CORRE=
C* LATION OF THE SOIL PROPERTIES WITH RESPECT TO DISTANCE.
C* ESTIMATES OF THE: COVARIANCE OF DISPLACEMENTS ‘ID VAR="
C* IANCES OF NORMAL AND SHEAR STRESSES OF SELECTED NODES
C* AND ELEMENTS ARE GIVEN. THE PROCEDURE APPROXIMATES .THE
*C* DISPLACEMENT AND .STRESS FUNCTIONS. AS, TRE FIRST TWO
'_C' ‘TERMS OF 'A 'l'AYl.OK SERIES EXPANSION.

c* .

-

A T T STy

c
‘\ci o o ® s
-C¥* NUMMAT - NUHBE! OF LAYERS IN F E«H. MODE

 C* NE(I,J) = NUMBER SIGNIFYING A PARTICULAR nBGnBB or;

l.Ch o PRKBDOH (D ] ) AT NODE 'I': .

c* J'= 1, X-DIRECTION D.F.
c* J = 2, Y-DIRECTION D.F.
C* NUMNP TOTAL NUMBER “OF NODES 2

C* NUMEL TOTAL NUMBER OF ELEMENTS

C* NF TOTAL NUMBER OF D.F

c* 1D(1,1) uunrzowmx. aouunnv'\;onsrnum FOR"NODE 'I':
c* \ ID = 0, FREE
. cH ID = 1, PIXED
c* IDKI,Z) VERTICAL BOUNDARY CONSTRAINT FOR NODE 'I':
c* ’ ip = 0, FREE
c* . — ip = 1., FIXED
C* EM(1) - )((EAN #LASTIC HODULUS OF HMATERIAL LAYER 'I"

q )

C* PNU(I) MEAN POISSON'S xum or MATERIAL LAYER '1'
C* DENS(L) - "= RATE, OF GRAVITY LOADING PER UNIT AREA-OF 2-D
c* . vmmm. FOR LAYER 'I' (MN/sg.m):

[
* R R AR A A A e N A AR

, C* 33 . ‘= 'TOTAL NUMBER OF NODES UNDER EXTERNAL LOADS # T
"C*'PR1,FR2 = FACTORS TO DETERMINE PORTIONS OF }'\QTAL LOAD :
. C*, APPLIED: ‘FR1-FOK.AREA LOADINGS K *
.C* * FR2°FOR .NODAL-LOADINGS -
C* NN(IT) = NODE NUMBER FOR CATION OF EXTERNAL LNDS *
C* FX(I1) = HORIZONTAL FORCE VECTQR (MN) § i
g: PY(II) = VERTICAL FORCE VECTOR (HN) N * §
Lo # "

C 5 *



C* X,Y
c*

@NC(N,’LL)’ = MEMBER INCIDENCES FOR *'N' WHERE 'LL' EQUALS
c*

. C* NC(N,4) = LAYER NUMBER FOR ELEMENT 'N' &
@ _C* ST(I,]) = GLOBAL STLEFNESSMATRIX

* ARANRR

~ COEFFICIENT '0F/VARIATTON (C.0.V.) OF MATER-
- IAL PROPERTIE§ AS EXPRESSED THROUGH A FIXED
 PERCENTAGE . OF[ THE ELEMENT MODULI

= INTEGER FOR DETERMINING CORRELATION
DISTANCE 'FACT(R

= NUMBER OF NODRS cousxnsub FOR/STOCHASTIC
DISPLACEMENT Al

= NODE NUMBERS' FOR no»zs CONSIDERED FOR STO-

. CHASTIC DISPLACEMENT ANALYSIS

= NUMBER OF ELEMENTS CONSIDERED FOR STOCHASTIC
STRESS ANALYSIS

= ELEMENT NUMBERS FOR ELEMENTS CONSIDERED FOR
STOCHASTIC STRESS ANALYSIS

-

P

1, 2

|- CORPUP S

X & Y COORDINATES FOR i_N)DES (m) "

c

N

-

20«

10

-

T FETON *hiaan

DIMENSION ST(538,32),PLOAD(538),X(303),¥(303),

NC(536,5),EM(14) JNE(303,2);D(3,3), 5K(6 ) e),xx(:),
10(315,2),YY(3)

DIMENSION SIGH(3,536),ST1(538,32) ,DFU(538,536),
PNU(14),DENS(L4), FX(18),FY(18),VVAR(35, 35
DIMENSION E(536),0N(18),1V(35),4£303,2) ,1V9(47)
BQUIVALENCE (s1,ST1) “t

k=0

READ (1,%) NUMMAT

CALL. GGEN(X,Y¥,1D,NC,NUMNE, Nmm.)

DO 10 -I=1,NUMNP .

D0 10 J=1,2

NE(I,J)=0

IF (ID(1,)) 10520,10

LY R=R+1 ok 2 . +

NE(I,J)=K

CONTINUE

WRITE(65,1000) NUMNE,NUMEL, NUMHAT '
WRITE(6,1030) *
WRITE(6, man) (T,%(P7,%(1), I0(1,1),10(T,2), =1,
NUMNE)

" HF=K
_READ(1,*): (EM(I),I=1,NUHMAT)

READ (1,*) (PNU(L),I=1,NUMMAT) B
READ(1,*) €DENS(1),1=1,NUMMAT) e
WRLTE(6,1005) NUMHAT . '
WRITE(6, *)(pnu(:) I=1, KUHMAT) -
WRITE(6,1015) NUMMAT ol -
WRETECEA) (RN Y 1o, NuMATY: /
WRITE(6,1035) NUMMAT :
WRITE(G, n) (DENS (1), T'=1,NUMHAT) '




50

100

] lul'ruuzz GLOBAL STIFFNESS MATRIX TO ZERO **#a##
¥

1

2

~HT=NC(N,4) y =

(L,J,K), "
FORMAT(/2 (2X, ' NODE' , ax,*cn-onnxnuzs' 25X,
"D

- 13,

ulh'x(o 1045) g .
READ(1,%) JJ,PRL,FRZ i

00 200 11=1,dJ

READ(1,*) NN(IT),FX(I1),FY(II)
WRITE(6,*) NN(LL),FX(II),FY(II)
CONTINUE ; :
WRITE(6,1025) . S . .
D0- 50 H=1,NUHEL -

WRLTE(6,*)N, (NC(N,J),J=1,5) <
CONT INUE ) .
READ (1,*) COV,NW

lIAD(l,') NEP,(IV(I),I~1,NEP) .
um@ +) NES,(IVV(I),1-1,NES) .. |

ST J)

100 N-1 NUMEL
no 150 ‘LL=1,3

, XX(LL)=X(NC(N,LL))
’AY(LL)=Y(NC(N,LL))
CONT INUE

PR=PNU(HT ) s
EEX=EH(HT ) Vs & a .
E(N)=EEX : : 5 @ $
. CALL:DMAT(PR,D) . %
CALL ELST(SK, xx ¥y, Bsx 0’
CALL ASMB(ST,SK,N, JNC, NE,HB)

CONTINUE . s g
CALL SYHBOL(1,ST,PLOAD,NF,MB,538)

WRITE(6,1070) MB °

CALL LOAD(NE,PLOAD;NUMEL,X, ¥,NC, DENS,JJ,NN,FX,FY,

FR1,PR2)

CALL HHIDI.(! ST,PLOAD,NF,MB,538) -
CAI.L RDIS (PLOAD, D, SICH, NUMEL NUMNP ,NE,NC,X, ¥ zn}xuu,

u)
c:u.x. DUWM(D ,DFU, STI H.wm,x,n?nu NE,NC , NUMEL ,NF , MB)
CALL DCOV1 (E,PNU,DFU, FLOAD , NUMEL, X, Y, NUMNP,NC,NE, NEP *
,IV,NES,IVV,COV ,NW,U, SIGH) N

1
= yonnu(lll' KO. OF uomL Ponn‘s - 13/ )
T

.NO. OF ELEMENTS =',13/ . B

' NO. OF LAYERS (SOILII’O\"IDA‘!!ON) =',13)

‘" 'FORMAT(/// ,3X, "POISSONS RATIO (LAYERS L ro'.u,')',/)

POKMM.‘(;II ax,'uomu.us ol‘ BLAS’HCIT‘{ (LAYERS 1 TO',

13,

munu(/l 4x,"
‘. LAYER NO.

7=X

ELEM." NO.

: HBHIIR IHGXDENCES
SOIL CLASS',/)

CONSTRTS. ") /2(3X,'N0. ", 10X, "X ",5X, "Y', 9K, X', 5K
3X)/1X,2(1X, 4(1R%), 5%, u(ll') 3x, 15(18%))/7)
7OR| u(;;/ 31.'sunnuc:n so1L nmsxn (LAYERS 1 TO',
AT




¥ 1040
1045
. 1070
.
5 .
\
" .

IOIKAT(Z(SX 13, 6! ,2(F6.2, l.l) gl ll'il 11, 3%))

PORMAT(//// | 6%, "NODE NO. Y-LOAD',/) -,
FORMAT(///7," nnwén'ru -'.u n %
STOP o~ 7
END - -
- b R ' “at
- = . * ’ :
. < . :
- o ag
» . L. . )
R
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A e Gl
. . N
.-‘/
& . - ( 5 R =i
" - [y
S .. . i
1 . .
4 ~ . o
. . o
L= - €,
i N . te :J'




c- P . : ’ P L
- MAIN nocn ELRAND .FTN: MAIN BODY OF THE PROGRAM:'FOR *
ANALYSIS OF LINEAR ELASTIC FINITE ELEMENT WITH *

c- » STOCHASTIC MATERIAL PROPERTIES . o <
ch . *

C* THIS PROGRAM (WRITTEN IN THE PORTRAII/LAIIGUAGB) ANALYZES
C* AN-OFFSHORE TANK FOUNDATION :AND- SOIL INTERACTION USING
C* A PLANE STRAIN FINITE ELEMENT MODEL. THE ‘ANALYSIS USES
Cc* A LIﬁBAR ELASTIC SOIL MODEL WITH STOCHASTIC MATERIAL
~C* PROPERTIES. THE STOCHASTIC ANALYSIS IS WITH REFERENCE
C* TO DLSTANGE BETWEEN ELEMENT CENTROIDS. THIS PRQGRAM EX- *.
C* AMINES THE INCERTAI“TY IN SOIL STRENGTH.AND THE CORRE- 7 ¥
C* LATION OF THE SOIL PROPERTIES WITH RESPECT TO DISTANCE.. *
* C* ESTIMATES OF THE COVARIANCE OF DISPLACEMENTS "AND VAR=~ .’
- C* ‘TANCES OF NORMAL AND :SHEAR STRESSES OF SELECTED NODES
C* AND ELEMENTS sz GIVEN. THE PROCEDURE APPROXIHATES THE.
DISPLACEMENT ANB STRESS FUNCTIONS AS'THE g!RST TNO. -,
¢* TERMS OF- A TAYLOR SERIES EXPANSION: THIS PROGRAH WILL
C* GENERATE A'-RANDOM STOCHASTIC ANALYSIS OF DISFLAGEHE“T6
. C* AND STRESSES. ~

e

o
*

Ch »» n y ‘, . o e “ .

cn' I o il

c* R}t‘(l) = OQUTPUT. .VECTOR of PSEUDO-RANDON unﬁonn o <
[ " DEVIATES WITH VALUES BETWEEN zano & ONE FoR

R EACH ELEMENT -'I'

L NUHHAT = NUMBER .OF: LAYEKS ‘IN F E. Hm MODEL N
J) . = NUMBER: SIGNIFYING A PARTICULAR ‘DEGREE OF

C* NE(I H
c* FREEDOM :(D:F.) AT NODE MLY:

cH & . N ' +Ji= 1, X-DIRECTION D.Fiv#

c* N © -.J =2, Y-DIREGTION D.E. : “
C*".NUMNP = TOTAL® NUMBER OF :NODES ' 3 A

C* NUMEL -, TOTAL: NUYBER “OF ELEMENTS x B '.'

CH* NP ‘= TOTAL 'NUMBER OF D.F. .

:,»t:»»»s‘im»:»»»»»‘,»p»-»

C% ID(I,1) = HORIZONTAL BOUNDARY CONSTRAINT -FOR NODE §
£ . =0,
* ID = 1, FIXED ﬂ 4

¢
7'C* ID(1,2) " = VERTICAL ‘BDUNDAKV CONSTRAINT FOR NODE' '1': .
c* ) - ID.= 0, FREE'S
* - 1o 1, rIxep
c' EM(L) - e HBAN BLASTIC MODULUS ‘OF- mmmuu. I.AYBR 0

c- nu(l) . J\HBAN FOISSON'S RATIO..OF, WATERTAL LAYER 1
c' DENS(I) . = RATE.OF GRAVITY LOADING. PER UNIT AREA or z~n
2 MODEL FOR LAYER 'I'. (MN/8 m)

c! ‘39 " = TOTAL'NUMBER 'OF NODES UNDER EXTERNAL LoADS ;
, C* FR1,PR2 =~ PACTORS TO DETERMINE PORTIONS OF TOTAL' LOAD
“o APPLIED: FR1 FOR. AREA LOADINGS . -

c: . FR2 FOR NODAL LOADINGS

ch = 3, i ; 3
e %




c
: c*

. C* NN(II) = = NODE NUMBER FOR R_LOCATION OF EXTERNAL LOADS
: C* FX(II) = HORIZONTAL'FORCE VECTOR (MN)
~C* FY(ILY - '= VERTICAL FORCE VECTOR (HN)
c* cov ‘= COEFFICIENT OF ‘VARIATION (C.D.V.) OF MATER- .
c* IAL PROPERTIES AS EXPRESSED THROUGH A FIXED

c* PERCENTAGE OF THE ELEMENT MODULL PR
* C* NW > = INTEGER FOR DETEKMIN!NG CORRBLATION -~ .

c* . DISTANCE FACTOR °

Y C* ‘NEP ‘- NUMBER OF NODES CONSIDBBED EOR STOCIlASTI.C

) . c* DISPLACEMENT ANALYSIS

C*_1v(1L) . = NODE NUMBERS FOR NODES CONS!DERBD FOR STO-

¥ 5 " ” c» * '_ - CHASTIC DISPLA{CEHBNT ANALYSIS

¥ i ci- NES =" NUMMER OF ELEMENTS. CONSIDERED FOR STOCHASTIC

. STRESS, ANALYSIS

B - C* IVV(I) .= ELEMENT RUHBERS FOR ELEMENTS CONSIDBRED FOR.
5 # E STOCHASTIC STRESS ANALYSIS %
L) - MEHBER !“CIDE“CES FOR 'N' HHBRE 'L'L i

2 C* NC'“I 4) m LAYER NUHBER FOR ELEMBAT “*N':
C¥ ST(I,J) = GLOBAL-:STLFFNESS MATRIX X

C* X,Y X & Rd COORDIHATES POR RODES (m) 2

ox E weis %

C¢ Rk kR kA p J ik

o v 7 DIMENSION ST(538,323,PLOAD(538) ,X(303),¥(303),
DL L NE(336,5),EN(LIN NE303,2),0(3,37,8K(6;6),XX(3),
. .2 1B(315.2),¥¥(3

- ey DIMENSION. SIGH(3;536),5TI(538,32), nsu(saa s:s),
5 L ’ 1 PNU(14),PENS(14), px(ls) FY(18), \Iyu(as 15)
3 . - ,-nmznsmu E(535),NN(18), IV(35),0(303,2), 1vv(1.7)
; s E EQUIVALENCE (ST,STI): N
7 i e REAL® RR(536). § - ?
> g o . . .
ST 7 READ (1,%) NUMMAT . © y : L

1o, NC NUHNP NUMEL)

Leveny DO 10 ' I=1,NUMNE, 5, i . ‘
SLs Do 10, JRl,2 - e e . P
S ¢ .o ¢ NE(L,J)= o" . . . £y 8 1
- iE 1IF (10(1,3))- 10, 10 10 3 4 4 g
h -2’3 I % < " x|
e g NE(I,J) =K' ? 5 . et
¢ 10 CONTINUE i
" 5 _ # HRITE(G 1000) NUﬂNP NUKEL NUHKAT 2 '_
R e WRLT! . .
- < A Hkuz(b low) (1 (1), yu) in(1, 1) !D(l.,Z) -1, .- W
- 1 NUMNP) -
R, By . NP=KO D G B AT
B A READ(1,%) (EM(T), =1 numm) S g i

SR s, " READ(L,*)(BNU(L),1=1 /NUMMAT) ; ; .
C T READ(LyE) (DENS (19,1215 NUHMAT) g gt e

+ . WRLTE(6,1005) NUMMAT - B " g
T WRITE(6 *)(PNU(I) I=1, mmuu;) ¥ e i . “




e " a o - = ) B
; . % g0 = \ . .
S A IR ) P _ . % - ;
" WRITE(6,1015) NUMMAT -
- . WRITE(6,*%)(EM(I1),I=1,NUHMAT) i s—
= WRITE(6,1035) NUHMAT, .- - .
2 : 3 'WRITE(6,*) (DENS(I), T=1,NUMMAT). . .
oy . i WRITE(6,1045) - X
k& © . READ(L,*) JJ,FR1,FR2 L i .
5 @ .- .po 206 11-1, iy . .
R - READ(L,#) NN(LI),FX(II),FY(II) ° o
WRITE(6,*) NN(ID), u(u) PY(LID) 3 . e ®
200 . CONTINUE . "
L WRITE(6,;1025) . g I . .
5 DO 50 N=1,NUMEL .
. ‘ - WRITE(6,*)N, (NC(N, 35,351, 5) ;
50 CONTINUE — - o ol

. . READ(1,*) COV NW
V16 . KEAD(W,*) NEP,(I1V(1), 101
Rlum(l. ’) nns (!VV(I),I-

. b ct-nn nm'uu.:u m.o}m. snrn«zss WATRIX'TO ZERO i AN
L8 5 L=1;NF X .
TR DA . .nos J=1,32" 3 g . i .

Sl "“"3" 0 : .
i <% D0 10
e _‘po 150 u.b 30—
G, XX(LL) =X(NC(N ,LL)) z " 7 o
SR} YY(LL)=Y(NG(N,LL)) ; “, . d
150 . CONTINUE E A T Brcom
o MT=NC(N,4) Ve s
g PR=PNU (MT) : b
‘ L . BEX=EM(MT) § v G
g T e . -E(N)=EEX < @
? 5 CALL DMAT(PR,D) ’ .
- CALL BLST(SK,XX,YY,EEX,D) ;
. CALL ASHB(ST,SK,N, NC,NE, HB) o
. 100 CONTINUE . . 3 2 g
‘ CALL SYMBOL(1,ST,PLOAD,NF,MB)538) i = el
. WRITE(6,1070) MB. L. 2
2 CALL_LOAD(NE,PLOAD, NUHEL, X,¥,NC,DENS, 33, n.u FX,PY, ¢ %
g 5 1 -FR1,PR2Z) - 5
g CALL SYNBOL(2,ST, rtoad, NF,MB,538) ST
- CALL uor,s(n.wm o, SIGH, m.muj. num NE,NC,X,¥,BM, PNU,
1 u)
‘ pricd c:u.l. DUWM(D,DF
gt CALL DCOVA(E,PNU
oy . 1 4IV,NES,IVV,COV,NW,U,SIGH) LA "o
\L 1000. ronuu-(/[l' "NO.. OF NODAL. POINTS =';13/ . [
1 NO.. OF ELEMERTS '=',13/" § s R AL O
. 2 'NO. OP-LAYERS (S0LL/POUNDATION), =/ ,13) ~_
' 1005 "<’ _PORMAT(///,3X,'POISSONS RATIO (LAYERS.1.TO', y
- 1015 !olnn‘(/l/ 3x, 'nonuws 01 u.As'nr:l‘n (Ln;us I 'ro'
1-"13,1)9,
1025 !omu(rl 4%, “ELEH. o. MBER 1 cmnucss B
v LAYER- NO. . SOIL cu\ss',l) X .

4 ST
,ﬂlu PLOAD, N—UH!L. » Y, NUMNP, ll "

,BLOAD, X, Y, PNU’ NE,, NC, NUMEL, NF JuB). . REt
E, NBF 2

L




N

END - . -

Fonnu(//z(zx,'uoou' 6X, 'co-onnm TES ', 5X,

'BD. CONSTRTS.')/2(3X,'No.',10%, X, 1Y4,0%, %1, 5%
LTYF,3X)/TX, 201X, 4 (1H%), 5%, 14(LAY), 3%, 15 (RR*)I71)
anm)\'t(lll »3X, 'SUBHBRGBD som nznstn (LAYERS 1 TO',

1

FORMAT(2(3X,13,6%,2(¥6.2,1 ) ax 11,5%,11, 3x))
FORMAT(////,6X, 'NODE NO. ; Y-L0AD',/)
FORMAT(////," BANDWIDTR -",13 /)

STOP
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* u .

* ¥

" c* MAIN PROGRAM NONLIN.PTN: MAIN BODY OF THE. PROGRAH #OR
c ANALYSIS Ok PLECEWISE LINEAR ELASTIC FINITE ELEMENT *
\C* WITH SPOGHASTIC MATERIAL PROPERTIES *
c# o *
L CHag

.C* THIS MALN PROGRAM (WRITTEN IN THE FORTRAN LANGUAGE) Aj~-

. C* ALYZES AN OFFSHORE TANK FOUNDATION AND

SOIL INTERACTION

C* USING A PLANE STRAIN FINITE ELEMENT MODEL. THE ANALYSIS
C* USES A NONLINEAR ELASTIC SOIL MODEL, WHEREBY PIERCEWISE
C* 'LINEAR APPROXIMATIONS OF ELASTIC HUDULI FOR BOTH SAND &

; C* CLAY SOILS ARE IMPLEMENTED. THE F.E.M.

MODEL INCLUDES A

C‘ STOCHASTIC MATERIAL PROPERTIES, WHEREIN THE STOCHASTIC

c* ARA(YSIS IS WITH REFERENCE TO DISTANCE

BETWEEN ELEMENT

,C* CENTROIDS. THIS PROGRAM EXAMINES UNCERTAINTY IN SOIL
‘o STRENGTH AND CORRELATION OF. SOIL PROPERTIES WITH RE-
‘C* SPECT TO DISTANCE. ESTIMATES.OF THE COVARIANCE OP-DIS- -

_ C* PLACEMENTS AND. VARIANCES OF NORMAL 'AND
' C*.OF SELECTED ‘NODES AND ELEMENTS ARE"GIVEN. THE PROCEDURE

SHEAR STRESSES *

N APPROXIHATES THE DISPLACEMENT AND STRESS PUNCTID“ﬁ AS

.'C* THE (IRST WO TERHS OF A TAYLOR SERIES
C' LOAD.

C* NUMBER OF ITERATIONS UNTIL THE ELASTIC

S SPLIT INTO SEVERAL EQUAL LOADING STAGES.. FOR
c* EACHLOAD $TAGE THE ANALYSIS HAS TO REPEAT THROUGH A~

EXPANSION. THB )

MODULI. FOR" THE

« C*.ELEMENTS HAVE CONVERGED .TO VALUES OF LESS THAN'5.0 PER=

C* CENT_DIFFERENCE.  ONCE.THE CONVERGED MODULI ARE OBTAINED,
C* THE $TOCIIASTIC ANALYSIS IS APPLIED. FOR EACH LOAD-

TAGE.,

C*.THIS: IS REPEATED UNTIL THE_TOTAL LOAD IS APPLIED. ' TO
c* DETERMINE' THE NET EFFECT ON THE COVARIANCE OF.DISPLACE-
C* MENTS AND VARIANGB OF STRESSES, THE RESULTS OF BACH

C* LOAD. STAGE ARE APDED TOGETHER' ASSUMING
C‘ DEPBNDBNCE BETHEkIl ‘LOAD STAGES .

STAT[STICAL IN-

3 C' THER LATTBR SBCT!\)I{% DETERMINE THE' COEFFICIENT OF VARIA-
C* TION OF VERTICAL DlQPLAGBHBNTS AND STRESSES “(HORIZONTAL,

C* VERTICAL & SﬁEAK) BY CALCULATING THE RATIO OF STANDARD

C* DEVIATION (SQUARE ROOT OF VARIANCE) ‘TO
C* DISPLAGBHBNT OR STRBSS (USING HBAN ELAS
. {O%

MEAN VERTICAL
TIC MODULI).

:ltt!tntl:st:r»_}ixil_‘n}tna»»’tt»t»

'C"

C% NE(L,J)
k- B llBBBOH (D-! ) AT NODE 'I':

Daetee 3=,
e & E . 3= 2,
C* NUMNP. = TOTAL NUHBBR OF NODES
C* NUMEL . = TOTAL NUMBER OF ELEMENTS
/gh Xy = X & Y COORDINATES FOR NODE

C* NUMMAT - NUMBER OF LAYERS IN PUB.M.
= NUMBER SIGNIFYING, A BARTICULAR DEGREE OF

HODEL

X=-DIRECTION D.F.
Y=DIRECTION D.F.

5 (m)

PR T e

cantn"a"tn»tn CITY VA




[

c*
C* ID(I,1)
c* S

c*
b 1D1,2)
(L

Cc* NP
C* EM(1)
c*

C* PNU(I)

© C* DENS(I)
c*

c* 33 .
C* PR1,FR2
c*

c*

C* NN(II)
C* FX(II)
C* FY(II)
C* FXG(IL).
C* PYG(IL)
C* NC(N,J)
c* - i

C* NC(N,4)
C* NC(N,5)
c* .

c*
c* cov
c*

Che
C‘ NW

. ci NEP

C‘ Iv(1)

c* ST(I,J)
C* PLOAD(K) *
C* TLOAD(K)
c*

AMPa)

“TOTAL NODAL DHPLAC!HIN'E VECTOR (m)_

HORXZDNTAL BOVNDARY COHST!AIHIS FOR NODAL
«Foz = 0, FREE

EE R

IXED
VERTICAL BOUNDARY CONSTRAINTS ron uo‘
LR , FREE

xn = 1, FIXED

l.n.s:.nn‘:tttn:))»:innDn'»:lp:»:.:’nn»'.nt:n)

TOTAL NUMBER OF D.
MEAN ELASTIC HODULUS OF MATERIAL LAYER s 4

MEAN POISSON'S RATIO OF MATERIAL LAYER 'I'
RATE OF GRAVITY.LOADING PER UNIT AREA OF
2-D MODEL FOR LAYER 'I' (MN/sq.m)
TOTAL NUMBER OF NODES UNDER EXTERNAL LOADS
FACTORS TO DETERHINE PORTIONS OF TOTAL
LOAD APPLIED: FR1 FOR AREA LOAD#NGS
FR2 FOR NODAL. LOADINGS
NODE NUMBER FOR LOCATION OF EXTERNAL LOADS
HORIZONTAL FORCE VECTOR DUE.TO WAVE (MN)
VERTICAL FORCE-VECTOR DUE TO WAVE (MN) .
HORIZONTAL FORCE VECTOR DUE TO GRAVITY -(MN)
VERTICAL FORCE VECTOR DUE' TO GRAVITY (MN)
MEMBER INCIDENGES FOR 'N' WHERE 'J' EQUALS
1, 2, &3
LAYER NUMBER FOR ELEMENT 'N'
HATERIAL CLASSIPICATION: CONCRETE = o
SAND. = 1

CLAY = 2
CUBF’[CK!NI’ OF VARIATION (C.0.V.) OF MAT-
ERIAL PROPERTIES EXPRESSES AS A FIXED
PERCENTAGE OF THE ELEMENT MODULI
INTEGER FOR DETERMINING GQRRILA’IIUN
DISTANCE FACTOR
NUMBER OF NODES CONSID!RBD FOR STOCHASTIC
DISPLACEMENT ANALYSIS
NODE, NUMBERS FOR NODES CONSIDERED FOR
STOCHAST!C DISPLACEMENT ANALYSIS
NUMBER OF ELEMENTS CONSIDERED FOR
STOCHASTIC STRESS ANALYSIS
ELEMENT NUMBERS FOR ELEMENTS CONSIDERED
FOR STOCHASTIC STRESS ANALYSIS
ITERATION NUMBER FOR PIECEWISE LINEAR
ANALYSIS
VECTOR TO DETERMINE WHEN MODULUS OF
ELEMENT 'L' HAS CONVERGED DURING EACH
LOADING STAGE: L = 0, UNCONVERGED

L - l. CONVERGED

GLOBAL STIFFNESS MATRIX,
NODAL DISPLACEMENT VECTOR PDI LOAD STEP (l)

c

33
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LR LS
-, N *
- C* SIGM(1,MM) = HORIZONTAL STRESS (MPa) FOR LOAD STEP *
g . C* SIGM(2,MM) = VERTICAL STRESS (MPa) FOR LOAD STEP -
i C* BIGM(3,MM) = SHEAR STRESS (MPa) FOR LOAD STEP \ *
- C* TPS1(MM) = TOTAL HORIZONTAL STRESS.(MPa) . *
s C* TPS2(MM) = TOTAL VERTICAL STRESS (MPa) E = =
: C* SHEAR(MM) = TQTAL SHEAR. STRESS (MPa) *
C* VVAR(L,J) = COVARIANCE OF DISPLACEMENT MATRIX FOR LOAD *
c* STEP ) *
- - C* TUVAR(I,J) = TOTAL COVARIANCE ‘OF DISPLACEMENT MATRIX  *
] C* VARS(L,J) = VARIANCE OF STRESS MATRIX FOR LOAD STEP *
50 C* TYARS(I,J) = TOTAL VARIANCE OF STRESS HATR *
. c* qcov ‘= €C.0.V. OF VERTICAL DISPLACEMENT *
c* = RATIO. OF STANDARD DEVIATION TO JHEAN TQTAL ¥
c* s DISPLACEMENT *
. -C* reov = C.0.V. OF STRESS %
c* - RATIO OF STANDARD DEVIATION TO MEAN TOTAL *
, e STRESS *
C* - *
c 2

.. % 7. DIMENSION ST(538,32),PLOAD(538),X(303),Y(303), =
. 1 [1p(315,2),NC(536,5),EH(14),NE(303,2),D(3,3),5K(6,6)
.27, XX(3), Y¥(3),51GM(3,536),5T1(538,32),DFU(538,5363,
T 3 "TVARS(47;3), Pnu(u),bwsuk) rx(w) n().a
- DEMENSION PS1(536),252(536);GAMMA(536) ;TVVAR(4T,47);
: ‘1" VVAR(47,47),VARS(47,3),FXG(18),FYG(18),E(536);NN(18)
: 2 ,L(536),RATIO(536),EP51(536),EPS2(536) EE(536), .
; v -~ 3 GAM{536), STRAIN(536),TLOAD(538),1V(47),1(303,2)
g DIMENSION TPS1(536),TPS2(536),SHEAR(536),1VV(47)
- EQUIVALENCE (ST,STI)
k=0 . )

- ) READ (1,*) NUMMAT ' .
¢ i CALL GGEN(X, Y m NG, NUNNP, NUHEL):
! “D0 10 1,NU
7 - D010 g=1,2 .
b NE(I,J}=0 o ..
x 1F (ID(I,4)) 10,20,10 :
~ 20 K=K+1 s
! NE(I,J)=K " ' - s 5 s 3
10 CONTINUE - d
WRITE(651000) NUMNP,NUMEL,NUMMAT .
WRITE(6,1030)°

g WRITE(6,1040) (I x(l) Y(1),ID(I, 1) ID(X 2),1=1,
< 1 NUMNP
) NF=K o

CH#Aker INPUT ‘MEAN MATERIAL. PROPERTIES k*hka#
““READ(1,%) (EM(T),I=1,NUMMAT)
READ(L,*).(PNU(I),I=1,NUMMAT)
-l . CARAMAR INPUT AREA LOADINGS #*###% ; 3
; : *" READ(1,*) (DENS(I),I=1 nunnn) ;
murs(& 1005)’ NUMHAT : .




. WRITE(6,%) (PNU(L),1=1 NUMHAT) : '
WRITE(6,1015) NUMMAT - “
WRITE(6,*)(EM(I), 1 1 NUMMAT) : g
WRITE(6,1035) NUMM, -
HRITE(6,%) (DBRS(I),I-l,NUHHAT)
WRITE(6,1045)
Cha**4% INPUT NODAL LOADINGS (EXTERNAL) wh#w#w
READ(1,*) JJ,PRL,FR2 .
DO 200 II=1,JJ
READ(1,*) NN(II),PX(LL),PY(IL),FXG(IT),FYG(II)
. unxrz(a ®) NN(IL),FX(IL),PY(I1),PXG(IL}, FYG(ID)
..200 ' CONTINUE
3 ‘WRITE(6,1025)
DO’ 50 N=1,NUMEL ®
WRITE(6,*)N, (e, 9, JA=1,5)
50 CONTINUE
CH#*#x% INPUT INFORMATION FOR STOCHASTIC ANALYSIS *aksa#
: = READ(1,¥) .COV,NW
r, . 4 READ(1,*) NEP,(IV(I),I=1,NEP)
READ(1,#) NES;(IVV(L), 1-1 NES) » "
CHaRA% INITIALIZE VARIABLES TO ZERO *a#kas - “
MB=0 .
"Do 75 I=1,NUMEL *
STRAIN(I)=0.0
* TPS1(1)=0.0
TPS2(1)=0.0 | _ . & @
o~ L(I)=0 - SN
{75 ° CONTINUE | : .

%, DO 80 I=1,NUMNP =
DO BO J=1,2 w2
K=NE(I,J)

80" TLOAD(K)=0.0 .

DO 85 I=1,NEP , /
DO 85 J=1,NEP . \
85 TVVAR(I,J)=0.0 ™ :
. DO 90 I=1,NES g
DO 90 J=1,3
90 TVARS(I, J3=0.0
CHk#x%% START OF ITERATION STAGE *akka# A
‘DO 500 NI=1,32 X
WRITE(6,1500) NI ° ¢

CH*%*%% STIFFNESS MATRIK MUST BE RESET TO ZERO' A#*aax

c FOR EACH -ITERATION )
' DO 5 I=1,NF : ¢

D0 5 J=1,32 s

5 ST(I,J)=0.0

DO-100 N=1,NUMEL
DO 150 LL=1,3
XX(LL)=X(NC(N,LL))
i - TY(LL)=Y (NC(N,LL))
150  ° CONTINUE

i MT=NC(Y,4)

‘ . PR=PNU(MT)
1F (NI NE. 1) GoTo 250

P i




EEX=EM(MT) - -
GOTO 300
250 EEX=E(N) . =

300 CONTINUE ~ :
. ,sxct’gznr(rl.n) . _
CALL ELST(SK,XX,YY,EEX,D) .

; CALL ASHB(ST,SK,N,NC,NE,MB)
100 CONTINUE
CALL SYMBOL(1,ST,PLOXD,NF,MB,538)
WRITE(6,1070) MB
CALL LOADD(NE,PLOAD,NUMEL,X,Y,NC,DENS NI, JJ,NN,FX,FY
1 ,PRI,FR2,PXG,FYC)
CALL  SYMBOL(2,5T,PLOAD, NP, HB, 538)
CALL RRDIS(PLOAD,D, SIGM,NUMEL ,NUMNP NE,NC,X, Y ,EM, PNU
1 ,PS1,PS2,KNI,E)
Caanars POR LAST xrsxArxn( OMIT 'NLIN' SUBHOUTINE #A%### -
1F(NI.EQ.32) GOTO 400
CALL NLIN(PS1,P52,NUMEL, EN;ENU,E 88, NI, L,RATIO0,EE, =
1 GAM,STRAIN,LL) —~r ) . 3
400 CONTINUE -
CAANAAA ESTABLISHING ITERATION NUMBERS FOR ADVANCENG #A#### g

©C TO NEXT LOAD STAGE

(IF (NI.EQ.6) GOTO 450
1F (NI.EQ.10) GOTO 450 ) .
IF (NI.EQ.14) GOTO 450 - \
IF (NI.EQ.18) GOTO 450° .
IF (NI.EQ.21) GOTO' 450
IF (NI.EQ.25) GOTO 450
IF (NI.EQ.28) GOTO 450 1
IF "(NI.EQ.32) GOTO 450 .
GOTO 500
450° ° CONTINUE ’
LL= L
D0 130 I=1,NUMNP
DO 130 J=1,2
K=NE(I,J)
CA##4#4 ACCUMULATION OF NODAL DISPLACEMENTS FOR EACH *x#xsk
c LOAD STAG!

130 TLOAD(I)-TLOAD(K)+PLOAD(I)

DO 135 I=1,NU
) IF(NE(I,1)) 165 160,165 .
160 ©  U(I,1)=0.0

- GoTO 170

165 U(I,1)=TLOAD(NE(I,1))
170 . IF(NE(1,2)) 180,175,180
175 U(1,2)=0.0

.G0TO 135 o S
180 U(I,2)=TLOAD(NE(I,2))
135 CONTINUE. -

WRLTE($,1200)
WRITE(6, I.JO.D) (I,u(r,1),u(r,2z),I=1,NUHMNP) .
WRITE(6,1400) o & ™



CRuARAR
c

140
CheNRAR

ChrrAR®
c
460

470
ChRRRRRR

CRARRAR

CHAnARK

(4
480

490
. CARRAR CA
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ACCUMULATION OF ELEMENT STRESSES FOR EACH ALl z
LOAD STAGE “
DO 140 MM=1,NUMEL s
TPSl(HH)-TPsl(HM)+SIGH(\.HH) =
TPS2(MM)=TPS2(MM)+SIGM(2,HH)
SHEAR(MM)=(TPS1(MM)~-TPS2(MM))*0.5 -
WRITE(6,*%) MM,TPS1(MM),TPS2(MM), SIIBAR(HH) -e- N
L(MM)=0 -
SUBROUTINES FOR STOCHASTIC ANALYSIS wa#ama—
CALL DUWM(D,DFU,STI,PLOAD,X,Y,PNU,NE,NC,NUMEL, Ill‘ WMB)
CALL DCOVE(E, PI‘U I)ll! FLQAD Illll(!l. X 5 IIUHHP l(l‘. NE,NEP
»1V,NES,IVV,COV, NH VVAR, VARS WNI)
WRITE(6,1600) . - . 2
DO 460 I=1,NEP :
DO 460 .J=1,NEP . ¥ =
ACCUHULA‘I!OI OF COVARIANCES 0! DISPLACEMENT ###a#n
FOR' EACH LOAD STAGE- [ .
TVVAR(I, J_)-TVVAR(I,J)+VVAI(1 J) Y ‘
Do 470 I=1,N ]
Hll‘l‘!(G 1700) IV(1),(TVVAR(1,J),J=1,NEP) ° :
CALCULATE C.0.V. OF VERTICAL DISPLACEMENT Aa#### -
WRITE(6,1840) i - =
DO 600 I=1,NE . T :
JJ=1V(I) = : -
DISP=U(JJ,2)*1009.0
TVVAR(I,I)-= VARIANCE EOR VERT. DISP. AT NODE *#**##x
STAND=(SQRT(TVVAR(T, 1)))*1000.0 .
Qcov-Aus(srAnD/nxsvg
WRITE(6,*) JJ,DISP,STAND QCOV
CONTINUE .
WRITE(6,*) ' VARIANCES OF TOTAL STRESSES' . p I
WRITE(S,1800)
DO 480 I=1,NES
DO 480 J=1,3
ACCUMULATION OF VARIANCES OF STRESSES FOR BACH A#A#ss °
LOAD STAGE
TVARS(I,J)=TVARS(I,J)+VARS(I,J)
0 490 I=1,NES .
E(6,*) IVV(I),TVARS(I,1),TVARS(I,2), TVARS(1,3)
CULATE C.0.V. OF HORIZONTAL STRESS "”
WRITE(6,1810) R
DO 700 I=1,NES § ¢ % 3

T JI=IvV(I)

700 .
CRRANKN

‘RCOV=ABS(STND/STRESS ) -
WRITE(&,*) JJ, srnzss STND,RCOV
" CONTINU

'STND=(SQRT(TVARS(I,2)))*1000.0. .

STRESS=TPSI(JJ)*1000.0"
srun-(sqr:(rvns(z 1)))*1000.0

CALCULATES C.0.V. OF VERTICALySTRESS *aana#
WRITE(6,1820) .

D0. 800 I=1,NES

JI=1VV (1)

STRESS=TPS2(JJ)*1000.0 ° -




800

RCOV=ABS (STND/STRESS)

307

WRITE(6,*) JJ,STRESS,STND,RCOV
CONTINUE

C""" CALCULATES C.0.V. OF SHEAR STRESS #*a##ax

900
500
1000

1

2
1005

1015

1
1025

1
©1030

1035 .
1

1040
1045

1070
1200

" 1300
1400

1500
1600

1800

1
2

1

1

1
1810

+1820
1880
1840

WRITE(6,1830)

DO 900 I=1,NES “

JI=IVV(I)

STRESS=SHEAR(JJ)*1000.0
STND=(SQRT(TVARS(I,3)))*1000.0
RCOV=ABS(STND/STRESS)"

WRITE(6,}) JJ,STRESS,STND,RCOV

CONTINUE

CONTINUE

"FORMAT(///' NO. DP’NODAL POINTS =',I3/ ' NO. OF
ELEMENTS =',I3/ ' NO. OF LAYERS (BOILI!OUHDATIO“) -t

,13)
ronuu‘(/l/ 3X, 'POISSONS RATIO (LAYERS 1.10',13,')",/)

vonnn((/// aX, 'MODULUS OF BLASTICITY (LAYERS 1.710°,
Yigl)

romu‘(l/ 4x, ' ELEM. noj .. " MEMBER INCIDENCES
J,K) LAYER ‘NO. L CLA3S',/)

FORHAT(//Z(zX,'“ODB' 6X, 'CO-ORD!NATBS' 5X, 2
'BD. CONSTKTS-’)/Z(JX 'N(‘h ,10X,'X', 5%, 'Y' 9%, 'X', 5%
'y',3X)/1X,2(1X, 6(\Hi) 5X, l‘(lH') Jx 15(1"'))//) .

FOIHAT(/;/ »3X5 'SUBMERGED' SOLL DENSITY (LAYERS 1 TO'
3.

FORMAT (2(3X,13,6X, 2(¢872, 1X),6X;11, 5%, 11,35) ) -

PORMAT(////,4X, "NODE NO.',4X, 'X-LOAD',9X, 'Y-LOAD',9X
,'X=LOAD ", 9%, ' ¥~LOAD" , /,19X, | (WAVE FORCES)',16X
}(GRAVITY FORCES)',/)

FORMAT(////,' BANDWIDTH =',13,/)

FORMAT('1'/3(6X'NODE NO.',4X, 'X-DISPL',6X, '¥~DISPL')."
/2X,2(4X,10(1H4),2X, 9(1E*),4X, 9 (18%))/])

FORMAT(2X,2(7X,13,7X,£9.3,4X,£9.3))

FORMAT(////," ELEN.NO SIGHA-X SIGHA-Y

- SHEAR STRESS',/)

FORMAT(/,' ITERATION NUMBER .= * 3,0

FORMAT(////,' MATRIX OF TOTAL nlSPLACBKBHT

_ COVARIANCES ",

FORMAT(1X,13,11811.3/4%,11E11. 3/4X,11E11.3/4X, —
1E11.3)

jgnun(sx.' ELEM- NO»‘.SX,'SIGHA—X' BX 'SIGKA-Y'

ASIGHMA-XY"')

PORHAT(I '. ELEH. NO. uun;.sr;sss(kr;) 'STD(kPl)

POEHAT(III " 7LBK- NO. VERT.STRESS(kPa) STD(kPa)
: f 2 -

vonnAt(/lI;' ¢ ELEM. NO, SHEAR STRESS(kPa) STD(kPa)

C.0.V.

)
. FORMAT(///,*" ’I NODE NO. van.n!sr.(u._) STD(kPa)

0.V, 71D
STOP R
END i
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c
- c* s N 2 *
C* ° MAIN PROGRAM RAND.PTN: MAIN BODY OF THE PROGRAM FOR * ™
c* * ANALYSIS OF LINEAR ELASTIC FINITE ELEMENT WITH #
c* STOCHASTIC MATERIAL PRORERTIES .
c* . . *
. c ‘
5 : c* *

C* THIS PROGRAM (WRITTEN IN THE FORTRAN LANGUAGE) ANALYZES #
C* THE SOIL-STRUCTURE INTERACTION OF A(MOBILB ARCTIC CAIS- *
m-su'u FOUNDATION *
S DEVEL- *
C* QPED WITH LINEAR ELASTIC MATERIAL PROPE| lxs. MATERIALS *

C* ARE TREATED AS STOCHASTIC WITH REFERENCE TO DISTANCE *

4 C* BETWEEN ELEMENT CENTROIDS. THIS PROGRAM EXAMINES THE -
© 'C* UNCERTAINTY IN MATERIAL STRENGTH AND THE CORRELATION OF #

c* m“snm. PROPERTIES. WITH RESPECT TO DISTANCE. ESTI- *

A

C* MATES OF NORMAL AND SHEAR STRESSES OF SELECTED NODES *
e C* AND ELEMENTS ARE GIVEN. THE PROCEDURE APPROXIMATES-THE *
. | C* DISPLACEMENT. AND STRESS FUNCTIONS AS THE. FIRST TWO *
C* TERMS OF A TAYLOR SERIES EXPANSION. THIS PROGRAM WILL  *
C* GENERATE. A RANDOM STOCHASTIC ANALYSIS OF DISPLACEMENTS - * ;
C* AND STRESSES. o~
c* *
c RAAA 4 “
. o : 3 ' .
. C* ER(I) = OUTPUT VECTOR OF PSEUDO-RANDOM UNIFORM *
/4 c DEVIATES WITH VALUES BETWEEN ZERO & ONE FOR
‘ cr EACH ELEMENT 'I' *
C* NUMMAT = NUMBER OF LAYERS IN F.E.M. MODEL .
C* NUMNP < TOTAL NUMBBR OF NODES *
C* NUMEL = TOTAL nu?gn OF ELEMENTS *,
T ctxXY- = ¥ COGRDINATES FOR NODES (m) ® .
c* 1p(1, J.) - ng:’?ﬁ CONSTRAINTS FOR NODAL nzcnzzs o’ * 5
i c* DOM (n F.): . = FREE *
c* . i 1 = PIXED *
C* NC(N,LL) = MEMBER INCIDENCES FOR 'N' WHERE 'LL' EQUALS *
. c* 1,2 &3 B *
.C* NC(N,4) = LAYER NUMBER FOR ELEMENT 'N' LA
" C* NC(N,5) = MATERIAL CLASSIFICATION FOR ELEMENT 'N':  *
c* s i STEEL CAISSON =1 -
c* ) . BERM (DEWATERED) =.2 W
e C*. ' BERM (SATURATED) = 3 *. .
. c* . = SAND (IN-SITU) = 4 * peE
Gy : C* NE(I,J) = NUHBBR SIGNIFYING A.PARTICULAR D.F. AT NODE A . :
c* : J = 1, X=DIRECTION D.F. *
cr J - z, Y~-DIRECTION D.P. # :
c* NP = TMAL 'NUMBER OF D.F. "
C* EM(1) = MEAN ‘ELASTIC MODULUS OF MATERIAL LAYER ar :
; * -
° *
.

(MPa)
C* PNU(L) )!AN POISSON'S RATIO OF HAIIKIAL LAYBR > 84
il % en o




C' DENS(I) = RATE OF GRAVITY LOADING PER UNIT AREA OF 2-D

MODEL POR LAYER 'I’' (MN/sq.m)
= TOTAL NUMBER OF NODES UNDER EXTERNAL LOADS

-
C‘ FR1,FR2 "= FACTORS TO DETERMINE PORTIONS OF TOTAL LOAD

c* NN(II)
c* PX(II)
c* FY(II)

APPLIED: FR1 FOR AREA LDADINGS %
FR2 FOR-NODAL LOADINGS

- NODE NUMBER FOR LOCATION OF EXTERNAL LOADS
= HORIZONTAL FORGE VECTOR (MN)
= VERTICAL FORCE VECTOR, (MN) -

COEFFICLENT OF VARIATION (C.0.V.) OF MATER-
IAL PROPERTIES AS EXPRESSED THROUGH A FIXED
PERCENTAGE OF THE ELEMENT MODULI

= INTEGER FOR DETERMINING CORKELATION
P DISTANCE FACTOR

= NUMBER 'OF NODES CONSIDERED FOR STOCHAST[C
DISPLACEMENT ANALYSIS

‘1

G* TV(I) = NODE NUMBERS FOR NODES CONSIDERED FOR STO-
cx.

C' lVV(I) = ELEM] N'l NUMBERS .FOR BLBHE“TS CONSIDERED FOR

C* ST(r J) ‘= GLOBAL STIFFNESS MATRIX,

CHASTIC- DISPLACEMENT ANALYSIS
= NUMBER OF ELEMENTS CONSIDERBD FOR STOCHASTIC
. STRBSS ANALYSIS ¥

STOCHASTIC STRESS ANALYSIS

FERE B

-

-

*

DIMENSION ST(538932),PLOAD(538),X(303),Y(303),
1p(315,2),NC(536,4),EM(14),NE(303,2),D(3,3),5K(6,6),
XX(3),YY(3),SIGH(3,536),5TI(538,32),DFU(538,536)
DIMENSION PRU(14),DENS(14),FK(18),PY(18),VVAR(35,35)
LE536) NN (1837T7X35), U(303,2), VU (47)
EQUIVALENCE (ST,STI)

REAL RR(536) .
k=0

READ(1,*) uuunylnuuz

READ(1,*)(X(1),¥(1),10(1,1), xn(r—z$'1-1 NUMNP)
READ(1,*) (NC(J,1).NC(J,2),NC(d, 3,80, 4),NC(J,5),
J=1,NUMEL

po {0 I=1,NUMNP -

NE(I,J)=0 : o
1P (ID(I, J)) 10,20,10 \.
K=K+l

NE(T, J)-K

CONTINOE

WRITE(6, 1000) ‘NUMNE , NUMEL

WRITE(6,1030

WRITE(6,1080) (1,X(1), Y(I),!D(l 1),10(1,2),
I=1,NUHNF)

NP=K

READ(L;*)" NUHMAT

RIAD(I " (su(x) I=1,NUMMAT)

-

»*

2e xte

B AR R AR R AN R A RN ke



READ(1,*)(PNU(L),I=1,NUNMAT) o
READ(1,*) (DENS(L),I=1,NUYMAT) L .
WRITE(6,1005) NUMMAT -
WRITE(6,*)(PNU(L),1=1,NUMMAT) ]
N WRITE(6,1015) NUMMAT . -
- WRITE(6,*)(EN(L),I=1,NUNHAT)
WRITE(6,1035) NUMMAT
WRITE(6,*) (DENS(L),I=1, HUMHAT)
o . WRITE(6,1045) -
- * READ(1,*) JJ,FR1,FR2 z
: pa 200 11=1,JJ
READ(1,*) NN(IL),FX(II),FY(II) .
WRITE(6,*) NN(II),HX(I1),FY(II)
200 CONTINUE . s
WRITE(6,1025) J
2 . DO 50 N=1,NUMEL
WRITE(6,%)N, (nc(n 3),3=1,4)
- =7 50 CONTINUE .
READ(1,%) COV,NW
:) READ(1,#%) NEP,(1V(1),I=1,NEP) . "
READ(1,*) NES, <:vv<1) 1=1,NES) : -
HB=0 .
DO 5 1I=1,NFP :
D0 5 Je1,32 -
o } ST(I,d)=0.0-
. DO 100 N=1,NUMEL ~
v . -D0 150 LL=1,3 -
; XX(LL)=X(NC(N,LL)) : . . i
YY(LL)=Y(NC(N,LL))  ° ® : _
- 150 CORTINUE .
S HT=NC(N,4)
PR=PNU(HMT) _ Lo e
. EEX=EM(MT) . .
. E(N)=EEX
_CALL DMAT(PR,D) (4
CALL ELST(SK,XX,YY,EEX,D)
CALL ASMB(ST,SK,N,NC,NE,MB):
100 CONTINUE it e ~
CALL SYMBOL(1,ST,PLOAD,NF,MB,538) * J «
WRITE(6,1070) MB
CALL, LOAD(NE,PLOAD, NUHEL, X, Y, NC,DENS, 44, NN, FX,PY, -
FRL,FR2) :
.. CALL SYMBOL(2,5T,PLOAD,NF,HB,538) . WA
S gALL RDIS (PLOAD, D, STGH, NUMEL , NUMNP ,NE ,NC, X, Y, BN, PN, 3

-

WU
CALL~DUHH(D DFU,STI,PLOAD,X,Y,PNU,NE, NG, “UHEL NF,MB)
= ; CALL .DCOV3(E, PNU,DFU, PLOAD, NUNEL, X, Y, uunup NC,NE, NEP
1 ,1V,NES,IVV,COV,NH,U,SICH) g
1000 FORMAT(///" " NO'. OF “ODAL POINTS =1,13/ * vo. OF ELEM .
1 ENTS =',13/).
005, FORMAT(///, Jx 'POISSONS RATIO (HAT!IIAL 1 T10',13,")"

iy 1
1015 . FORMAT(///,3X, 'uonunus oF BLASTICITY (HATERIAL 1 10’
13,90 a :




1025

- 1
1030

1

2

1035
e

1840

1045 .

1070 -

s an

lDlHAT(/I 4X," ELEM. NO. n:uns: xnc:n;lcss
(1,J,K) HAT!IIAL No. ',/) g
roluAt(llz(zx.'uonB' cx,'co-onnqurxs ,5X, "BD. ;
CONSTRTS.')/2(3X, SA0X; 'Y, 5%, 4% Sox]
L3X)/1X,2(1X, 4(10%), 5K, 14(10%), 3x, 15(18%))/ /)’
FORMATY///, 3X, 'SUBMERGED WELGHT (uArlnxAL 1 70%,13,*

J5K 'Y!

)0

FORMAT(2(3X,13,6X,2(F6"1, 11) sx JI1,5%,11 ax))
FORMAT(////,6X, 'NODE- NO .« LOAD" , /)
PORMAT(////,* BANDWIDTH -' 13. ) .

STOP
END




e P ; "' APPENDIX IV '
™ . -t

. . Suhroutines for’stochastic Finite , . -

0 N 2 o Element Analysis - S 3

= & B ; i . .

J‘he suhroutines listed, balow. su‘ppl_ement»vvthe ,'n_min ,A

proqrams presentad \in Appandix III. The subro‘ﬁﬁinesl ¥
s&mulate t:he theory: developed in 'Chapter 3. 45 i
.« o

. o & s L . \
Assembles global stitfness matrix g

Generates B-matrix (intarpalatien matrix ¥

£ut trial}gulur; elenents)

s ) (3) CTRD = calculates centrcid of each discrete element

© (4)." cTRMD : ‘Chlculates-centroid of"emh ﬂdisctete algment
: " for main program NONLIN: FTN E =3 .

(5) DCoOVl : Deteminss disﬁlacemenc cwax:iancas for main

N prograﬂ ELAS’I'C. FTII

\. . T 1
2 l}at_erminas glisplacema covariances for- main’

&0

-(6) . DCOv2: =

ptogram RAND.FIN

(8) Dco!}lﬂ B Detemines displacement covarian:es for ma&n

A progrmn ELRAIID F'J.‘N o

F

) _(,9)."' DCOVE Detemines disp}.acemem: covntlancas for mnln k o

{708




. DVAT

Y s elastic co ent matrix of mater—

v, (20)
v ial properties .
(11) DUWH s Diltei'e;ltiutes di’sp?.acement w.r.t. elastic e
' 5 quulps to ohtn‘in cée_fficienta used-in calcu-
) lating the covariances of node displ&ceﬁent;,
(12) ELST: : Asaémhles local stiffness matrix for individ-
’ ual element. S . . t ‘.7
v .(13) GGEN °:* Gemeratifbn of nodes. and elements for gravity :
et ;: ‘ plut!om foundation andsbil interaction prob- ¢
k: lem (trianqular plane strain; iomhlation)
X (14?' GGUBS Pegudo-random number generator between zerc‘
T 5 " ° . and-one # s, ] ' ) -
;‘.’ ‘ (385 wm' H Gensntes load wvectorxrs ;
N !15) LOADD : Generates load vectors for main program
. nom.m,m_ .
% . {17) Mar H petamines {H) i3 values £9r selécted. elementé K
»(18)“ NLIN % -Sélects piecewise llnaar. elastic modulus based
" g on shear modulus and principal struins for
S sach element . . .
. (9) ROIS . Ger displa vector ana stresses for '
b . ] ' each element R 5 S
(20) RRDIS : displ b, vectar and > 5 for
g - each alement for main program NONLIN.FTN !
. (21). SCDVE 3 Dctemines vnriances ‘of stresses . N Y \
J a (22) SCOVEN: patermines varinnces ot stresses tor—mai.n pro= i

,gram “QNLIN’.FTN . = Lo §



ori ci degrees of.

(23), SYMBOL: and
freedom 3 .
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ca“nntnnaannni"nn*.nmunnunnuaaannxnnn:aan
c*

Cw SUBROUTINE ASMB: ASSEMBLES THE GLOBAL STIFPFNESS MATRIX *
c* 5 * . *

T i RAARR I K ARH
cx ‘ * N
c* COHHB“TB. THIS SUBROUTINE ASSEMBLES GLOBAL STIFFNESS L

c* MATRIX IN A CONDENSED STORAGE SPACE. GLOBAL STIFFNESS *
. C* MATRIX I'S A SYMMETRIC BANDED HMATRIX OF ORDER 'NF' =
c* TOTAL NUMBER OF FREEDOM. DUE TO' LTS BANDED NATURE,
C* THERE. IS A HAXIMUM BANDWIDTH ABOUT THE MAIN DIAGONAL
c* WHEREBY- ALL VALUES OUTSIDE IT ARE ZERO. BECAUSE OF
c* SYMMETRY OF THIS MATRIX ONLY HALF of THE VALUES ABOUT
C* THE ‘HAIN DIACONAL NEED BE STORED. THUS THE. GLOBAL *
C*_ STLFFNESS MATRIX IS REDUCED TO A STORAGE SPACE OF 'NF'*

Para .

C* ' BY 'MB' WHERE 'MB' + SEMI-BANDWIDTH. THIS PROCEDURE  *
C* . 1S DISCUSSED -IN ‘FURTHER DETAIL BY S. S. RAO IN " THE *
C*  FINLTE ELEHENT HETHOD IN ENGINEERING .’ PERGAMON *
C* PRESS (1982), PAGE 49. : *
c* , : »
c* # * RARRR R A AAK
o : 4 ' " e
C* N. . ' = ELEHENT NUMBER . 7 - *
C* NE(N,1) = MEMBER INCIDENCES WHERE I' HAS VALUES OF 1,2 *
c* . & 3 INDICATING THE THREE NODES OF THB TRIANG- *
cw - .ULAR ELEMENT - *
C* IE(J,1) = NUMBER SIGNLFYING A PARTICULAR DEGREE OF_ *
-C* FREEDOM IN THE X-DIRECTION AT NODE 'J°' *
C* 1E(J,2) = NUMBER SIGNIFYING ‘A-PARTICULAR DEGREE OF *
cw PREEDOM IN THE Y<DIRECTIOW,AT NODE 'J ' *
-€* ND(*) = VECTOR OF SIZE 6 INDICATING THE-DEGREES QF *
c* FREEDOM FOR THE ELEMENT * *
C* MB = SEMI-BANDWIDTH @ *
C* SK(I,J) = LOCAL STIFFNESS MATRIX *
C*.ST(L,J) = GLOBAL STIFFNESS MATRIX STORED IN MINIHUM— * *
[ SPACE *
C* *
‘e RARRR RAARRRRARR
SUBROUTINE ASMB(ST',SK,N,NE,LE ,MB)
. nuzzt;smn ST(538,32),5K(6,6),NE(536, s) IE(303,2),
ND
K=1 Y
DO 10 I=1,3
J=NE(N,1) & ~
" ND(R)=IE(J,1)
ND(R+1)=IE(J,2)
- KeK¥2 -
10. . GONTLNUE . '
D0 100 .1=1,6
R=ND(I)

IF (K.LE.0) GOTO 100

D0 100 J=1,6 -

LeND(J) ;
4 —




Il
¢
|

i
i

IF (L.LE.O) :GOTO 100
. LL=L=K+1
IF(LL.LE.0)GO TO 100
Ch#a***% SELECTING SEMI-BANDWIDTH ool ]
IF(MB.LE.LL)MB=LL .
ST(K,LL)=ST(K, I.L)"'SK(I J)
100 CONTINUE
« _RETURN
END
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cauannnan»ut g *, * LI

k *

Q,' SUBROUTLNE BDBFIHX GENEKAT!ON OF THE B-MATRIX: THE *
INTERPOLATION MATRIX FOR TRIANGULAR ELEMENTS *

C' *
c Lid * hkhkde ok
LG *

c' COMMENTS : THIS SUBROUTINE GENERATES THE LOCAL STRAIN *

DISPLACEMENT MATRIX (B-MATRIX) FOR A TRIANGULAR PLANE *
C' STRAIN ELEMENT. THIS PROCEDURE MAY BE FOUND IN BASIC *
c* MATRIX STRUCTURAL ANALYSIS BOOKS OR ELEMENTARY FINITE *
C* - ELEMENT TEXTS. ONE SUGH REFERENCE IS J. S. PRZEMIENIE=*

c* CKI'S ~ THEORY OF MATRIX STRUCTURAL ANALYSIS " *
C*. McGRAW=HILL BOOK COHPANY (1968), PAGES 83=84. PLBASE *
c* NOTE THAT THIS SUBRODTINE DERIVES THE B-MATRIX FOR A - *
C*- COORDINATE SYSTEM WHERE THE Y—AXIS IS POSITIVE IN THE *
c* DZREG'I.‘ION OF GRAVITYs-- "¢ . *
ok - *
[ 3 1 *
C* B(L,J) = LOCAL STRAXII DISPLACEHBNT HATRI *
Ch X,Y .= CARTESIAN ‘COORDINATES FOR NODES OF.TRIANGULAR *
c* _ELEMENT. (X=AXIS LS. POSITIVE TO:THE R[GHT AND *,
c* i Y-AXIS. 1S POSITIVE DOWNWARDS). *
Cc* A = DETERMINANT .OF SYSTEM OF ELEMENT'S INTERPOLAT- *
c*. ING POLYNOMIALS *
C: - ¢ = TWICE- THE AREA OF THE TRIANG“LAR ELEMENT *
c *
0! P * EETIT] *

SUBROUTINE nnzrm:\x'v A) T

*  DIMENSION. n(:\ 6),%(3), 1(3) d

D0 10 :I=1,3

0 10, J=1,6 N

B(I,J)=0.0 -

@ X!Z-X(J)-X(Z) ”
. X3L=x(3)=x(1) ", s B B
)(21-){(2)-){(1) @ - ¥

¥32=1(3)-(2) .
¥31=y(3)-¥(1),
© o Y21m¥(2)-¥(1) -
. A= X(l)'Y(J)-K(B)"!(Z) (X(l)'Y(3)-X(3)"‘1(1))+(X(1)*
1 ¥(2)-x(2)*1(1))

B(L,5)==Y21 -
B(2,2)=X32 . ° _— .

B(3,3)=—X31 -
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c

-

50

150

100

200
300
1000

. 1025

"DO 50 NL=1,NUMEL, 5 o® o «

c
c* *
C#* SUBROUTINE CTRD: CALCULATES CENTROIDyOF EACH DISCRETE  *
Cc* ELEMENT FOR PROBA ISTIC ANALYSIS *

.. *
ctuu%annnnagntannu *

C* *
c* N = ELEMENT NUMBER *
cH Nc(lu. L) = MEMBER INCLIDENCES WHERE 'L' HAS VALUES OF 1, *
c* 2 6 3. INDICATING THREE NODES OF TRIANGULAR *

.Ch ELEHENT .
C* XX(L) = X-COORDINATE FOR jNODB L' B
C* yY(L) =_Y-COORDINATE FOR NODE 'L’ *
C* XM TMEAN OF X-COORDINATE VALUES *

.G XY = MEAN OF Y-COORDINATE VALUES 3 *
C* CRT(NL) = X-COORDINATE OF CENTROID FOR ELEKENT 'NL’ *
C* CRT(NL) .= Y-COORDINATE OF CENTROID FOR ELEHENT. 'NL' *
c* . i . . *

A T3] *RRAR

SUBROUTINE_CTRD(X,Y, n jeIxery uuum’ NUMEL )
DIMENS ION .X(303),Y(303), N c 36,5),XX(3); ¥¥(3);
CTX(536),CTY(536) _

CTX(NL )=0.0
CTY(NL)=0.0

CONTINUE

DO 100 NL=1,NUMEL 7
DO 150 1L=1,3 ik
XX(L)-X(NC(NL L)
n(r.)-v(nc(m. L) P
CONTINUE . N
X1=XX(1) .
X2=XX(2) . .
X3=XX(3)

Y1FYY (1)

XHa(X1+X24X3)/3.0 .
YH=(Y1+4¥24¥3)/3.0 S . _— '
CTX(NL-)=XM .
CTY(NL )=1H - .
CONTINUE : 1
WRITE (6, 1025) - \ .
D0 200 =1, . .
_WRITE (6, won) z crx(n.cn(z)

CONTINUE T

CONTINUE

FORMAT (5X,13,6X,F8.3,3X,F8.3) \ T ~.
FORMAT (////, i zuumn N X§ Y CENTROIDS',/)
RETURN - '

END B




YIS ARRRRRARARK ERARNRANR
"

c*
A C* SUBROUTINE CTRDD: CALCULATES CENTROLD OF EACH DISCRETE *
o ELEMENT FOR PROBABILISTIC ANALYSIS *
[
¢ RARAE ARARR *ann
c* *
C* NL = ELEMENT NUMBER * s
C*¥ NC(NL,L) = MEMBER INCIDENCES WHERE 'L ' HAS VALUES OF 1, * -
c* . 2 & 3 INDICATING THREE NODES OF TRIANGULAR *
c* ELEMENT *
C* XX(L) = X—COORDINATE FDK NODE 'L’ -
c* Yy(L) = Y—COORDINATE FOR NODE 'L’ *
C* XM = MEAN OF X-COORDINATE VALUES *
C* XY = MEAN OF Y-COORDINATE VALUES ; * .
C* CRT(NL) = X—COORDINATE ‘OF CENTROID FOR ELEMENT 'NL' *
C* CRT(NL) "= Y~—COORDINATE OF CENTROID -FOR EEEMENT 'nL' * -
c* NI = ITERATION NUMBER FOR PIECEWISE LINEAR *
c* ANALYSTS . s
ok - . : *
CRRRRRRRH K RAHR KK AKARR K RRRR RRRAR KRS
SUBROUTINE CTRDB(X,¥,NC,CTX,CTY , NUHNP , NUMEL ,NI)’ .
*  'DIMENSION X(303),Y(303), Nc(szs 5) XX(3),Y¥(3);
1 CTX(536),CTY(536)
i . .D0'50 NLs=1,NUNEL e
CTX(NL)=0.0
CTY(NL)=0.0 : o
50 CONTINUE ~ 4 -
DO 100  NL=1, NUMEL -
DO 150 L=I,3° G
XX(L)=X(NC(NL,L))
YY(L)=Y (NC(NL,L)) X
150 CONTINUE LA
X1=XX(1) f ,\&
X2=XX(2 )
. X3=XX(3) <
Y1-yv(1) i
Y2=Y¥(2) .
Y3=YY(3) - o g .
. XM= (X1+X2+X3) /3.0 5
YM=(¥1+Y2+¥3)/3.0 : %
CTX(NL) =X ! : & e
CTY(NL) =M ' . o R
100, CONTINUE --»V/ p
CA%a4%% BRINT CENTROID LOCATIONS ONCE (WHEN NI = 6) AhAn# e
IF (NI.EQ.6) GOTO 250 g 3
GoT0 300 ’




200

1000
1025

WRITE(6,1025)

DO 200 I=1,NUMEL

WRITE(6,1000) I,CTX(I),CTY(I) &
CONTINUE

CONTINUE *
FORMAT(5X,13,6X,F8.3,3X,F8.3)
FORMAT(////," ELEMENT NO. X & Y CENTROIDS',/)
RETURN . ’ .

END
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c * 4 LAETITEES » Ll
o
C* SUBROUTINE DCOV1: DETERHMINES DISPLACEMENT COVARIANCES *

-

c”nn"nnnnnnnn NAARRAR ARRRARRR
c* ) bl
C* COMMENTS: ,THIS SUBROUTINE CALCULATES THE COVARIANCE OF *
€*  VERTICAL DISPLACEMENTS FOR SELECTED NODAL POINTS Us- * 3
C* ING THE FIRST TWO TERMS OF A TAYLOR SERIES EXPANSION * =
C* ABOUT THE EQUILIBRIUM DISPLACEMENT EQUATIONS. THE  *
C* CORRELATION COEFFICIENT FUNCTION IS AN EXPONENTIAL  *

Cc* DECAY FUNCTION (VALUES BETWEEN O & 1) TO INDICATE THE *
C* DECREASE IN CORRELATION BETWEEN ELEMENT PROPERTIES &,
C* WITH INCKEASING DISTANGE BETWEEN CENTERS. THE SELECT- "
C* LION OF "AN' IS TO ESTABLISH A RATE AT WHICH IT DECAYS. »
C* TO NORMALIZE THE EXPONENTIAL RATIO'IN THE EXPRESSION _* (
C* "RO' IS USED. THE LATTER SECTION DETERMINES THE RATIO * - i

C* OF THE NODAL DISPLACEMENT STANDARD DEVIATION (SQUARE . * .

C%  ROOT OF VARIANCE) TO THE HEAN DISPLACEMENT (USING-  * :

C* MEAN ELASTIC MODULL) ° a . : * .
* *

c'ﬁﬁkﬁn*iaﬁ*iﬁ‘ﬁﬁiﬁ*.ﬁ'khﬂi’ﬁﬂiﬂﬁﬂﬂﬁﬁqdﬁhlitﬂﬂﬁﬁhaﬁﬁhttﬂhiiﬁa -

cw - *

C#* NEP = NUMBER OF NODES GONSIDERED 'FOR STOCHASTIC. %

c* ANALYSLS *

C* IV(I) - NODE NUMBER FOR NODES CONSIDERED FGR STO= #

[ ~ - ‘CHASTIC ANALYSIS *

C* NE(IL,2) « NUMBER SIGNIFYING FOK NODE 'II' VERTICAL *

c* DEGREE OF FREEDOM (D.F,) *

C¥ XX(*),YY(*) = VECTORS OF GLOBAL coowmuzs FOR ELEMENT *  _

C+ NODES e *

C* X(*),Y(*) = VECTORS OF CENTROLDAL COORDINATES * )

C* NUMNP = TOTAL NUMBER OF NODAL POLNTS * 1

C# NUMEL = TOTAL NUMBER: OF ELEMENTS * &

C# GT(M,N) = MATRIX: INDICATING RELATIVB n!suncz BE-ag * .

c* ks TWEEN GENTROIDS OF - ELEHEN. * -

c* E(I) = ELASTIC MODULUS FOR m.zmzwr gy *

C* cOV - .COEFFICIENT OF VARIATION (C.0.V.) OF MAT= * -

c* . ERIAL PROPERTIES. EXPRESSED AS A FIXED *

c¥ PERCENTAGE OF THE ELEHENT HODULL L

C#* STD(I) = STANDARD DEVIATION OF ELASTIC MODULUS FOR *-

cx . ' ELEMENT 'T' - * .

C* AN = CORRELATION DISTANGCE FACTOR (FIXED VALUE) # -

C* RO ‘= PRODUCT OF CORRELATION DISTANCE FACTOR.& *

c* . DIAMETER OF TANK STRUCTURE (92 METERS) *

CAR ., .= COVARIANCE OF ELASTIC HODULL BETWEEN ANY *

c* E TWO ELEMENTS . *

c* 11,12 = NE(**,2) ¢ *

C* DFU(L,J) = GLOBAL mmux OF PARTIAL DERIVATIVES 0F % .

c* - B NODAL DISPLACEMENTS WITH ELASTIC HODULUS #

c* © POR D.F. 'LY% & ELEMENT 'J' (FROM SUBROUZ=—*

c* INE 'Dlnm') . ot

Cc* - H *
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C* VAR(L,J) = SUMMATION OF PRODUCTS OF PARTIAL DERIVA- *
c* we TIVES FOR ALL ELEMENTS &
C* VVAR(L,J) COVARIANCE 0F VERTICAL DlSPLAL}EHENT *
c* ‘ HATRIX BETWEEN NODAL POINTS Lo . L
C* U(JI;2) HEAN - VERT,ICAL DISPLACEMENT AT NODE ‘JJ‘ L 4
C* STAND STANDARD ‘DEVIATION OF VERTICAL DISPLACE- : -
*
*
*
*
*

c* HENT FOR NODE 'I'

' C* qcov = COEPFICLENT OF VARIATION OF VERT. DISPL.
" c* = RATIO OF STANDARD DEV IATION TO MEAN VERT.
- Cc* T . DISPLACEMENT -
.C*
4 * EETTEY

SU!I\OUTI.IIE DCOVI(E PNU, DFU,V, NUMEL, XX YY NUMNP , NC,NE
1 ,NEP,IV,NES,XIVV,COV,NW,U, SIGI K)
DIHENS TON XC536),¥(536), srv(sss) NE(303},2),IVV-(47),
©(303,2),KX(303), Y¥(#03 ) ,NC(536,5), VAR(35 , 35), IV (35)
-, 1V1(35),81GM(3,536 nruusa sas;,z(sae) v(538),
BNU(14) ,VVAR(35,35) .
. COHHMIGTCIGT(536 536),R0
‘WRITE(6,950) / . B .

e

- WRITEC6,%) (IV(1);1-1,NEP)
Y DQ 700 I«1,NEP 4 \o s
> II=IV(I) * = _ - o= \
. FJ=NE(II,2) N 3 LI
3 - LD =1
: 700 CONTIN
CA®##d* DETERMINE CENTROID LOCATION FOR ELEMENTS *ﬁﬂ"*
CALL CTRD(XX, YY,NC,X,Y, NUHNP, NUYEL)
DO 400 M=1,NUMEL
- DO 400 N=H,NUMEL
400 GT(M, N)-sm((x(n)-x(n))"z-r(v(n) Y(N))**2) D
DO 40 I=1;NUMEL
EE=E(I) . ’ . -
- STD(1)=EE*COV
40 CONTINUE
© AN=0.1% (NW-1.)
RO=92. 0 #AN
i WRITE(6,965) AN i g
s WRITE(® , 960) | .
DO 501 I=1,NEP | o s
. Do 501 J=1,NEP | .
501 VVAR(L,J)=0. . |
DO'500 M=1,NUMEL, " | .
DO 500 N=H,NUMEL 4 |
M DO 5011 1=1,NEP « .
- DO 5011 J=l,NEP . b
<5011 VAR(I,Jy«0.
GETA=GT (H,N) - : . .
Chumias CBVARIANG! QF ELASTIC MODULL #w#nin — Y EY
v ; .R=EXP (~GETA/RO)¥STD () *STD(K) . :
Do soo 1%1,NEP : 7
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DO 600 J=1,NEP .
_ Il=i(I) " '
12-1V1(J) 3 .
CAA##s% DIAGONAL TERMS OF MATRIX ##waas __, [ e

IF (M.EQ.N) CONST=DFU(IL,M)*DFU(12,N)
CA*aaer OFF-DIAGONAL -TERHS OF MATRIX *%hatw

IF(M.NE.N) CONST=(DFU(ILl, H)Anru(u N)+DFU(LL,N)* e

1 DFU(I2,M))
CA*&a4* SUMHATION OF PRODUCTS OF nnl/h DERIVATIVES #4%#as
VAR(L,J)=VAR(L,J)+&ONST ’
600 CONTINUE 5 o
DO 800 I=1,NEP ) -
DO 800 J=I,NEP
C***#4* ASSEMBLY OF COVARIANCE OF DlSPLAc!H!NT nuux akanan
VVAR(L, J)=VVAR(I, .v)+ul(1 J)*R

800 VVAR(J, I)=VVARYI,J) .
500 CONTINUE \
DO 100 I=1,NEP
100 WRITE(6,111) IV(I), (VVAR(I,J),J=1,NEP)
1 FOIHAT(IX 13,11e11.3/4X,11E11. 3/5! 11E11. lllx,
1 11ell.3) .
WRITE(6,1000) ¢ =
CHAA#A% _CALCULATINGWp.0.V. OF Y-DISPLACEMENT *a#aw:

DO 120 I=l,NEP 4

& T 33y -

D1sP=U(JJ,2)*1000.0

CH*xa#* VYAR(L,TI) = VARIANCE FOR VERT. DISPL. AT NODE *##ass
STAND=(SQRT(VVAR(L,1)))*1000.0 -~
-QCOV=ABS (STAND /DISP)
WRITE(6,, #) JJ, DISP , STAND, qCOV

120 CONTINUE

ChRaart CALLING svnloumuk‘rm.s‘mcusnc STRESS A*#srh

c ANALYSIS

CALL SCOVE(NE, NC,NUMEL, XX YY,X,Y,E,PNU,V,DFU,D,STD,

NES,IVV ,NW,SIGM)

90 CONTINUE .
950 FORHAT ( ///I. s‘l’OCHASTlC ANALYSIS OF SELEGTED nopaL
1 POINTS:*
960 Ponnu(//,' MATRIX "OF DISPLACEMENT COVARIANCES:',/)
965 FORMAT(/,' RATIO OF CORRELATION DISTANCE TO WIDTH
1 OF FOUNDATION 15 ',F7.2)
1000  FORHAT(///,' NODE NO. VERT.DISP.(mm) STD(mm)
1 c.o. ', /1D
RETURN .
END % .
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= ¥ C‘ SUBRUUTIN! DCOVZ: DETBRH!NES DISPLACEMENT CO‘IARIANCBS *
*
v 4 L
o . S a
s c* EOHHENTS. THIS SUBROUTINE CALCULATES' THE COVARIANCE OF *
C' VERTICAL DISPLACEMENTS FOR SELECTED NODAL POLNTS US- *
ING THE FIRST TWO TERMS OF A TAYLOR SERIES EXPANSION "
- G' ABOUT 'THE EQUILIBRIUM DISPLACEMENT EQUATIONS. THE *
c* CORRELATION COEFFICIENT FUNGTION IS AN EXPONENTIAL *
C*  DECAY PUNCTION (VALUES BETWEEN 0.& 1) TO INDICATE THE *
c* DECREASE IN' CORRELATION BETWEEN ELEMENT PROPERTIES *
- e C* . WITH INCREASING DISTANCE BE‘THEBN CENTERS. THE SELECT= *
] C*  ION OF 'AN' IS TO ESTABLISH A RATE AT WHIGH IT DECAYS.*
¢ LC* TO NORMALIZE'THE BXP(’NINTIAL RATIO IN THE EXPRESSION _*
Cc*- 'RO' IS USED. THE LATTER SECTION DETERMINES THE RATIO '
i c* .OF THE NODAL DISPLACEMENT STANDARD DEVIATION (SQUARE
c* ROOT OF VAKIANCE) TO THE MEAN: DISPLACEMENT (USING
C* MEAN ELASTIC MODULI). THIS SUBROUTINE DIFFERS FROM
¥ c* 'DCOVE' ONLY IN THE DETERMINATION:OF 'RO' DUE TO THE
: C* " H.A.C. HAVING A DIAMETER OF 110 METERS. L
. cH ) " R -
i C T
P c* . B
N c* N&P \ Q NUHB!R OF NO!;&,CONSIDERBD FOR’ STDCHI\STIC
. U E ANALYSIS
L o C* IV(I) . = NODE NUMBER FOR NODES CONSIDERED FOR STO-
d c* .- S "CHASTIC ANALYSIS
2 C* NE(1I,2) - HUHB!R SIGNIFYING FOR NODE 'II' VBRTICAL
c* DEGREE "OF FREEDOM (D.F.)
» G* XX(#),YY(*) = VECTORS OF GLOBAL cooumuzs FOR ELEMENT
% c* . NODES
N kL Ch X(*),Y(*) = VECTORS OP CENTROIDAL COORDINATBS
o o C* NUMNP = 'TOTAL NUHBEK OF NODAL POINTS
o2 - .C* NUMEL, = TOTAL NUMBER':OF ELEMENTS .
C* GT(M,N) ‘= ‘MATRIX INDICATING RELATIVE DISTANCE BE="
¥ e c* TWEEN CENTROIDS OF ELEMENTS
g “C* E(I) .° = ELASTIC MODULUS FOR ELEMENT 'I'
e c* GOV = COEFFICIENT: OF VARIATION (C.0.V,) OF MAT=~
. cr ERIAL PROPERTIES' EXPRESSED AS ¥ iven
ol * 52 PERCENTAGE OF THE. ELEMENT MODULI
. C*-STD(I) " = STANDARD DEVIATION OF ELASTIC MODULUS FOR
.. c* ELEMENT . 'L'.
C* AN - = CORRELATION DISTANCE PAC'(DR (FIXED VALUE)
-C* RO = PRODUCT OF CORRELATION .DISTANCE FACTOR &
-C* . DIAMETER 0!‘ CAISSON M.A.C. STRUCTURE - (IXO
c* METERS). -
C* R = COVARIANCE OF ELASTIC HDDULI BETWEEN ANY
c* . TWO. ELEMENTS
ClIl,12 = NE(*%,2) -

I T ]

-
R

?,'\.
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LC 1
c* .
C* DFU(L, = GLOBAL MATRIX OF PARTIAL DERIVATIVES OF *
cx " NODAL DISPLACEMENTS WITH ELASTIC MODULUS *
c* FOR D.F. 'I' & ELENENT~J' (FROM SUBROUT- *
c* INE ~'DUWM') .
€* VAR(I,J) = SUMMATION OF PRODUCTS OF PARTIAL DERIVA— .*
c* TIVES .FOR ALL“RLEMENTS .
' .C* VVAR(I,J) = COVARIANCE. OF VERTICAL DISPLACEMENT . J
c* .| MATRIX BETWEEN NODAL POINTS 'I' & 'J' *?
C*.U(JJ,2) = MEAN VERTICAL DISPLACEMENT AT NODE 'JJ' +
. C* STAND = STANDARD DEVIATION OF VERTICAL DISPLACE- *
c* MENT FOR NODE 'I' .
c* qcov = COEFFICIENT OF VARIATION OF VERT. DISPL. *
Cc* = RATIO OF STANDARD DEVIATION TO MEAN VBRT. *
G * DISPLAGEMENT %
.

W

* SUBROUTINE DGOVZ(B PNU,DFU,V, NUMEL /XX, YY IIUHNP NC, NB

,N!P,lv NES,IVV,COV,NW,U,SLGH
DIMENSTON X(536),¥(536),5TD(536),NE(303,2), 1VV(47),
U(303,2),XX(303),¥¥ (303 ,NC(536,5),VAR(35,35), 1v(34)
;1V1(35),S1GM(3, sas) DFU(538, 536),E(536),V(538), -
BNU(14),VVAR(35,35) . i
cnuuou/ctc/cr(ssa 536),80 #
WRITE(6,950
WRITE(6,*) (1V(1) -1, nsr) .
DO 700 I=1,NEP

© - II=IV(I)
1J=NE(II,2)
IV1(1)=1J - E s

CONTINUE

7
Chk%%%%** DETERMINE CENTROILD.LOCATION FOR ELEMENTS ***aa#

| 501,

5011

_\"WRITE(6,965) AN £ .

CALL CTRD(XX,YY,NC,X,Y,NUMNP,NUMEL)

DO 400 M=1, HUHBL

DO 400 N=M,NUME

_GT(H, l)'SQM‘((X(K) =X(N) )**2+(Y (M) -Y(N))**2) #
DO 40 I=1,NUMEL

EE=E(I) '

STD(I)=EE*COV -« =

CONTINUE
JAN=0. 1% (NW=1.)

RO=110.0*AN

WRITE(6,960)
‘D0 501. I=1,NEP
. D0.501 J=1,NEP
VYAR(I,J)=0. y .
D0 500 Mwl,NUMEL
DO 500 N=M,NUHEL
D0 5011 I=1,NEP
D0 5011 J=1,NEP
VAR(Y;J)=0.
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GETA=GT (M,N) . <
C#*A##% ‘COVARIANCE OF ELASTIC MODULL #####
R=EXP (~GETA/RO)*STD(H)*STD(N) @ )
DO 600 I=1,NEP 4
DO 600 J=I,NEP
11=1V1(I)
. 12=1V1(J)
CH#A4#% DIAGONAL TERMS OF MATRIX #**#ax _
: IP (M-EQ.N) CONST=DFU(IL,M)*DFU(I2,N)
© GAwAxA* OPP-DIAGONAL TERMS OF MATRIX Aa¥ka
: - IF(M.NE. u) CONST=(DFU(TL,H)*DFU(IZ,N)+DFU(LL,N)*
& 1 DFU(IZ,H
CHrAARR summuon OF PRODUCTS OF PARTIAL DERIVATIVES *####%
VAR(I, J)-VML(I J)+CONST
600 CONTINUE .
, 5o 800 I=1,NEF b
- DO 800 J=I,NEP
. CA%##4% ASSEMBLY OF COVARLANCE OF DISPLACEMENT MATRIX ***kx#
* VAR(I,3)=VVAR(I,J)+VAR(I,J)*R

! Ry 800  VVAR(J,I)=VVAR(I,J). o
P 11 CONTINUE
o 8 . : DO 100 I=1,NEP ! .
G © 100 WRITE(6,111) IV(I),(VVAR(I,J),J=1,NEP) g .
« . iy FORMAT (1X, 13,11E11.3/4X,11E11, thx 11E11.3/4X, R

i .1 11B11.3)

. WRITE(6,1000)
CANARNA CALCULATING C.0.V, OF Y-DISPLACEMENT Akaa

e © DO 120 I=1,NEP
JI=IV(I) .
DISP=U(JJ,2)#1000.0
“ C*#**%k% YVAR(I,I) = VARIANCE FOR VERT. DISPL. AT NODE **%ki#
STAND=(SQRT (VVAR(I,1)))*1000.0 e
QCDV-ABS(STANBIDISP) L
HRITB(6 *) JJ,DISP,STAND,QCOV
120 CONTIN
CHrRARE cnnmc SUBROUTINE FOR swocmsuc GTRESS Makkan
c = ANALYSIS -
1% ‘. CALL SCOVE(NE,NC, uumu. XX, n X, ¥;E,PN0,V, bFU,D,STD, ¢
1 NES,IVV,NW,SIGHM) -
< e90 CONTINUE X
950 FORMAT(////,", STOCHASTIC ANALYSIS OF SELECTED NODAL i
d 1 POINTS:',/) ' "
. 960 . .FORMAT(//,' MATRIX OF DISPLACEMENT COVARIANCES:',/)'
965 FORMAT(/," RATIO oF COI\RBLAT!ON DISTANCE TO WIDTH
1 10N IS ',F7.2) 3
- 1000 * NODE NO. VERT.DISP.(mm) STD(mn) - x
- 111y ) 5
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C* SUBROUTINE DCOV3: DETERMINES DISPLACEHENT COVARIANCES  #
* *

. ge o
c* X : »
C* CQMMENTS: THIS SUBROUTINE CALCULATES THE COVARIANCE OF *
o ERTICAL DISPLACEMENTS FOR SELECTED NODAL POINTS US- #
C*  ING THE FIRST TWO TERMS OF A TAYLOR SERIES EXPANSION *
C*  ABOUT THE EQUILIBRIUM DISPLACEMENT EQUATIONS. . THE *
C* . CORRELATION COEFFICIENT FUNCTION IS AN EXPONENTIAL *
C*  DECAY FUNCTION (VALUES BETWEEN 0 & 1) TO INDICATE THE *
C*  DECREASE IN CORRELATION BETWEEN ELEMENT PROPERTIES *
C*  WITH INCREASING DISTANCE BETWEEN CENTERS. THE SELECI:- A
C*  ION OF 'AN' IS TO ESTABLISH A RATE AT WHICH IT DECAYS.*
C*  TO NORMALIZE THE EXPONENTIAL RATIO IN THE EXPRESSION - *
C*  'RO' IS USED.. THE LATTER SECTION DETERMINES THE RATIO
C*  OF THE NODAL DISPLACEMENT STANDARD nzvunou\W
C* . ROOT OF VARIANCE) TO THE MEAN DISPLACEMENT (US *
C* . MEAN ELASTIC MODULI). THIS SUBROUTINE DIFFERS FROM *
C*.° 'DCOVL' ONLY IN THE DETERHINATION -OF: 'RO' DUE TO .THE %"
C* M.A.C. HAVING A DIAMETER OF 110 METERS AND IN THE USE *
G*, . OF A PSEUDO~RANDOM NUMBER GENERATOR IN OBTAINING THE . *
C* - STANDARD DEVIATION OF THE ELASTIC MODULI. USLNG THIS': *

“c*  'RANDOM STANDARD DEVIATION, A RANDOM STOCHASTIC ANALY= *
C* SIS OF DISPLACEMENTES AND STRESSES. IS ACKIEVED. .
S * ARRAN KR #

c* *
C* NEP = NUMBER OF NODES CONSIDERED FOR srocuAsnc X
c* . ' * ANALYSIS

C*- IV (1) - NODE NUMBER FOR NODES CONSIDERED FOR STO= *
c* CHASTIC ANALYSIS’ *
C* NE(II,2) = NUMBER SIGNIFYING FOR NODE 'LI' VERTICAL *
c* , DEGREE OF FREEDOM (D.F.) ~
C* XX(*),YY(*) = VECTORS OF GLOBAL COORDINATES FOR ELEMENT *
c* . NODES *
C* X(*),Y(*) = VECTORS OF CENTROIDAL COORDINATES ., »
C* NUMNP = TOTAL NUMBER OF NODAL POLNTS ! *
C# NUMEL = TOTALNUMBER OF ELEMENTS *
C* GT(M,N) . = MATRIX INDICATING RELATIVE DISTANGE BE-  *

L TWEEN 'CENTROIDS OF ELEMENTS "
G* E(I) = ELASTIC MODULUS FOR ELEMENT 'I' - *
C* DSEED- = INPUT VARIABLE ASSIGNED AN INTEGER VALUE ‘*
c* IN TRE EXCLUSIVE RANGE™1 TO 2147483647  “*

*C* RR(I)™ = QUTPUT VECTOR OF PSEUDO-RANDOM UNIFORM *
c* : DEVIATES WITH VALUES BETWEEN ZERO'AND ONE *
c* ¥ FOR' EACH ELEMENT 'I" *
c* cov ‘= COEFFICIENT OF VARIATION (C.0.V.) OF MAT- *
[ ERIAL PROPERTIES EXPRESSED AS A FIXED -
c* . PERCENTAGE OF. THE ELEMENT MODULL *
c* . *
c *




- VAR(I,J)

‘uI,2)

STD(-I)

AN
RO §

R

11,12
DFU(I,J)

VVAR(I,J)

STAND.

Qcov

STANDARD DEVIATION OF ELASTIC MODULUS FOR
ELEMENT 'I'

CORRELATION DISTANCE FACTOR (FIXED VALUE)
PRODUCT OF CORRELATION DISTANCE FACTOR &
DIAMETER OF CAISSON M.A.C. STRUCTURE (110
METERS)

COVARIANCE OF ELASTIC MODULI BETWEEN ANY
TWO ELEMENTS

RE(**,2)

GLOBAL. MATRIX OF PARTIAL DERIVATIVES OF
NODAL DISPLACEMENTS WITH ELASTIC MODULUS
FOR D.F. 'I' & ELEMENT 'J' (FROM SUBROUT-
INE 'DUWN')

SUMMATION OF. PRODUCTS OF PABT[AL DERIVA-

‘TIVES FOR ALL ELEMENTS

COVARIANCE OF VERTICAL DISPLACEMENT
MATRIX BETWEEN NODAL POINTS 'I' & 'J!'
MEAN VERTICAL DISPLACEMENT AT NODE. 'JJ'
STANDARD DEVIATION OF. VERTICAL DISPLACE-
MENT FOR NODE 'I'

COEFFICLENT OF VARIATION OF VERT. DISPL.
RATIO" OF STANDARD DBVIATION TO MEAN VERT-
DISPLACEMENT -

ersar ek s s r e e e wie

700
L Che

490

*

SUBROUTINE DCOV3(E,PNU,DF!
1 »NEP,1V,NES,IVV,COV,NW,U
DIMENSION X(536),Y(536), sTn(SJG) NE(303,2),1VV(47),
0(303,3),XX(303),Y¥(303),NC(536,5),VAR(35,35),1v(35)

,IVI(35),

W

SIGM(3, 536) DFU(535 536) E(536), V(bSB),

PNU(14),VVAR(35,35) .

COMMON /GTC /G (536,536),R0

REAL ‘RR(536) %
WRITE(6, 950) o

WRITE(6,*) (IV(I),I=1,NEP) -

DO-700 I=1,NEP

II=IV(I)

1J=NE(II,

2)

IVI(D)=1J ¢ : . <

CONTINUE

A##% DETERMEINE CENTROID LOCATION FOR ELEMENTS *h#*#k
CALL CTRD(XX,YY,NC,X,Y,NUNNP, NUMEL)
DO 400 ‘Mw=1,NUMEL
DO 400 N=M,NUMEL
GT(M, N)-SQRT((X(H)-X(N))*‘Z+(Y(H) Y(N))*‘Z)
DSEED=12345
CALL GGUIS(DSE!D.HUHBL.RR)

DO. 40~ I=1,NUMEL

B%F (1)
STD(L)=EE*GOVARR(I)
CONTINUE

lgv NUHEL-.XX YY,NUMNP,NC, )(B
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ChRNAAR

CARRARR

CRRARARR

1
ChRARAR

600

CHAKRAR

800
500

100"
111
1

Churkkn

CHARAAR
120
CHARAAR
c

90-
950

330
AN=0.1%(NW-1.)
RO=110.0%AN
WRITE(6,965) AN =
WRITE(6,960) 3

DO. 501 I=1,NEP
DO SOL J=1,NEP
VVAR(I,J)=O.
DO 500 M=1,NUMEL
DO 500 N=M,NUMEL
DO' 5011 I=1,NEP
DO 5011 J=1,NEP
VAR(I,J)=0.
GETA=GT(M,N)
COVARIANCE OF ELASTIC MODULI #*#k#

R=EXP (~GETA/RO)*STD (M) *STD(N)

DO 600 I=1,NEP

DO 600 J=I,NEP ° . £
I1=IVI(I) g

12=IV1(J)

DIAGONAL TERMS OF MATRIX *A#a#

IF (M.EQ.N) CONST=DFU(I1,M)*DFU(I2,N)

OFF-DIAGONAL TERMS OF MATRIX Aka#a#

IF(M.NE.N) COHST-(DEU(II M)*DFU(I2,;N)+DFU(IL,N)*
DFU(I2,MH))

SUMMATION OF PRODUCTS OF PARTIAL DERIVATIVES A*#as®
VAR(I,J)=VAR(L,J)+CONST

CONTINUE

DO 800 'I=1,NEP

DO 800 J=I,NEP

ASSEMBLY OF COVARIANCE OF DISPLACEMENT HATRLX *a#sds
VVAR(I,J)=VVAR(I%J)+VAR(I,J)*R

VVAR(J,I)=VVAR(I,J)

CONTINUE . . &y, <
DO 100 I=1,NEP

WRITE(6,111) IV(I),(VVAR(I,d),d=1 L NEP)
FORMAT(1X,13,11E11.3/4X, 11E11.3/4X,11811.3/4X, R
11E11.3) y

WRITE(6,1000)

CALCULATING C.0.V. OF v-nx;;LAcznznr AARRAR ‘
DO 120 I=1,NEP

JI=IV(I)

DISP=U(JJ,2)*1000.0 i

VVAR(I,I) = VARIANCE FOR VERT. DISPL. AT NODE *A*#aw
STAND-(SQRT(VVAR(I 1)))*1000.0

QCOV=ABS (STAND/DISP)

.unan(b *) JJ,DISP,STAND,QCOV

CONTIN! i
CALLIHE ‘SUBROUTINE FOR STOCHASTIC STRESS Aat#s
ANALYSIS B

CALL® SCOVE (NE,NC, IUHEL XX, YYLX, LB, PNU,V,DFU,D,57D,
NES , IVV,NW,SIGH)

CONTINUE

FORMAT(////," STOCHASTIC ANALYSIS or SELECTED nonAL
POINTS:',/)




960
965

1
1000

FORMAT(//,' MATRIX OF DISPLACEMENT COVARIANCES:',/)
FORMAT(/,' RATIO OF CORRELATION DISTANCE TO WIDTH
OF FOUNDATION IS ',F7.2)

FPORMAT(/-//," NODE NO. VERT.DISP.(amm) - STD(mm) e
? C.0.V. ' i

N .
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= c* : W Uw

C* SUBROUTINE DCOV4: DETERMINES DISPLACEMENT COVARIANCES  *

c* . *
5 c*
c*

v & *
C* COMMENTS: THIS SUBROUTINE CALCULATES THE COVARIANCE OF *
c* VERTICAL. DISPLACEMENTS FOR SELECTED NODAL POINTS US-~_ *
c* ING THE FIRST TWO TERMS OF A TAYLOR SERIES EXPFANSION *
c* ABOUT THE EQUILIBRIUM DISPLACEMENT EQUATIONS. THE L]
c* CORRELATION COEFFICIENT FUNCTION IS AN EXPONENTIAL *
C* ~DECAY FUNCTION (VALUES BETWEEN 0 & I) TO INDIC.\TE THE *
PDECREASE IN CORRELATION BETWEEN ELEMENT PROPER] *

*

c* ITH INCREASING DISTANCE BETWEEN CENTERS. THE
c* JION OF 'AN' IS TO ESTABLISH A RATE AT WRICH FT
C* [TO NORMALIZE THE EXPONENTIAL RATIO IN THE EXPRESSION * .
c*_/ 'RO' IS USED. THE LATTER SECTION DETERMINES THE RATIO *
C* . OF THE,NODAL DISPLACEMENT STANDARD DEVIATION (SQUARE *
, C*  ROOT' OF VARIANCE) TO THE MEAN DISPLACEMENT (USING *,
C*  MEAN ELASTIC MODULI). THIS SUBROUTINE DIFFERS FROM * :
C*  'DCOV1' ONLY! IN THE USE OF A PSEUDO-RANDOM NUMBER *
s © C*. -GENERATOR IN OBTAINING THE STANDARD DEVIATION OF THE *
~C*  ELASTIC HMODULI. USING THLS RANDOM 'STANDARD DEVIATION, * ¥
© C*- A RANDOM STOCHASTIC ANALYSIS OF DISPLAGEHENTES AND *
C*'  STRESSES ‘1S ACHIEVED. . R
s c* *
c 3 #
\ o* ‘ . . T o
- C* NEP = NUMBER OF NODES CONSIDERED FOR STOCHASTIC *
: c* ANALYS1S *
C* V(L) = NODE NUMBER FOR NODES CONSIDERED FOR STO- *
c* CHASTIE ANALYSIS . i *
- q§ NE(IL,2) = NUMBER NIFY!NG FOR ‘NODE 'IT' VERTICAL *
cx - DEGREE OF (D.F.) i
C* XX(*),YY(*) = VECTORS OF GLOBAL coonnmnss FOR ELEMENT *
c* NODES +
‘X X(*),Y(*) = VECTORS OF CENTROLDAL COORDINATES *
C* NUMNP = TOTAL NUMBER OF NODAL POINTS *
C* NUMEL = TOTAL NUMBER OF ELEMENTS *
C* GT(M,N) = MATRIX INDICATING RELATIVE DISTANCE BE=  *
c* TWEEN CENTROIDS OF ELEMENTS, *
C* E(I) = ELASTIC HODULUS ‘POR ELEMENT 'I' T 4
C* DSEED = INPUT VARIABLE ASSIGNED AN INTEGER VALUE * -
c* ——  IN THE EXCLUSLVE RANGE 1 TO 2147483647  .-%
L C* RR(I) = OUTPUT VECTOR .OF PSEUDO-RANDOM . UNIFORM  #°
c* DEVIATES WITH VALUES BETWEEN ZERO AND ONE *
c* - FOR EACH ELEMENT 'L’ bd
c* cov . = COEPPICIENT OF VARIATION (C.0.V.) OF HAT= *
cx ERIAL PROPERTIES EXPRESSED AS A FIXED *
c* " PERCENTAGE.OF. THE ELEMENT MODULL oo i
C* STD(I) = STANDARD :DEVIATION OF: ELASTIC MODULUS FOR * :
c* . ELEMENT "'L' *
c* - L2

4
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c* ; . '

C* AN = CORRELATION DISTANCE FACTOR (FIXED VALUE)
§ - C* RO = PRODUCT OF CORRELATLON DISTANCE FACTOR &
b T DIAMETER .OF TANK STRUCTURE (92 METERS)

c* R = COVARIANCE OF ELASTIC MODULI BETWEEN ANY

c*  u. THO ELEMENTS

c* 11,12 = NE(**,2)

c* DFU([ J) = GLOBAL MATRIX OF PAR‘L'IAL DERIVATIVES OF

c* NODAL DISPLACEMENTS WITH ELASTIC MODULUS

c* FOR D.F. 'I' & ELEMENT 'J' (FROM SUBROUT-

C* N INE 'DUWM')

C* VAR(I,J) = SUMMATION OF PRODUCTS OF PARTIAL DERIVA-

c* 3 TIVES FOR ALL ELEMENTS

C* VVAR(I,J) = COVARIANGE OF VERTICAL DISPLACEMENT

c* ~ MATRIX BETWEEN NODAL POINTS 'L' & 'J'

C* U(1J;2) = MEAN VERTICAL DISPLACEMENT AT NODE 'JJ'

C* STAND = STANDARD' DEVIATION OF VERTICAL DISPLACE-..

c* © . MENT'FOR NODE 'I' .

c¥ qcov = COEFFICIENT OF VARIATION OF VERT. DISPL.
e B LR ' = RATIO OF STANDARD DEVIATION TO MEAN VERT.
} ooocx DISPLACEMENT  °

Cc*

c * :

SUBROUTINE DCOV4(E,PNU,DFU,V,NUMEL,XX,YY,NUMNE,NC, NB

.- 1 ,NEP,IV,NES,IVV,COV,NW,U,SIGH)

DIMENSION X(536),¥(536),5TD(536),NE(303,3),1vv(47),
~—t . u(302,2),%X(303),¥¥(303),NC(536,5),VAR(35, 35),1v(35)
2, 1vll 35),510u(3,536),nru(538,536),5(536),v(535),
3° PNU(14),VVAR(35,3
com(ou/c'rclcr(saf; 536),R0
‘REAL RR(536) .
WRITE(6,950)
WRITE(6,%*) (IV(I),I=1, sz)
DO 700 I=1,NEP g
. II=IV(I)
1J=NE(II,2)
i(1)=1d
700. CONTINUE— =
CH*##ak% DETERMINE CENTROID LOCATION FOR ELEMENTS *##ka#
. CALL CTRD(XX,YY, NC X%, nunur NUMEL) q
DO 400 M=1,NUME!
DO 400 N=H, NUHBL
400 GT(H,N)=SQRT((X(H)=X(N) I*#24(X (M)-Y(N))**#2) -
DSEED=123457.0
CALL GGUBS(DSEED,NUMEL,RR)
DO 40 I=1,NUMEL
EE=E(I)
STD(I)=EE*COV*RR(1) L
40 CONTINUE A
5 AN=O0.L*(NW-1.) .
RO=92%0%AN .

WRITE(6,965) AN

Y s e




5011
CHAkRrn

CHhINRRR

S ChkkkkR

1
L CRREARR
\

600

Chhkkkn

800
500

100
111
1

CRRRRER

= -

WRITE(6,960)
DO 501 I=l,NEP
DO 501 J=1,NB?
VVAR(I,J)=0.
DO 500 M=1,NUMEL
DO 500 N=M,NUMEL
DO 5011 I=1,NEP
DO 5011 J=1,NEP
VAR(I,J)=0.
GETA=GT(M,N)
COVARIANCE OF ELASTIC MODULL *#%a#x
R-BXP(-GETA/RO)*STD(K)‘STD(N)
DO 600 I=1,NEP
DO 600 J=I,NEP
I1=IV1(I)
12=1V1(J)
DIAGONAL TERMS OF' MATRIX **xkax
F (M.EQ.N) CONST=DFU(IL,M)*DFU(I2,N)
DFF-DIAGDNAL TERMS OF MATRIX ##x#wnk

IF(M.NE.N) CONST=(DFU(IL,M)*DFU(I2,N)+DFU(IL,N)*

i:,,‘innﬁ b

DFU(I2,M))

SUMMATION OF PRODUCTS OF HARTIAL DERIVATIV

VAR(L5. J)-VAR(I J)+CONST
CONTINUE

DO 800 I=1,NEP

DO 800 J=I,NEP

334

ASSEMBLY OF COVAKIANCE OF DISPLACEMENT MATRU( *"*"‘

YVAR(T,J)=VVAR(I,J)+VAR(I,J)*R
VVAR(J,1)=VVAR(I,J) .
CONTINUE. .. i

DO 100 I=1,NEP

WRITE(6,111) LV(I),(VVAR(I,J),J=1,NE

P)
FORMAT(1X,L3,11E11. 3/‘0X,XIEH 3/“( 11E11.3/4X,

11E11.3)
WRITE(6,1000)

CALCULATING C.0.V. OF Y-DISPLACEMENT **##ax

+ D0 120 I=1,NEP

ChRkANH

120
Chhnkn
c

P

1

90
950 .

960
965

JI=IV(I)
DISP=U(JJ,2)*1000.0

VVAR(L,1) = VARIANCE-FOR VERT. DISPL. AT NODE *##ik#

STAND=(SQRT(VVAR(I,I1)))*1000.0
QCOV=ABS (STAND/RISP)
WRLTE(6,*) JJ,DISP,STAND,QCOV ,

"CONTINUE
CALLING SUBROUTINE POR STOCHASTIC ‘STRESS *hini#

ANALYSIS

CALL SCOVB’(NE,HC,NUHE&X »YY, X Y, E PNU,V, DFU D STD.

“NES,IVV,NW,SIGH)

CONTINUE

FDRHAT(I///,' STOCHASTIC ANALYSIS OF SELECTED NODAL

POINTS:'

FDRHAT(//,' MATRIX OF DISPLACEMENT COVARIANCBS 0
FORMAT(/," RATIO OF CORRELATION DISTANCE TO WIDTH

OF FOUNDATION IS ',F7.2)




1000 - PORMAT(///,
1

‘RETURN
END

a g
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' NODE NO. VERT.DISP.(am) STD(am)
c.0.v. ', /11
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. C T * .
ox ¢ o 3
C* SUBROUTINE DCOVE: DETERMINES DISPLACEMENT COVARIANGES  *
c* ¢ *
c »
c* — >
C* COMMENTS: THIS SUBROUTINE CALCULATES THE COVARIANCE OF *
C*  VERTICAL DISPLACEMENTS FOR SELECTED NODAL POINTS US~ *
C*  ING THE FIRST TWO TERMS OF A TAYLOR SERIES EXPANSION *
. C*  ABOUT THE.EQUILIBRIUM DISPLACEMENT EQUATIONS. THE *
C*  CORRELATION COEFFICIENT FUNCTION IS AN EXPONENTIAL *

T Cc* DECAY FUNCTION (VALUES BETWEEN 0 & 1) TO INDICATE THE *
N c* DECREASE IN CORRELATION BETWEEN ELEMENT PROPERTIES *
c* WITH INCREASING DISTANGE BETWEEN CENTERS. THE SELECT- *
C* ION OF 'AN' IS TO ESTABLISH A RATE AT WHICH IT DECAYS.*.
Cc* TO NORMALIZE THE EXPONENTIAL RATIO IN THE EXPRESSION *
»

G*- 'RO' IS USED.
c »
c KR AR A KRR Khhk
5 c . ) . po .
‘E‘ NEP . ' = NUMBER OF NODES CONSIDERED FOR STOCUASTIC * ~=
* ANALYSIS *
©o- T ek IV(D) = NODE NUMBER FOR NODES' CONSIDERED FOR §TO= ¥
S8 cx CHASTIC- ANALYSIS *
C* NE(II,2) = NUMBER SIGNIFYING FOR NODE 'II'MVERTICAL #
c* ' DEGREE OF FREEDOM (D.F.) . *
. k C* XX(*),YY(*) = VECTORS OF GLOBAL COORDINATES FOR.ELEMENT *
&% c* ap NODES A
* C* X(*),Y(*) = VECTORS OF CENTROIDAL COORDINATES *
C* NUNNP = TOTAL NUMBER OF NODAL POINTS *
C* NUMEL ' = TOTAL NUMBER OF ELEMENTS * %
© C* GT(M,N) 5 MATRIX INDICATING RELATIVE DISTANCE BE-  *
c* TWEEN CENTROIDS OF ELEMENTS *
c* E(I) * = ELASTIC MODULUS FOR ELEMENT 'I' *
c* cov = COEFFICLENT OF VARIATION (C.0.V.) OF MAT- * N
c* ERIAL PROPERTIES EXPRESSED AS A FIXED *
c* . PERCENTAGE OF THE ELEMENT MODULI *
«C* STD(I) = STANDARD DEVIATION OF ELASTIC MODULUS FOR *
- Cx (ELEMENT 'I' ¥
. C* AN = 'CORRELATION DTSTANCE FACTOR (FIXED VALUE) * -
| C* RO, = PRODUCT OF CORRELATIQN 'DISTANCE FACTOR & -* ‘
. cx Y DIAMETER .OF WK STRUCTURE, (92 METERS) * 3
c* R ‘. = COVARIANCE OF ELASTIC MODULI BETWEEN ANY *
c* - . TWO ELEMENTS *
C* I1,12 = NE(**,2) *
C* DFU(L,J) = GLOBAL MATRIX OF PARTIAL DERIVATIVES OF # © o
c* 5 NODAL DISPLACEMENTS WLTH ELASTIC/MODULUS * - 2
Ck — FOR D.F. 'I' & ELEMENT-'J' (FROM SUBROUT- * g
c* $ INE "DUWM') * ¥
C* VAR(I,J) = SUMMATION OF PRODUCTS OF PART[AL DERIVA- * k
[ - TIVES FOR ALL ELEMENTS *
c . *
c 3 AhAn *
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C* VVAR(IL,J)
c

C* VARS(I,J)
C* NI

c*
c* .

= COVARIANCE OF VERTICAL DISPLACEMENT
MATRIX BETWEEN NODAL POINTS 'I' & 'J'
= VARIANCE OF STRESS MATRIX FOR LOAD STEP
= ITERATION NUMBER FOR PLECEWISE LINEAR
©  ANALYSIS

P

*n

c

DO 400
DO 400

DO 40
EE=E(I

Do 501
D0 501
501+  VVAR(I
0 500
DO 500

SUBROUTINE DCOVE(E,PNU,DFU,V,NUMEL,XX,YY,NUMNP,NC,NE
-1 ,NEP,IV,NES,IVYV,COV,NW,VVAR,VARS,NI)
DIMENSION X(536),Y(536,5TD(536),
1 XX(303),YY(303),HC(536,5),VAR(47,47),1V(47),PNUCLA),
2 IVI(47).DPU(S538,536),E(536),V(538),VARS(47,3),
3 VVAR(47,47) e
connon/crc/ar(ssg 536) RO
MRITE (6,950
WRITE(6,*) (1v<x) 1-1, NEP) A
Do 700 I-{]HBP ¥
o II=IV(I)
IJ=NE(DL,2 .
IVI(I)=1d o Rt
700 CONTINUE
Ch¥ax** DETERMINE CENTROID LOCATION FOR ELEMENTS *#x##k
CALL CTRDD(XX,YY,NC%X,Y,NUMNP,NUMEL,NI)

E(303,2),1VV(47),

M=1,NUMEL -
N=M,NUMEL

400 GT(H—ﬂjlsan((x(u) X(N))**2+(Y (M)=Y(N))**2)
E

I=1,NUMEL

)
STD(I)=EE*COV k

0 CONTINUE w § =
AN=0.1*(NW=1.)
RO=92.0%AN
WRITE(6,965) AN
WRLTE(6,960)

I=1,NEP
J=1,NEP

»J)=0o °
M=1,NUMEL s
N=M,NUMEL £

DO 5011 I=1,NEP
4 DO 5011 J=1,NEP
5011 VAR(l J)=0. - e
GETA=GT (M,N)
\GRRARA®. COVARIANGE OF ELASTIC HODULL *#¥awx’

.+ R=EXP(-GETA/RO)*STD(H)*STD(N) ,
= DO 600 I=1,NEP
' DO 600 J=I;NEP =
s . Y1=IVI(I)-
: . 12=1V1(3) | . ‘

CHAAKAX DIAGONAL TERMS OF MATRIX ***a&

- IF (M.EQ.N) CONST=DFU(I1,M)*DFU(I2,N) e

®. 38



— CRAA**% QFF-DIAGONAL TERMS—OF MATRIX #*t#awn

Crarran

600

— ChhkRRR

800
500

100
111

1
Chrrnnn

c
90
950

960
965

-

-

-

.~

IF(M.NE.N) CONST=(DFU(I1l,M)*DFU(I2, u)unu(u N)*

DFU(I2,4))

SUMMATION OF PRODUCTS OF PARTIAL DERIVATIVES “""

VAR(I,J)=VAR(I,J)+CONST

CONTINUE
DO 800 I=1,NEP
D0L808* =1 ,NEP

ASSEMBLY OF COVARIANCE OF DISPLACEMENT MATRIX Aaaaas
VVAR(IL,J)=VVAR(L,J)+VAR(L,J)*R

VVAR(J,1)=VVAR(I,J)

*CONTINUE

DO, 100 I=1,NEP

WRITE(6,111) “nv(1), (VVAR([ J, El’)
FORHAT(!X £3; I.rEH. 3/4X%, 1’1! 1. 3/4)( L1E11.3/4X,

11E11.3)

CALLING SUBROUTINE FOR STDCHASTIC STRESS wualan

ANALYSIS

CALL SCOVEN(NE,NC,NUMEL,XX,YY,X,Y,E,PNU,V,DFU,D,STD,

NES,IVV,NY,VARS)
CONTINUE

FORMAT(////,' STOCHASTIC An,u.vsxs OF SELECTED NODAL

POINTS:"'

FOIHAT(//.' MATRIX OF DISPLACBHENT COVARIAKNCES:*,/)
FORMAT(/,' RATIO OF CORRELATION DISTANCE TO WIDTH .

OoF FOUIIDATlOII Is
RETURN
END

1,F7.2)
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: S
c !

c* ) s . . S ox
c* SU!RO_UTINE DMAT: GENERATES ELASTIC CQNSTIT“ENT MAT‘KIX *
c* . OF MATERIAL PROPERTIES *
c* i *

b KRRRRR KR z
. . % < *
M C. COMMENTS : THIS SUBROUTINE PRESENTS EL, C CONSTITUENT *
- MATRIX FOR A PLANE STRAIN FORMULAC N. A DERIVATION g
€ c- OF THIS,CAN BE OBTAINED IN J. S. PRZEMIENIECKI'S *
c* - THEOR‘[ OF MATRIX STRUCTURAL ANALYSIS ", McGRAW—HILL *
C*. BOOK-COMPANY (1968), PAGES 18-19. . *
- c* % - *
: c o kR
c# ? 2 3 - *
. C*'PR - EUEMENTAL POTSSON's RATID *
C*'D(I,J) = ELASTIC CONSTITUENT MATRIX OF ELEMENT MATERIAL *
La- . C% . PKOPBI{[BS EXCLUDING HODULDs' OF ELASTICITY -
o *

'SUHKOUTINB“ I)HAT(FR D)

DIMENSION D(

FA= (1..Pk)l((1 +n)“(x
=FA

pORFS

»
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CHARRARARH K KRKRR ARARA R
-
C* SUBROUTINE DUWM: DIFFERENTLATES THE DISPLACEMENT WLTH  *
C*  RESPECT TO ELASTIC MODULUS AND ARRIVING AT THE COEFF- *
C*  ICIENTS TO CALCULATE VARIANCES AND COVARIANCES OF THE *
C*  .NODAL DISPLACEMENTS Lo
c* Do
T, L S e
c - o*
C* NUMEL - = TOTAL NUMBER OF ELEMENTS -
C* NC(*%%,L) = ELEMENT INFORMATIO & -
c* NC(**%* 1) = MEMBER INCIDENCE *
cx . NC(**%52) = MEMBER INCIDENCE *
c* . NC(***,3) = MEMBER INCIDENCE *
‘o S NC(***,4) = LAYER NUMBER *
C* X(*),Y(*) = VECTORS OF GLOBAL COORDINATES FOR ELEMENT™ *
c* N , = TOTAL NUMBER OF NODAL DEGREES OF FREEDOM  *
C* PNU(HT) = POISSON'S RATIO FOR LAYER 'HT' *
c* E . : = MODULUS OF ELASTICITY, . *
C* NO : = NODE NUMBER' -~ »
C* NE(NODE,T) = NUMBER SIGNIFYING A nnncumn DEGREE OF ™ *
c* > . . FREEpOM (D.F.). AT "N -
c* N : . - 1% 1. X-DIRECTION DiF. *
..c* 3 B . 1I = 2, Y-DIRECTION ‘DyF. *
cx vere) = soLuriow vgcrm\ FOR DISPLACEMENTS OF D .i. *'
..C* DUCIK), ¢ = SUMMATION OF PARTIAL DIFFERENTBATION OF. ' *
c* 7 DISPLACEMENTS _WITH MODULUS OF ELASTICLTY ..
KL 5 FOR D.F.. . *
C* SKD(I,J) & LOCAL s-unuzss HATRIX . -
/G* DPU(L/NEL) ‘= GLOBAL, MATRIX OF PARTIAL: DERIVATIVES OF .. &
c* T’ NODAL DISPLACEMENT: WITH ELASTIC HDDULUS‘ L
* - -
SUBRQULINE DUWM (D) npu ST, V, XK Y, PNU, NE,NC, Numu. NF
nuﬂ;usmu v(sss),xxcsoa) 11(303), £(303,2),KC(536;5)
1. ,DU(538),IE(6),B(3 SK 6),SKD(6,6),5T1(538,32))
- 1. bru(33s,536) 1(3),\((3) vx(s) n(a):s) PNUCL4) -
<.+ DO 1007 y.-x ‘NUME] -
Vnu 200 3 4 ' .
% (L)-XX(NC(NB L N * .
200 Y(L)-YY(NC(N!L L)) - R g
P 0. I
300 DU(I)-D ] .

nﬂ'-uc(ﬁzl. A)
(b

364
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PR NODE=NC (NEL, 1)
IE(K)=NE(NODE,1) . o
IE(K+1)=NE(NODE,2)

K=K+2
80 “ CONTINUE "
- o DO 400 I<1,6@
. IJ=IECIL)
IF (13) qn 5100,9¢ .
90 VE(L)=V(LJ .

5100 VE(I)=0.0
400 CONTINUE .

IK=IECI) -

. EE(IE-EQ.0) GO T0 3000

Do 3001 J=1,6 -
CH*Aask ‘SUMHATLON OF PARTIAL BKFFZRENTIAT[ON FOR '"IK' #**&ak
3001 bu(xx)—nu(xx)+sxn(L -J)*VE (J
3000 * CONTINUE
CARA*A* SOLVE FOR PARTIAL DERIVATIVE vzcran vlu.uss LAl

© - CALL SYMBOL(2,STI,DU,NF,MB,538) %

. DO 500 I=1,NF .
CH**AAN ASSEMBLY OF GLOBAL MATRIX OF\PARTIAL DERIVAT= Axk%ax ° . .
c .- IVES OF NODAL DISPLACEMENT WITH MODULUS 3

DFU(I,NEL)=DUCIL) ¢ ®
500 . CONTINUE . \
100 CONTINUE .
*, RETURN
END

et




oo -~ ag2
CRAKKAAAAKRARK ¥ ahr
* 5 i3 N *
C* SU)iR%UTINE ELST: LOCAL STH’PNESS MATRIX FOR HIDIVIDUAL\ .

L *

cu
cn*nnn*mn*nnnun.nnn*nnnnnan"nnnunncnnnnnn
c*

C* COMMENTS: THUIS SUBROUTINE WILL DETERMINE THE LOCAL

Cc* STIFFNESS MATRIX 'SK' FOR THE INDIVIDUAL ELEMENTS.
C* THE LOCAL STIFFNESS MATRIX IS OBTAINED BY PRE=MULTI-
Gh PLICATION, OF THE D-MATRIX BY THE TRANSPOSED B~MATRIX
Cc* AND THE POST-MULTIPLICATION OF THIS PRODUCT BY  THE
Cc* B-MATRIX.

c*
c* T

c# [sk] = [B]-[P1(B] ~

c* : s .
cx RARARR R KRAKRRRARRKR KA
o . . . v i —
C* D(I,J) = ELASTIC CONSTLTUENT MATRLIX OF ELEMENT

ccx MATERIAL PROPERTIES

C* ED(I,J) = ELASTIC CONSTLTUENT HATR)’X BXGLUDING MODULUS
C* OF LASTICITY

C* E - ENTAL MODULUS OF ELASTICITY

C* B(I,J) = LocAL STRAIN, DISPLACEMENT MATRLX ¥

Cx X,¥ = CARTESIAN, COORDINATES FOR NODES' OF TRIANGULAR
c* ELEMENT (X-AXIS IS POSITLVE TO THE RIGHT AND
Cx -1 Y-AXIS IS POSLTIVE DOWNWARDS) :

c* A = DETERMINANT OF SYSTEM OF ELEMENT'S

C* INTERPOLATING POLYNOMIALS

c* = TWICE THE AREA OF THE TRIANGULAR ELEHENT

C* SK(I J) = LOCAL STIFENESS. MATRIX

S - T L

c*
c*am\tki:\h\k#*.nult‘nkhﬂiktnnt*tnﬁﬁmtnnhtlﬁtuila*tttkhk*:ﬁ

SUBROUTINE ELST(SK,X,Y,E D)
DIHENSION SK(6,6),D(3,3) B(3,6),%(3), 1(3),E0(3,3),
1 - 'SKI(3 76)
D0 10 - 1=1,3 .
. . D010 J=1,3
10 D(1,J)=ED(T,J)*E
CkAkkkt CENERATE B-MATRIX *##ix*
CALL_BDEPIN(B,X,¥,A)
DO 30 - I=1,3 : ,
D0 30 J=1,6 « :
SKI(I,J)=0.0
i DO 30. K=1;3 L
30 ‘SKI(L, J)-SKI(I T)+D(1,K)*B(K,J) . :
: D0,50 Isl :

40 - OSK(I, J)-SK(I J)+B(K, 1)*sxl(K J)
50 CONTIN s




D0 60 I=1,6

D0 60 J=1,6
SK(X,J)=SK(I,J)/A/2.0
CONTINUE

RETURN

END




¢ *RRARR R 3
c* 2 "
C* SUBROUTINE GGEN: GENERATION OF NODES AND ELEMENTS FOR
c* TANK FOUNDATION AND SOIL INTERACTION PROBLEM
c* (TRLANGULAR PLANE STRAIN FORMULATION)
C .

= T T T T P e T T P T T T TR TIOey 2
c*

T C* COMMENTS: THIS SUBROUTINE GENFRATES THE LOCATION AND
c* NUMBERING OF THE NODAL POINTS AND TRIANCULAR ELEMENTS
[+ FOR A STANDARD TANK FOUNDATION PROBLEM OVERLYING
& c* *SEVERAL SOIL LAYERS. IT WILL GENERATE NODAL COORDIN=-
2 C*  ATES, ELEMENT MEMBER INCIDENCES, BOUNDARY CONSTRAINTS
i Ck  AND MATERIAL CLASSIFICATION; ALL WITH THE MINIMUM
C*  AMOUNT OF INPUT DATA.

c*
CHERK A RRR R X RRRHKARRRR KRR R KRR RRRRKRRRRR I AR RARRRRRRRAR R
c* v
C* NX = NUMBER OF COLUMNS. OF NODES _—
C* XX(I) = X-COORDINATE FOR "EACH COLUMN OF NODES (m)
o (K-AXLs 1S TAKEN AS POSITIVE T0 THE RIGNT) =
<o kY = NUMBER OF ROWS OF NODES s
7 wC* YY(I) ".= Y-COORDINATE FQR (EACH ‘ROW OF NQDES (m)
o : c* . (1-AX[3 'ES TAKEN AS POSITIVE IN THE DIRECTION
- ; 2 OF GRAVITY) B
c* NX1 = COLUMN NUMBER FOR START OF TANK FOUNDATLON
C* NX2 .°  ='COLUMN NUMBER FOR END OF JANK FOUNDATION : i
oX Ny "= NUMBER-OF LAYERS LN DISCRETIZED FLNITE
- c* ELEMENT MODEL

it&lt:ltlln}}tnt&t:tl‘»,'tttsgt:

C* NA(I) = MATERIAL CLASSIELCATION. IIUHBLR FOR LAYER e

c* (0 = CONCRETE, 1. = SAND, 2 = CLAY
C* ID(I,J) = BOUNDARY CONSTRALNTS FOR NODAL DEGREES OF A~
L FREEDON: O = FREE v *
[ 1 = FIXED *
C* NODE = TOTAL NUMBER OF NODAL POINTS ¥
C* NC(I,J) = ELEMENT INFORMATION' *
- 4 c* TUNC(RRk, L) = BER INCIDENCE &
. c* % NC(**%,2) = H FUBER INCIDENCE *
c* NC(***,3) = llEHBEK INCIDENCE i *
c* e . NC(***,4) = LAYER NUMBER *
ck NC(***,5) = MATER{AL CLASSIFILAHON Bl
C* NELM = TOTAL NUMBER OF ELEMENTS d : :
. * * i
gnn*nnwnﬂnnh-mnu-unnnf.n"g"nua"nnnnnnn

SUBROUTINE GGEN(X,Y,ID,NC.NODE,NELH)
. DIMENSION X(303),¥(303),XX(50),Y¥(50),IX(50,50),
17 Ip(315,2), NA(14),NC(536,5)
" READ (1,*) NX, (XX(I),I=%,NX)
X READ (1,%*) NY, (YY(I),I=1,NY)
ERT - . READ (1,%*)-NX1,NX2 .
- MY=NY-1 -
READ (1,%) (NA(L),I=1,HY) :




‘2
_CRARRRR

ChaRRA

i Crunann
c-

ChRARRR
4

20
10

Radd Li

4 Chmanan

SID(K,1

DO 1° I'=1,NX 245
DO 1 J=1,NY¥

IX(X,J)=0 X g

NXY=NX*NY

DO 2 I=1,NXY

DO 2°J=1,2

10(1,3)=0

sncuon FOR GENERATING NODAL NUMBERS #*ax%x *
K=0

DO 10 I-1,

STARTING wuu TOP SOIL LAYER *#askx

NYl=2

BOUNDARY CONDITION OF VERTICAL ROLLER AT ALL *#*&A#k

NODES AT EXTREME LEFT AND RIGHT COLUMNS
IP(I.GE.NXL.AND.I.LE.NX2) NYl=1
DO 20 J'l"l NY

K=K+1

IF(I.EQ. .I OR.I.EQ.NX) ID(K,1)=1 5 —
X (K)=XX(I) -

- Y(K)=YY(J) .

IX(J,I)=K
BOUNDARY CONDITION OF RIGIDLY PIXED ALONG *4th# %
LOWEST ROW OF NODES
IF(J.NE.NY) GO TO 20 .

In(K,2)=1
CONTINUE N -

CONTLNUE

NODE=K

SECTION lﬁ'K_G'KﬂERATXI(G TKIANGULAK ELEMENTS ""**
ILY=NY=1

ILX=NX-1 : g st "
K=0 - M
DO 40 J=1,ILY : {

DO 30 I=1,ILX 2 s
IF(J.EQ.1.AND.I.LT.NX1) Go TO 30
IF(J.EQ.1.AND.I.CE. m)co TO JD

IF(I.GT.ILX/2) GO TO 50 ° ‘

SECTION FOR LEERT !lAl.l? GBN!MTION RRKARK

K=K+l

NH=NA(J)

NC(K,1)=IX(J,1)

NC(K,2)=IX(J,I+1) . a

NC(K, 3)=IX(J+1,I) . .
NC(K, 4)=J S -

INg(K, 5)=0M .
X +1 s . - .
K 1)=IX(J,I+1) .

YeIX(I41,1+1)
Nc(l 3)IX(I+15T)
NC(K, wdet

NC(K, 5)=NH " = K
Go'T0 30 3 =& ;

ry
-




ChakAAR
50

30
40

SECTION FOR RIGHT HALF GENERATION **#sas

K=k+1

NH=NA (J)

NC(K, 1)=IX(J,1)
NC(K, 2)=IX (J+1,I+1)
NC(K, 3)=IX(J+1,1)

NC(K, 1)=IX(J,1)
NC(K, 2)=IX(J,I+1)
NC(K, 3)=IX(J+1,1#1)
NC(K, 4)=J y
NC(K, 5)=NM

CONTINUE

CONTINUE

NELM=K

RETURN

END

348
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[4
c* *
C* SUBROUTINE GGUBS: BASIC UNIFORM (0,l) PSEUDO-RANDOM -
c* NUMBER GENERATOR &
c* = *
¢ % HRAARR X
c* *
C* COMMENTS : THIS SUBROUTINE IS BASED ON A ROUTINE BY THE *
< SAME NAME 'GGUBS' IN THE ISML PROGRAM LIBRARY. BASED *
c* ON AN ALGORITHM, IT GENERATES A RANDOM SET OF NUMBERS *
c* WITH VALUES IN THE RANGE OF ZERO & UNITY. THE PSEUDO- *
c* RANDOMNESS IS DUE TO THE SAME SET OF RANDOM NUMBERS *
c* BEING GENERATED WHEN 'DSEED' REMAINS UNCHANGED. -
c* *
cn-nunanncn-nnnn.nn ARRRR nnnun

¢t

C* DSEED = INPUT VARIABLE ASSIGNED AN INTEGER VALUE IN THE *
c* a

EXCLUSIVE RANGE OR 1 TO 2147483647,
C* NR = NUMBER OF DEVIATES TO BE GENERATED *
C* R(NR) = OUTPUT VECTOR OF PSEUDO—RANDOM UNLFORM DEV IATES *
c* ° WITH VALUES BBTVEEN ZERO & ONE .

c* 5
Chasx % RARAR KK * nuu*

. rsualouum ccuns(nszzn NR,R) =
- INTEGER NR " g
REAL- R(NR)
INTEGER I
“DATA D2P31/2147483647. oo/
DATA D2P31/2147483648.00/
D0 5 I=1,NR
DSEED=HOD (16807 . 04DSEED,D2P 31H) =
5 R(I )=DSEED/D2P31
RETURN = -
END . %
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c*
cx §UBROUTINE LOAD: GENERATES THE LOAD—VEGTORS .
.
cttlaqﬁaalnki-.inn-*ulﬁltintnli;nuilﬁ.tllnn.hﬁnha.hl.nﬁan
c* 4
C* COMMENTS: THIS SUBROUTINE DETERMINES THE FORCES TO BE *
C*  APPLIED AT THE NODES OF THE FINITE ELEMENT MODEL. THE *
C* PIRST SECTION CALCULATES NODAL FORCES LN THE VERTLICAL *
C* DIRECTION TIAT ARISE FROM THE LOADS PER UNIT AREA *
C*  ASSUMING MODEL_IS ONE HETER SLICE THROUGH STRUCTURE. *
C* THE LOAD PER ELEMENT IS DIVIDED EQUALLY AND APPLIED *
2 C* TO _EACK OF THE THREE NODES -OF THE ELEMENT. THIS PROC~ *
C* EDURE IS REPEATED FOR ALL ELEMENTS. THE SECOND PART *
. C* OF THE SUBROUTINE APPLIES LOA)S OBTAINED IN THE MALN *
C* . PROGRAM (FROM I¥PUT DATA) TO THE APPROPRIATE NODES *
C*’' DIRECTLY. THESE'CAN REFER TO EXTERNAL LOADS BOTH' .
C* HORIZONTAL AND VERTLCAL- .
N
N

cx
Chasrrn P ‘. ARARRRARARR RARAARRARR
c* ) * .
C* FR1,FR2 = FACTORS TO DETERMINE PORTIONS OF TOTAL LOAD * !
B C* APPLIED: FR1 FOR AREA LOADINGS ‘
c* FR2 FOR NODAL LOADINGS 4
ce y ° = ELEMENT NUMBER s .
. . C* uT = LAYER NUMBER *
Vi b C* NC(N,L) = MEMBER INCIDENCES WHERE ‘L' HAS VALUES OF *
C* 1,2 & 3 INDICATING THE THREE NODES OF THE L
c* TRIANGULAR ELEMENT ~
C* DENS(MT) = RATE OF GRAVITY LOADING. PER UNIT AREA OF *
c* THOSDIMENSTONAL MODEL FOR LAYER 'MT' -
& W C* X,XX(L) = X-COORDIJATE EOR ‘NODE. 'L' * -
C* Y,Y¥(L) = Y-COORDINATE FOR NODE "L’ *
C* AREA = AREA OF TRIANGCULAR ELEMENT (REFER TO SUB- *
cx ROUTINE: BDEFIN) L
C* yr = PORTION OF VERTICAL FORCE APPLIED AT NODE, * @
cx ATTRIBUTED TO ELEMENT'S- AREA LOADING * e
C* IE(*%#%,1) = NUMBER FOR PARTICULAR GLOBAL DEGREE ‘OF o
c* FREEDOM (D.F.): I°= 1, HORIZONTAL D.F. *
‘ c* I -2, VERTICAL D.F. *
- C* PLOAD(**) = ACCUMULATED LOAD VECTOR 4
C* 11 = TOTAL NUMBER OF NODES UNDER EXTERNAL LOADS * .
s C* NN(IT) = NODE NUMBER FOR LOCATION OF EXTERNAL LOADS *
- Cw PX(II) = HORLZONTAL FORCE VECTOR *
cﬂ FY(LII) = VERTICAL .EORCE VECTOR ¥ :
~ % C'il.'ﬁ*ﬁﬁktﬂi.Ql!h*hhﬂﬁkiiﬁithiihﬁﬁiﬁﬂnﬂﬁil‘liﬂ.ﬁﬂtlﬁﬁﬁﬁlﬁﬁ

L - suunouuuz “LoAD(IE, PLOAD,NUMEL ,X,Y, Nc VENS ,JJ,NN,FX,
1 FY,FRL,
DIHBNSION IB(JM 2),PLOAD(538),X(303), Y(JOJ).NN(IB).
1 NC(536,5),XX(3), Y‘l(!) DENS(14) ,PX(18),PY(18) .
D0 10 11,538
10 PLOAD(I)*0:0 .. %




IF(FRI.LE.0.0) GOTO 55
CA%*a4% LOADS APPLIED AS FUNCTION or ELEMENT AREA AA#axx =
DO 50 N=1,NUMEL *
. HT=NC(N,4)
3 - DES =DENS (HT)
DO 20 L=1,3 .
XX (L)"X(NC(N,L)) -
YY (L)Y (NC(N, L)) ° ! i
CONTINUE
AREA=(XX(2)*YY (3)-XX(3)*¥¥(2)~(XX(1)*Y¥(3)-XX(3)*%
YY (1)) (XX(1) *¥¥(2)=XX(2)*YY(1)))*0.5
WT=DES*AREA/3.0
DO 30 L=1,3
M=NC(N, 1.)
N2=IE(H,2
n.o/m(uz)-n.ou(u)wr-vu
. 30 CONTINUE
50 CONTINUE_
55 * IF(FR2.LE.0.0) GOTO 70
CH##uxt LOADS APPLIED' DIRECTLY TO NODES *#A*#
. D 1,13, -,
MM=NN(IL)
N2=IE(MM,2) &
N1=IE(MM,1)
PLOAD(NI)-PLOAD(I1)+FX(II)'Plz \

S

=

PLOAD(N2 )=PLOAD(N2)+FY(IL)*FR2
"60 CONTINUE
70° CONTINUE . ]
RETUIN
(END © a7 g o o




a CRAKRARRRK A K KRARRAARKKR XA RRARRRARARRR A RAAA A RARRRR AR Ak
3 c* '
. C* SUBROUTINE LOADD: GENERATES THE LOAD VECTORS *
& * - )
— »Cm*..m...m......*..m“...u......‘.M....mn,m
* . *
. cﬂ COMMENTS : THIS SUBROUTINE DETERMINES THE FORCES -TO BE
APPLIED AT THE NODES OF TUE FINITE ELEMENT MODEL. THE
# c* FIRST SECTION CALCULATES NODAL FORCES IN THE VERTICAL
C* DIRECTION THAT ARISE FROM THE LOADS PER UNIT AREA
C*  ASSUMING HODEL IS ONE METER SLICE'THROUGH STRUCTURE-
C*  THE LOAD PER ELEMENT IS DIVIDED EQUALLY AND APPLIED
C*  TO EACH OF THE THREE NODES OF "TIHE ELEMENT . TILS PROC—
C*  EDURE IS REPEATED FOR ALL ELEMENTS. THE SECOND PART
C*  OF THE SUBROUTINE APPLIES LOADS OBTAINED IN THE MAIN
C*  PROGRAM (FROM INPUT DATA) TO- THE APPROPRIATE-NODES
~' C* DIRECTLY. THESE CAN REFER T0 EXTERNAL LOADS BOTH
C*  HORIZONTAL AND VERTICAL. TILS SECOND SECTION HAS TWO
C*  PARTS: ONE TO APPLY THE GRAVITY NODAL LOADS IN STAGES
C*  UNTIL IT IS ALL APPLIED; AND THE OTHER, TO APPLY TUE
C* °WAVE FORCE TO THE NODES IN STAGES UNTIL COMPLETEL.
C*  THE PORTIONS ARE GOVERNED BY THE FACTORS "FRL' AND
a 5 c* 'FR2¥ THE STAGES IN THE PIECEWISE LINEAR ANALYSIS LS
R et conmouzb BY. THE ITERATION NUMBER, °*NI'.
c¥ »
SR AP aninn ARAER R ARRR R ArxFrrnnns
% o : 3
- C* FR1,FR2 = FACTORS TO DETERHINE PORTLONS OF ‘TOTAL LOAD :
i APPLIED: FRL FOR AREA LOADINGS
L FR2 FOR NODAL LOADINGS
L cx N = ELEMENT NUMBER
- c* MT = LAYER NUMBER . . o
——c* NI = ITERATION NUMBER :
C* NC(N,L) FuEmbEs INCIDENCES WHERE 'L.' UAS VALUES OF
cx 1,2 & 3 INDICATING THE THREE NODES OF '.THE
- c* TRIANGULAR ELEMENT
C* DENS(HT) = RATE OF "GRAVITY LOADING PER UNIT (AREA: 0¥
c* TWO-DIMENSIONAL HODEL FOR LAYER “'MT'

C* X,XX(L) = X—COORDINATE FOR NODE 'L' o~

C* Y,YY(L) = Y—=COORDINATE FOR NODE 'L' S

C* AREA = AREA OF TRFIANGULAR ELEMENT (KEFBR T0 SHB"

c* ROUTINE: BDEFIN) Y .

C* WT = PORTION OF VERTICAL FORCE APPLLED AT NODE, _

c* o ATTRIBUTED TO ELEMENT'S AREA LOADING .

C* IE(***, 1) = NUMBER FOR PARTICULAR CLOBAL DEGREE OF o
% c* FREEDOM; (D.F.): I = 1, HORIZONTAL D.F.

C* . I = 2, VERTICAL D.F.

c* PLOAD("") = ACCUMULATED LOAD VECTOR ~

C” i »= TOTAL NUMBER OF NODES UNDER EXTERNAL LOADS .

- 3 cununn*unaaunnannunu*unu*ununnu"nan
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3 B CHRARRRARARRRARARKARRRRANAARRRRRRRRRRRRRRRGARRARARRRRRRIARR &
. cH : *
B .. C*HN(II) = NODE, NUMBER FOR LOCATION OF EXTERNAL LOADS B
[ C* PX(II). "= HORIZONTAL FORCE VECTOR FOR WAVE LOADS &

*
*
e w ~ C* FY(II) = VERTICAL FORCE VECTOR FOR WAVE LOADS *
W C* PXG(II) = HORIZONTAL FORCE VECTOR FOR GRAVITY LOADS  *
c* FYG(ILI) - VERTICAL FORCE VECTOR POR GRAVITY LOADS *

*

*

cnnannnuanka*qiwkﬁAnnk*aaatnkﬁaniitﬁ.aatn*.iata*ga!h*uinilk
N v
2 . SUBROUTINE LOADY(IE,PLOAD,NUMEL,X,Y,NC,DENS,NI,JJ, NN
j 1 ,PX,PY,FR1,FR2, FXG,FYG)
DIMENSION E(303,2),PLOAD(538),X(303),¥(303),Nn18),
1 NC(536,5),XX(3),Y¥(3), +DENS (14),PX (18),FY(18),FXG(18) -

‘2 ,PYG(18) .
D0 10 1=1,538 - L~
10 . BLOAD(1)=0.0. / ¥

IF(FR1.LE.0.0) GOTO 55
CHA*RA* LOADS APPLIED AS yuNcnoN OF. ELEMENT AREA ***##h -
<D0 50 H=1,NUHEL ’
HT=NC (N, 43 w5 >
— DES=DENS(HT)
00,20 L=1,3 - - .
xx(l.)-x(nc(n L)) ’
S YICEYRI(HC(N;L)) . ’ 5
20.°  CONTINUE ~ 3 %
© . AREAS (XX(2)#YY(3)-KX(3)*1Y(2)=( (xx(n'n(z) X (3)*
S 1 YY(L))F(XX(L)*YY(2)- XX(Z)*YY(I)))*D & wd
v+ ' . HI=DES*AREA/3.0.. 0 .
: D030 L=1,3  : §

e ‘ : ’ e I’LOAD(NZ -PLOAD(NZ)-H:'T*FRI

30 7 CONTINUE - -
; 50 ' CONTINUE'. »
3 en g . 55 IF(FR2.LEY0.0) GOTO 70
oo LTiie 7 CARRARRLOADS ARPLIED DIRECTLY TO NODES X* %k @
W 3 . - IF(NI.GT.21) GOTO 80 .

<., CGAMAAXX SECTION:FOR GRAVITY LOADING *akkax
3 00 100 II=1,3J

- MM=NN(I1) Y . \
' N2=TE (MM, z) . : < .
N1=IE(HM,1) e g *
PLDAD(Nl)-PLOAD(N1)+FXG(II)*FR1 .
! uoa\n(ni)-nw\n(nz)«-nt‘.(u)*ur - .
. 100 R CONTINUE

GQTO 70
) s



. ’ &
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CH&xak* SECTION FOR WAVE LOADING #adasaw E . -
80 CONTINUE : . v
DO 60 II=1,JJ % . .
MM=NN(IL) = ] g
T N2=1E(MM,2) .
N1=IE(MM,1) . =
" PLOAD(N1)=PLOAD(NL)+FX(LI )*FR2 »
PLOAD(N-2)=PLOAD(N2) +FY(LL)*FR2 - " .
60 CONTINUE (
70 . CONTINUE 5 .
RETURN . o
T END <y . .
3 = ¢ 5 1
- ® ’
s . .
S WL '
. ~
-
oo ¢ " 3
3 . T e |
. - To. - :
’ . s : w_ .
% # g v : .




c 'l - XA
* C—

C* SUBROUTINE MAT: DETBRH!HES *Hl VALUES FOR SELECTED -

c* BLE {ENT

2" :

* %%

o] ¢
‘hl}“ -d_l [B] {u} 5 [ i
.

% A o 5

. = ELEMENT NUMBER “SELECTED FOR STOQCHASTIC -
¥ STRE§S ANALYSIS g .
POISSON'S RATIO -
‘ELASTIC MODULUS
LAYER NUMBER FOR ELEMENT 'KK' \
MEMBER: INCIDENCES FOR 'KK' WHERE L = 1,2 &3
X-COORDINATE FOR NODES ' -

,,..,u,'».”.,_.,,,7,-”““,.”,_.._”

B o

C* NC(KK,4)

—C* NC(KK,L)
X(L)

c* Y(L) Y-COORDENATE FOR NODES

C* NE(N.L) NUMDER FOR GLOBAL DEGREE OF FREEDOM (D.F.);

_cH . L = 1, HORLZONTAL D.F.

c* ; © L = 2, VERTICAL D.F.

C* D(I,K) = ELASTIC CONSTITUENT HATRIX OF MATERIAL PROP-

c* ERTIES

.C* B(K.J) = INTERPOLATION MATRIX =
LY = TWICE AREA OF TRIANGULAR ELEMENT

C* NUMEL = TOTAL NUMBER OF ELEMENTS

. C*"KODE - Knonu:t:}xﬁj'nun FUNCTION:. ‘.

i . KODE = 0, M EQUAL TO KK

c* o — KODE = 1, M NOT EQUAL TO KK

C* . “('M' IS ELEH. NO. & 'KK' IS ELEM. SELECTED

o+, FROM SUBROUTINE 'SCOVE'). -

, C*'DFU(L,J) = MATRIX OF nnn'm. DERIVATIVES OF HODAL DTS-
S *PLACEMENTS-.H.R)T. 'ELASTIC HODULUS WHERE:

c¥. e & . rzt = D.F. : .
tocw ' ' J = ELEMJNT NUMBER -

CCRY(RAN) m sox.unuu 'VECTOR FOR DISPLACEMENTS OF D.F.
C" ns(u,;), u} . PREDEFINED ruxu{on o !

et rc\' ¥ Iw,
cunun’&‘u 1 HERRRRERRRRRRNRRR -

,»-SUBRGUTINE MAT(KK, NUHBL NC,NB,XX,YY, B PNU,V, DFIJ DS D

N 1 .0DE
A DIMENSION NC(536,5),NE(303;2),XX(303),¥¥(303), E(536)
: ,BNU(L4);V(538),DFU(538,536), ns(s:s 3),0(3,3),8(3,6)
4 1E(6), DB(3,6), %3),v(3).
. MT=NC(KK, 4) . ]
3 'PR=PNU(HT)
BE=E (KK) o

o




= cnnnm

1
Chrrrrn

wooa

S ca;nu

c
&

-100
.. e ChAkAxR
. c

. .
as 300

" DO‘Z"L-I..S

GBHBI’LATB ELASTIC COHSTITU!NT MATRIX OF *#xaas

MATERIAL PROPERTIES" .
CALL DMAT(PR,D) E -
DO 1'L=1,3 .
X(L)=XX(NC(KK, L)) iy - :
Y(L)=YY(NC(KK,L)) .55 °* i i
GENERATE INTERPOLATION MATRIX (n-hnux) PETTEEY
CALL’ BDEFIN(B, x Y,A)

K=l

N=NC (KK, 1) : &5, 5

¥ F - A
b0 3°K=1,3 . ) g

[0B] = [D][B] : i

. DB(I,J)=DB(I, .|)+n(1 K)*B(K, J)/A

DO_300 M=1,NUHEL
KODE=1 -
IF(M.EQ.KK) KODE=0 -
IF(KODE.EQ.0) GO TO 100

4 I=1,3 B

=0.0 - s
DO & J=1,6 s
ELEMENT NUMBER IS NOT EQUAL TO ELEMENT SELECTED A### :
FOR STOCHASTIC STRESS ANALYSIS u

_DSH-DSH+DH(I J)¥DFU(IE(Y) H)*EE )

DS(M,1)=DSM

GO TO 300 . . .
DO 5 I=1,3 4 : ;
DSM=0.0 <. 2
DO 5 J=1,6 H) :
BLBHEHT NUHI!R 1S EQUAL ELEMENT SELECTED **#n&# -
FOR STOCHASTIC STRESS ANALYIS 2
DSH=DSH+DB(I,J)*(V(IE(J))+DFU(IE(J),H)*EE)

DS(H,I)=DSM

* CONTINUE s ps

RETURN g
END i s : :
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*

c*

c*

c*

- cx

SUBROUTINE NLIN: SELECTS NONLINEAR (PIECEWISE LINEAR)
MODULUS OF ELASTICITY BASED ON SHEAR MODULUS AND
PRINCIPAL STRAINS OF EACH ELEMENT

P

COMMENTS : T“IS"'SUBRQUT!NB SELECTS THE ELASTIC MODULUS
FOR THE "‘ELEMENTS USING ‘A PIECEWISE LINEAR PROCEDURE.
USING THE PRINCIPAL STRESSES FROM THE F.E.M. FORMU-
LATION, THE PRINCIPAL STRAINS CAN BE CALCULATED.
(REFER TO E. P. 'POPOV'S " MECHANICS OF MATERIALS *,
SECOND EDITION, PRENTLICE-HALL,INC. (1978), PAGES 47,

STIIAINS, A SHEAR MODULUS KE-

D R T I A S

DUCT\IDN PACTOR 1S OBTALNED FROM.LINEAR INTERPOLATION
Cc* INTO A TABLE OF FACTORS WITH CORRESPONDING EFFECTIVE
c* STRAIN LEVELS. THERE ARE SETS OF FACTORS FOR BOTH
"C* ° SAND AND CLAY. THIS WORK IS BASED ON THE RESEARCH G
. c* REPORT BY J. LYSMER, T. UDAKA, H. B. SEED & R. HWANG;
C* " LUSH: A COMPUTER PROGRAM FOR COMPLEX RESPONSE ANAL-
c* YSIS DF\ SOIL-STRUCTURE SYSTEMS "“; REPORT NO. E.E.RTC.
g c* 74=4, APRIL 1974, UNIVERSITY OF CAL}MRNXA BERKELEY
c* (PAGB 11). US!WTHE RELATIONSHIP BEPWEEN SHEAR AND
c* ELASTIC MODULI.FOR PLANE STRAIN CONDITIONS, A NEW
c* ELASTIC MODULUS 'EE(IL)' IS DETERMINED. TAKING AN
c* AVERAGE OF THIS NEW MODULUS AND THE MODULUS OF THE
c* PREVIOUS ITERATION, A CONVERGENCE TEST IS APPLIED.
. tCck WHEN THE DIFFERENCE BETWEEN THIS AVERAGE AND THE
4 C*  ELASTIC MODULUS_FROM THE PREVIOUS ITERATION IS LESS
c* THAN 5.0%, THE ELEMENT MODULUS HAS CONVERGED. THIS
. c* VALUE IS STORED UNTIL ALL ELEMENTS HAVE CONVERGED
B c¥ MODULI OR THE ITERATION NUMBER HAS REACHED THE NEXT
. c* LOAD § ‘ THE -ITERATION NUMBERS FOR EACH LOAD STEP
c* ARE SELECTED SUCH THAT ALL ELEMENTS HAVE CONVERGED £
C*  WITH THE BXCEPTIO‘DF A FEW. -
C* 2 = 5
c
(] - *
C* LL = INTEGER TO COUNT NUHBBR ql’ CONVERGED ELE- *
- c* MENTS IN ITERATION 'NI' G
C* NUMEL ‘= TOTAL NUMBER OF ELEMENTS *
G C* NC(I,4). = LAYER NUMBER FOR ELEMENT 'I' *
\ C* NC(I,5) = MATERIAL CLASSIFICATION: . CONCRETE = 0  *
. e ot SAND = 1. *
i c* . CLAY = 2+
| Jex ] MINIMUM MODULUS = 3  *
| - /cw Nt = ITERATION NUMBER FOR PIECEWISE LINEAR *
R ' ANALYSIS *
© 1/, C* STRAIN(I) = TOTAL ACCUMULATED SHEAR STRALN (PERCENT) *
: (" C*'GAN(I)  * = MAXIMUM SHEAR STRAIN (PERCENT) FOR LOAD - %
1) e . TSTAGR BASED ON PREVIOUS ITERATION MODULL ™  *
c* "

—

CRANRRRRRRRRARARARRARRRRRARA AR




c* - H
C* EY = ELASTIC MODULUS FROM PREVXOUS ITERATIOH .
C* PR = POISSON'S. RATIO - *
C* ssSl = MAXIMUM PRINCIPAL STRESS (MPa) *
C* 552 = MINIMUM PRINCIPAL STRESS (MPa) A *
C* EPS1(I) = MAXIMUM PRINCIPAL STRAIN i £ Lig
G* EPS2(1) = MINIMUM PRINCIPAL STRAIN *
ﬁ' GAMMA(L) = ACCUMULATED SHEAR STRAIN (PBRCENT) US—IID TO . *
C*. SELECT REDUCTION FACTOR 'RF *

" Cck L(I) = VECTOR TO DETERMINE WHEN HDDULUS OF ELEMENT *
c* & o -HAS CONVERGED‘ IJIIKING EACH LOADING .STAGE:*

LGk L =.0, UNCONVERGED  *
c* L = 1, CONVERGED *
C* SM = INITIAL SHBM\ MODULUS OF BLBHENT USING *
[ - INITIAL MEAN ELBMENT MODULUS ~ &
C* RF1,RF2 = "SHEAR MODULUS REDUCTION FACTORS *
C* GAM1,GAM2 = EFFECTIVE SHEAR STRAIN LEVELS CORRESPONDING *
c* TO SHEAR MODULUS REDUCTION FACTORS -
C* RF = SHEAR MODULUS 'REDUCTION FACTOR AS ESTIMATED *
(14 FROM LINEAR INTERPOLATION FOR 'GAMMA(IL)* *
c* VALUE i *
c* G = REDUCED 'SHEAR HODULUS VALUE *
c* ‘= PRODUCT OF REDUCTION WOR & INITLAL SHEAR *
c* MODULUS »
C* EE(I) = ELASTIC HODULUS VALUE BASED QN REDUCED = *
c* SHEAR MODULUS, 'G -
Ck E(I) = AVERAGE OF 'EY' & 'EE(I)' TO HAKE EI.BHLNT "
C' MODULI CONVERGE FASTER *
C* EMIN = MINIMUM ELASTIC MODULUS ( 20% OF I“ITIAL *
c* MODULUS ) -*
C* RATIO(I) = CONVERGENCE .RATIO B i
c# = RATIO. OF DIFFBRBNCE BETWEEN 'EY' & 'E(I)' *
c* TO 'EY' " -
o* ; -
Chtri hAkkhhhhh X * LR L]

" SUBROUTINE NLIN(PSL, PSZ NUI(EL EM,PNU,E,NC,NI,L I#ATIO
1 ,EE,GAM,STRAIN,LL)
DIMENSION PSL(536),P$2(536),EM(14),ENU(14), E(536),.
L NG(536,5),4(536),RATIO(536),EPS1(536) ,EPS2(536),
2 STRAIN(536%,GAMMA(536),CAH(536),EE(538)

Chkk%kkk IF ALL ELEMENTS HAVE CONVERGED PRDCEEB TO AKAAAK

[ NEXT LOAD STAGE
IF(LL.EQ.NUMEL) ¢oro 900 L -
DO 100 I=1,NUMEL . 2

Chinhn FOR CONCRETB ELEMENTS ASSUME' LINEAR MODULL #*#a##&#

F (NC(T,5).EQ.0) 6OTO 200
ChARni® FOR ELEMENTS- THAT AVE REACHED /MINIMUM "”""
c ELASTIC MODULI . ! %

IF (NC(1,5).EQ.3) GOTO 210 '
IF (NI.EQ. l) GOTO 150 :
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Ch**xx%* ESTABLISHING ITERATION NUMBERS FOR ADVANCING **a#i#

« C \ TO NEXT LOAD STAGE N

- IF (NI.EQ.7) GOTO 160

IF (NI.EQ.1ll) GOTO 160
. IF (NI.EQ.15) GOTO 160 .
IF (NI.EQ.19) GOTO‘160 -
IF (NI.EQ.22) GOTO 160 ¥

1P (NI+EQ.26) GOTO.160 5 .
o IF_(NI.EQ.29) 'GOTO 160 — .
“coTo 170 e
;160 cozg:nux
“-Ga&akin*ACCUMULATES TOTAL. SHEAR STRAIN APTER EACH LOAD. ##ad%%
c STAGE 1S COMPLETED
. . STRAIN(I)=STRAIN(I)+ABS(GAM(I)), s b
Y - CONTINUE % ~
I EY=E(I) : ;. e
% . GoTOogeso , ' i -
150 . py=eMnc(T,4)) ! . ~
250 CONTINUE -
PR=PNU(NC(I,4)) :
SSL=PS1(L) - S
$52=P52(1)

EPS1(L)4(SS1-PR*SS2)/EY
EPS2(1)=(S52-PR*SS1)/EY
Cx**x*x* CALCULATING MAXIMUM SHEAR STRAIN FOR. THLS LOAD "‘“”"" :
+“PORTLION (IN PERCENT)
GAM(I)=50.0%(EPS1(I1)-EPS2(1))

C""ﬁ. ACCUMULATED SHEAR STRALN,BASED ON- UNCONVERGED **#*k&&
_MODULI VALUES =
GAHHA(!)-A!S(GAH(I))+STKA1N(1)

s IF (L(I).EQ.1) GOT
. SH=EM(NC(I,4))/ (2. n:() o+pn))
IF (NE€(I1,5).EQ.2)-GOTO
Chasxk SECTION FOR SHEAR STIAIH DBI’BNB!"T PROPERTY ARRRRE
c SELECTION OF SHEAR HODULUS FOR SAND
F (GAMMA(I).LE.0.0001)" GOTO 400
IF (GAMMA(I).LE.0.000316) GOTO 410
1F - (GAMMA(I).LE.0.001) GOTO 420
IF (GAMMA(I).LE.0.00316) GOTO 430
IF .(GAMMA(I).LE.0.01) GOTO 440. 7 .

“IF (GAMMA(I).LE.0.0316) GOTO 450
TO 460 .
0TO 470 .
. % 4

IF (GAMMA(I).LE.O
y] IF (GAMMA(I).LE.O
RF=0.115

"*'°"§‘ : "
GOTO 50 . e
PN & 2 .




420 GAM1=0.000316
RF1=0.984
GAM2=0.001.
RF2=0.934’ .,
GOTO 500 °

430 GAM140.001 E

- RE1=04934 . 3 * &

GAM2=0.00316 . o
‘RF2=0.826

{GOTO 500
. 440 GAM1=0.00316
; TRP1=0.826 — g .
GAM2=0.01 - J (Y- 5
; RF2=0.656
] GOTO 500
450 GAM1=0.01
: RF1=0.656
GAM2=0.0316 .
RF2=0.443- :
GOTO" 500 . B
460 .. GAM1=0.0316
. © 7 RF1%0.443
GAM2=0.1
RF2=0.246
GOTO. 500 el
470 GAM1=0.1 3
- _ RF1=0.246 {4 .
“T6AM2=0.316
RF2=0.115
GOTO 500
300" « CONTINUE
CH4#*A% SECTION FOR SHEAR STRAIN' DEPENDENT PROPERTY R¥###k
C. SELECTION OF SHEAR“MODULUS FOR CLAY
IF(GAMMA(I).LE.0.0001) GOTO 600 -
IF (GAMMA(I).LE.0.000316) GOTO 610
IF(GAMMA(I).LE.0.001) GOTO 620
. IF(GAMMA(L).LE.0.00316) GOTO 630
IF.(GAMMA(I).LE.0.01) GOTO 640
IF(GAMMA(I).LE.0.0316)° GOTO 650
IF(GAMMA(I).LE.0.1) GOTO 660
RF=0.152
GOTO- 550
' 600 RF=1.0, 2

GOTO 550 [

GAM1=0.0001 . .

RF1=1.0"

GAM2=0.000316

RF2=0.913

GOTO 500 ;

620 GAM1=0.000316

RF120,913 ' L]

 GAM2=0.001 .

‘coTo 500 W B w B




; m 630 CAl1=0.001" - .
I _RF1=0.761 : %
GAM2=0.00316 2 e
x RF2=0.565
GOTO 500 -
640 GAM1=0.00316 P
CRF1=0.565 - :
.GANM2=0.01 : . (
RF2=0.4 ] : St
GOTO 500 i -
g 650 . - GAM1=0.01 . L£*8
. RF1=0.4 & 5 —3
GAM2=0.0316 ;
RF2=0.261 . ;
v .GOTO 500 ) g,
660 GAM1=0.0316 .
RF1=0.261 - .
GAN2=0.1 :
RF2=0.152

500 CONTIHUB ‘L‘.

C""“' LINEAR .INTERPOLATION BETWEEN VALUES TO SELECT. * i

4 “SHEAR MODULUS REDUCTION FAGTOR 'RF' a -

P-K?H'(ll’l-ll'l)"(GAHHA(I)-GAHI)/(GAHZ-GAHI)

550 " G=RF*SH
EE(I)=2.0*G*(1.0+PR) -
_E(1)=0.5*%(EY+EE(L))
EMIN=0.2%*EM(NC(I,4))

iy ‘. - gAaaa## IF ELASTIC MODULUS IS LESS THAN PRE-SELECTED *#iass &
N - *C MINIMUM VALUE, THEN FIX VALUE AT 20% oF ORIGINAL
: c . EGASTIC MODULUS TO AVOID EXCESSIVE LOCAL DEFORHATION
c 4 AND TO INCORPORATE PLASTIC DEFORMATION
T ¥ _IF(E(1).LE.EMIN) GOTO 700 -
_DIFF=EY-E(I) .
RATIO(I)=ABS(DIFF)/EY s *

CRITERIA FOR CONVERGENCE ##*#*##-

c . IF THE CHANGE IN ELASTIC MODULUS FOR THE ELEMENT IS
c LESS THAN 5.0% THEN THE ELEMENT HAS SATISFACTORILY
c . CONVERGED TO A CONSTANT VALUE
#es IF(RATIO(I).LE.0.05) GOTO 275 . % -
% ro GOTO0.100 2
700 E(I)=EMIN . o
NC(I,5)=3 i e
RATIO(I)=0.0 .
. ; GOTO 100 - Co
f CHARKA4 ELASTIC MODULIL mk’coucun KLEMENTS *axans
200 - &(!)-IM(NC(I 4)) . | R
£ GOTO, - !
ChRRRAR unumln ELASTIC MODULT *#A### -
210° B(I)=0.2*EM(NC(I,4))
0 s 220 EV,-PHU(NG(I A)) N 57

'-ssz-nz(x) * .
EPS1(I)= (Ssl-l’l'iﬂz);/!(l) ”
EPS2(L)=(S82-PR*SS1)/E(I)




GAM(1)=50.0%(EPS1(I)-EPS2(I)) s 360
Gmmfx)-us(m\uu))+snu.m(x)
RATIO(I)=0.0 LI
GoTo 100 o a5

- Chikri® ELEMENT MODULUS HAS CONVERGED ®#k&ik& :
275 (L= ) X
. RATIO(I)=0.0 c s

100 . CONTINUE ° o -
: WRITE(S, mxo)
DO 800 L=1,NUM

E A o IF(RATIO(L) . I..E o 0001) GOTO.750
: GOTO 775 >
750 LL=LL+1 .
775 mu-nz(s *) 1, GAMHA(I) E(1),RATIO(I) * ° ‘o -
800 CONTINUE
. 1 900 CONTINUE x . . o figa :
A 1010 FORMAT(//,' ELEM.NO suxu STRAIN  ELAST.MOD..
; 1 couvsncsucz',//) - L —
‘RETURN :

JEND ) B




o »
C* SUBROUTINE RDIS: GENERMES THE DJSPLACEMENT VECTOR AND_ %
cx THE STRESSES WOR EACH ELEMENT - *
u oy @ *
o+ T RS S = < ’ v
C* COMMENTS: THIS SUBROUTINE GENERATES THE -OUTPUT FOR THE *
. C* NODAL ‘DISPLACEMENTS THAT WERE-PREVIOUSLY SOLVED IN- '~ * i
ig C* . SECOND PART OF SUBROUTINE 'SYMBOL': THE SUBROUTINE  *
C* (GENERATES THE NORMAL AND SHEAR STRESS COMPONENTS FOR *

B C*° EACH ELEMENT UTILIZING THE DISPLACEMENT. VECTOR TO OB- *
- C*  TAIN THE STRAIN VECTOR. MULTIPLYING THE STRAIN VECTOR *
C*  BY THE D-MATRIX, THE STRESS VECTOR CAN BE ESTABLISHED.* :
C¥: 'THIS PROCEDURE MAY BE FOUND IN J: S. PRZEMIENIECKL'S *
C* " THEORY OF MATRIX STRUCTURAL ANALYSIS ", McGRAW=HILL *-
C*--- BOOK COMPANY (1968), PAGES 84-85. USING THESE NQRMAL * -
C*  STRESSES, PRINCIPAL STRESSES AND MAXIMUM SHEAR STRESS *
C*  CAN BE' DETERMINED. THE PROCEDURE FOR THIS-'IS FOUND.IN *.
C*  STRENGTI} OF MATERIALS TEXTBOOKS SUCH AS E. P. POPOV'S *
C* " MECHANICS OF MATERIALS ", (SECOND EDITION) PRENTICE *
C*  =HALL (1978), PAGI?}ZAO-ZLJ. *

W 854

o ck — . N o X
bt C* SA1,SA2 ' = PREDEFINED FUNCTION FOR MAXIMUM/HINIMUM
* PRINCIPAL STRESSES
NUMNP * = TOTAL NUMBER ‘OF NODAL POINTS 1
1E(I,J) = NUMBER SIGNIFYING A PARTICULAR DEGREE OF
* FREEDOM (D.F.) AT NODE 'I': 2

J = 1, X-DIRECTION D.F.
I = ' J = 2, Y-DIRECTION D.F.
V(HkRy SOLUTION VECTOR FOR DISPLAGEMENTS OF D.F.

B AR AT R A R RA RN

u(L,1) HORIZONTAL DISPLACEMENT AT NODE 'I!
u(I,2) = VERTICAL DISPLACEMENT AT NODE 'L'
NUMEL = TOTAL NUMBER OF ELEMENTS :
E(T) = MODULUS OF ELASTICITY FOR ELEMENT 'I'
PNU(*#**) = POISSON'S RATIO FOR MATERIAL LAYER
116(1,J) ‘= ELEMENT. INFORMATION: " K
* 3 NC(**#,1) = MEMBEKX INCIDENCE * :
o . .« NC(***,2) =.MEMBER INCIDENCE *
. NC(***,3) = MEMBER INCIDENCE *
. NC(***,4) = LAYER NUMBER - Ao
IS0 I = VECTOR 'OF THE SIX.NODAL DEGREES OF FREEDOM * .
* OF A TRIANGULAR ELEMENT *
X(*),Y(*)’ = VECTORS OF GLOBAL COORDINATES FOR ELEMENT *
SIG(II) = ELEMENT STRAIN VECTOR *
B(1I,J) = LOCAL STRAIN DISPLACEMENT MATRIX - ° L i
BEII,J) = ELASTIC GONSTITUENT MATRIX QOF ELEMENT MAT= *
A : ERIAL PROPERTIES EXCLUDING ELASTIC MODULUS *
cH A -

TWLICE THE AREA OF THE TRIA“G‘ULAR ELEMENT * .
. e B
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nk

c* . »
' C* SIGMA(IT) = NORMAL STRESSES AND smzm STRESS FOR "
cx ELEMENT: II = 1, SIGMA-X *
c* 11 = 2, sxcm—y *
cx II.= 3, SIGMA-XY *
C* sS1 = MAXIMUM PRINCIPAL STRESS *
C* §52° = HINIMUM. PRINCIPAL STRESS - "
c* ss3 = MARIMUM SHEAR STRESS *
C* SIGM(II,1) = GLOBAL NORMAL AND SHEAR STRESS MATRIX *
e cx Lk
¢ Fosiggot
v
sunnounm: RDIS(V,D,SIGH, NUMEL, NUMNP, IE, IC, XX, YY,EM,
1 PNU,E,
§ .umsusmu V(538),0(303,2),D(3,3),B(3,6),%XX(303),
i 1, Y¥(303),1E(303,2) .
DIMENSION IC(536,5), zu(u) X(3),¥(3),516(3),51cHA(3)
T 1 ,PNU(LA);SIGM(3,536)
DIMENSION W(6),E(536)
: Cx*#x#x DEFINE PUNCTIONS FOR PRINCIPAL STRESSES *ws#x#
" SA (Sl $2,53)=((S1+52)/2. )+SQRT(((S1=52)/2.)*#2+53%
1
-, sp,z(sx $2,83)=((81+82)/2.)-SQRT(((S1=82)/2.)%*2+53*
1 )
CHIRHEH sscuou FOR PRESENTING NODAL DISPLACEMENTS *%#k##
_ DO 100 L=l,NUMNP
IF (1E(I,1)) 20,30, 20 *
30 U(I,1)=0.0 .
cdTo 40 \
20 U(I,1)=V(IE(I, D)
40 1P (1E(T,2)) 50, 60,50
60 u(r, z)-o 0
GoTO Lo
50 T oucr, 2)-v(:z(1 2)) . : r
100 CONTINUE !
- WRITE(6,1000)
N WRITE(6, 2000) (I,U(I,1),U(I42); I=1,NUMNP)
 WRITE(6,3005) s
CH**%#% SECTION TO nz?ﬂmmz ELEMENT NORMAL STRESSES *aA#ak
DO 300 IJ=1,NOMEL .
S I=1J .
EY=E(1)
PR=PNU(IC(L,4))
I1=1C(I,1) ; P
12=1C(I,2) . .
13=1C(1,3) = - v %
W(l)=u(11,t)
W(2)=U(Il,2) - .
. W(3)=u(12,1) - ~




Y(1)=Y¥(Il) 363

X(2)=XX(12)
Y(2)=YY(12) g
X(3)=XX(13) g .
Y(3)=YY(13)
CALL BDEFIN(B,X,Y, A)
‘CALL DMAT(PR,D)
DO 400 II=1,3 < -
SIGMA(LII)=0.0
400  SIG(II)=0.0
© Do 500 II=1,3
DO 500 J=l,6 . .~
CRHRARR €)= [B]{u} Axsnax . .
. 500 src(u)-sm(u)ﬂa(u J)*W(T) A
5 "DO 600 II=1;
600.J=2, 3
CHrnan f}. tn]lg] {u} wwnnnn
7600 SIGMA(TI)=SIGMA(II)+D(II, J)*SIG(J)"EY/A «
" CHAWRkA SECTION TO CALCULATE PRINCIPAL STRESSES AND RERALN .
c MAXIMUM SHBAk STRESS
§S1=SA1(SIGMA(1),SIGHA(2), SIGHA(B))
2 - $§S2=5A2(SIGMA(1l),SIGMA(2),SIGMA(3)) " i
== §83=(sS1-852)/2. g =
@y WRITE(6,67) I (SIGMA(LI),II=1,3),551,552,5883

DO 700 II=1
700 SIGM(II, 1)-smm\(u.) Nt
300 ‘ CONTINUE ’ -

67 FORMAT(1X,13,6E12.4)

1000 FORHAT('!'/Z(GX,'NODB NO.',4X, 'X-DISPL‘ 6X, 'Y-DISPL
i 19/2X,2 (4%, 10(LH*), 2,9 (114), 4X, 9(11#))/ /)

2000 PORMAT(2X,2(7X,13,7X,E9.3,4X,E9.3))

“3005 . FORMAT(///,' ELEM  SIGMA-X -~ SIGHA-Y SIGMA-XY
1 PRINCIPAL STRESSES MAX SHEAR STRESS',/)
RETURN . '

END
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c* N
C* SUBROUTINE RRDIS: GENERATES THE DISPLACEMENT VECTOR AND *
c* JTHE STRESSES FOR EACH ELEMENT

c* *
c ¥ A
a* o
C* COMMENTS: THIS SUBROUTINE GENERATES THE OUTPUT FOR THE *
C+  NODAL DISPLACEMENTS THAT WERE PREVIOUSLY SOLVED IN  *
C*  SECOND PART OF SUBROUTINE 'SYMBOL'. THE SUBROUTINE  *
C*  GENERATES THE NORMAL AND -SUEAR STRESS COMPONENTS FOR . *
C*  EACH ELEMENT UTILIZING THE DISPLACEMENT VECTOR TO OB- *
C*  TAIN THE STRAIN VECTOR. MULTIBLYING THE STRAIN VECTOR ¥
C*  BY THE D-MATRIX, THE|STRESS VECTOR CAN BE ESTABLISUED.
C*  THIS PROCEDURE MAY DE FOUND IN J. S. PRZEMIENIECKI'S *
©* " THEORY OF MATRIX STRUCTURAL ANALYSIS ", McGRAW-NILL'
C*  BOOK COMPANY' (1968),| PAGES 84-85. USING THESE NORMAL *
C*  STRESSES, PRINCIPAL $TRESSES AND MAXIMUM. SHEAR STRESS *.
C*  CAN BE DETERMINED. THE PROCEDURE FOR THIS IS FOUND IN *
‘C*  STRENGTH OF MATERIAL$ TEXTBOOKS SUCH AS E. P. POPOV'S *
ot MECHANICS OF MATERJALS =, (SECOND EDITION) PRENTACE *
C*  -HALE (1978), PAGES 340-243

c* -
“ B

c* )

C* SAL,5A2 = PREDEFINED FUNCTION FOR MAXIMUM/MINIMUM

c* PRINCIPAL STRESSES

C* NUMNP = TOTAL NUMBER OF NODAL POINTS

C* IECI,J) = NUMBER SIGNIFYING A PARTICULAR DEGREE OF,

c* szxnan (D.F.3 AT NODE 'I':

c* J =1, X-DIRECTION D.F.
c* J =2, Y-DIRECTION D.F.
C* U(*%%) , = SOLUTION VECTOR FOR DISPLACEMENTS OF b.F.

¢* U(1,1) ~ = HORIZONTAL DISPLACEMENT AT NODE .'I'

c* u(I,2) = VERTICAL DISPLACEMENT AT NODE 'L’

c* N = ITERATION NUMBER FOR PLECEWLSE LINEAR

c* ANARYSIS

C* NUMEL = TOTAQ)NUMBER OF ELEMENTS' :

c* E(1) = MODULUS OF ELASTICITY FOR ELEMENT 'I'

C* PHU(***) = POISSON'S RATIO FOR MATERIAL LAYER

C* 1G(L,J) = ELEMENT INFORMATION: .

c* NC(***,1) = MEMBER INCIDENCE *
c* \NC(*%#%,2) = MEMBER INCIDENCE, *
c* . 3 NC(#*%,3) = MEMBER. INCIDENCE' LF
c* . .. NC(*%%,4) = LAYER NUMBER

C* W(*) ' = VECTOR OF THE SIX NODAL DEGREES OF FREEDOM .
c* : OF A TRIANGULAR ELEMENT - *
G* X(*),¥(*). = VECTORS OF GLOBAL COORDINATES FOR ELEMERT *
C* SIG(II) ELEMENT STRAIN VECTOR *
c* B(II,J) LOCAL STRAIN DISPLACEMENT MATRIX ° L%
C* D(II,J) = ELASTIC CONSTITUENT MATRIX OF ELEMENT MAT- #

ERIAL PROPERTIES EXCLUDING ELA§'J:\IQ MODULUS *
‘ -

0

l.i.t”‘))t.i)bli




- *
* A = TWICE THE AREA OF THE TRIANGULAR ELEMENT *
C* SIGMA(II) = NORMAL STRESSES AND SHEAR STRESS FOR .
c* . ELEMENT: II = 1, SIGHA-X *
c* o II = 2, SIGMA-Y * -
o 11 = 3, SIGMA-XY - o. r
C* SS1,PS1(I) = MAXIMUM PRINCIPAL STRESS (MPa) * .
C* S532,PS2(I) = MINIMUM PRINCIPAL STRESS (MPa) -
a* s53 .= MAXINJM SHEAR STRESS (MPa) *
C* SIGM(II,I) = GLOBAL NORMAL. AND SHEAR sTRESS HATRIX *
c* - * =
¢ 2
suuoutmx RRDIS(V,D,SICH, NUMEL , NUMNP; IE 1C, XX, YY,EM
1 ,PNU,PS1,PS2,NI,E) ———
qpmzusmn V(538),0(303,2),D(3,3),8(3,6)4X(303)
YY(303),IE(303,2),1C(536,5),EM(L4),X(3),Y(3), sm(:)h -
- z SIGHA(3),PNU(14), smn(s 5369, (e), 3(536)}1'51(536), LN~
3 PS2(536) g
CA#**x% DEFINE.FUNCTIONS FOR PRINCIPAL STRESSES *atxx
sAl(sl 52,53)=((S51452)/2.)FSQRT(((51-52) /2 :)%*2+53% N
¢ .1 83)
. S;I(sl ,52,53)= ((susz)/z )-SQRTE((S1-52) /2. YHr24sIn ~J
1 ) &
CH#**4% SECTION FOR rmsxnunc NODAL DISPLAGEMENTS **xxx%
) DO 100 _I=l,NUMN -
1F (IE(T,1)) 20, 30 20 ’ o g
30 U(1,1)=0.0 i
GOTO 40" . .
20 U(I,1)=V(IE(I,1)) ) -
40 IF (1E(1,2)) 50,60,50 4 4
60 U(1,2)=0.0 3 i
* coTo 100 $ i
50 u(, 1)-v(u(x 2)) . N L
100 CONTIN - - N
1P (n xq 1) GoTo 150
GOTO 15 '
150 caunuux . - ~ {
WRITE(6,1000) |
_, WRITE(6,2000) (I,U(I,1),U(1,2), I=1,NUMNP) - .
s WRITE(6,3005) 5
175 CONTINUE — P
CH##%A% SECTION TO DETERMINE ELEMENT NORMAL STRESSES Axakas
.D0 300 1J=1,NUMEL .
. IF (NI.EQ.l) 7010 200 : E H
/ EY=E(I) . o o o
, 60TO 250 . . ] 4
<200 . _EY=EM(IC(I,4)) . . d ‘4
250 “PR=PNU(IC(I,4)) L . s 7 . v
. Il=IC(I,1) .
12=1C(I,2) [ = .
= . i3erc(1,3) 3 . | 3




¢

400

Channn
500

ChAkmR
600
Chkknn
4

v

—2

SW(L)=U(E1,1) T
- W(2)=u(IL,2) &

'SIGMA(II)=0.0 A L 5 iy

w(3)=u(12,1) . g
W(a)=u(rz,2) - - L ° 3
W(5)=U(I3,1) : .

W(6)=u(13,2) 1
X(1)=XX(I1) . N . \“
¥(1)=YY(Il) :

X(2)=XX(12) : 5 . v N
Y(2)=Y¥(12) ; 2
(3)=XX(13) v E * Son s
(3)=Y¥(13) “ . .
CALL ‘BDEFIN(B, X, Y}A) i ¥
CALL DMAT(PR,D) _ . R o

DO 400-11~1,3 ’ =

SHE(11)=0.0 . e + o .
DO 500 II=1;3 ), ; = .
DO 500 .. J=1,6 % 9 @ Bes g
Jel=. [3]}1. AxrprR 2 waene @ . 3
SIG(II)=S c(u)g(‘u‘.v)-uu) %
no 600 11=1,3 ) . o s
0 600 J=1,3- EFE 6 ..

;;}. [DI[B){u} wekans . o A
SIGMA(II)=SIGMA(II)+D(IL,J)*SIG(J)*EY/A
SECTION TO CALCULATE PRINCIPAL STRESSES AND *as###
MAXIMUM ‘SHEAR 'STRESS

SS1=SAL(SIGMA(1),SIGMA(2), s1HA(3® \ =
PSL(I)=SS1 P
ssZ-SAZ(SIGMA(l,) SIGMA(2),SIGHA(3)) i
PS2(1)=552 . .
$53=(S51-552) A2. I T o o o
i uu.zq 1) 6oto 659 g =N o
GOTO 67

Hknx(e 67) I, (smm(u) 11=1,3), 551 ssz §83
* CONTINUE k] 2% %

DO 700 II=1,3 & -
SIGM(IL, 1)-s1cm(u) (\._ ' )
CONTINUE B . %
FORMAT(1X,13, 6312 4) LA 7
FORMAT('1/2(6X, "NODE' no.',u.'x oxsn',sx Y- nxsn‘_ it
'D/2X32(4X,10(1H*),2X,9(1H*),4X,9(1R*))//).

FRRMAT (2X,2(7X, 13,7X, £9.3,4X,89.3)) .o

F nuu(/l/. ELEM SIGMA=X' STGHA- ¥ -SI_GHA-XY > N
PRINCIPAL STRESSES MAX SHEAR STRESS',/) o g
RETURN ; .

e




.
COMME
STR
EXP,
THL
LIV

NTS: THIS SUBROUTINE CALCULATES THEW IANCES OF
ESSES USING THE FIRST TWO TERMS OF A T FLOR SER!E
AUSIOMBOUT THE EQUILIBRIUM STRESS EQL’ATI(LNS. ‘/
S 'ANALYSIS IS'PERFORMED ON ONLY SELECTED ELEMENTS ~
', 'AS INPUT IN THE MAIN PROGRAM. THE LATTER SECT~

NES
cx -
V(1)
i U

. - NUMBER OF ELEHMENTS CONSIDERED FO sTucRAs’r-*
. IC STRESS ANALYSIS

ELEMENT NUMBER POR ELEMENTS CONSIDERED FOR *
STOCHASTIC-STRESS ANALYSIS ' *

= RATIO OF STANDARD DEVIATION TO* MEAN %RZSS
3 . *

’DIMENSIUN NE(JO! 2),NC(536, 55

* I 1 HARKRRRRARR

L SUBRDUTINE SQOVE(N‘E NC, NUHBL XX YY,X,Y,E, PNL’ v, DFU D

7STD,NES,IV NW,SIGM)

¥¥(303),E(536),PNU(14),V(538),DFU(538,536),0(3,3),
Iv(47),8TD(536),VAR(47,3),SIGM(3,536) ,RVARCA7,3)" "
DINENSION DS(536,3) - " -
COMMON /GTC/GT (536, 536),R0O . " o
WRITE(6,1000) & : g
WRITE(6,%) (IV(I),I=1,NES)

»

AN = "CORRELATION DISTANCE FACTOR (FIXED) L
NUMEL = TOTAL NUMBER OF ELEMENTS *
GT(M,N) ' = MATRIX INDECATING RELATIVE 'DISTANCE OF* i

* CENTROLDS OF ELEMENTS *
RO\ ° = PRODUCT OF CORRELATION DISTANCE FACTOR AND *
DIAMETER OF STRUGTURE . *

STD(M) ¥ = STANDARD DEVIATLION OF ELA,STIC MODULUS FOR “#
LA ELEMENT 'M'. Lo
R ~= COVARIANCE oF ciasric Moﬂuu BETUEEN TWO ~ *

3 ELEMENTS *
DS(M,T). = PREDEFINED FUNCTION {u} | IN SUBROUTINE. . **

3 . TMAT" *
VAR(NEL,1) = VARIANCE OF 'THE ‘THREE STRESSES ASSOCIATED *
C* s WITH THE ELEMENT ''NEL'\ *,
SIGM(1,JJ) = MEAN NORIZONTAL STRESS \FOR ELEMENT 'JJ' *
SIGM(2,JJ) = WEAN_VERTICAL STRESS ROR ELEMENT 'JJ' *
SIGH(3,JJ) ='MEAN SHEAR® STRESS FOR ELEMENT 'JJ' *
STND =/ STANDARD DEVIATION OF STRESS FOR ELEMENT  *
RCOV = GOHFFICIENT OF VARIATION OF STRESS *
*

,x(536),¥,(536),)(x(303),.

°. IONS“.DETERMINE C.0.V. OF THE STRESSES (HORIZONTAL, '
VERTICAL OR SHEAR) BY ‘CALCULATING THE RATIO OF THE\ * o
©. ELEMENT'S' STANDARD DEVIATION (SQUARE ROQJ-OF VAREANCE)*4 \
TO THE MRAN STRESS. (, USING- MEAN BLAsTIc uobuu) S )
- @ ' :
M s v %"




B AN=0.TA(NW-1.) S
_ WRITE(6,400) AN
& WRITE(6,*) 'vuum:ns OF STRESSES: . 5
a0 - MRITE(6,1010) - ~;
Do 200 NEL-I‘.HES b
NEE=IY(NEL) N
i T CRARAAR nunmnzs'ln} vuluz‘n FOR SELECTED ELEMENTS Axxas
. e 5

- T CALL nquz NUMEL, nc NE,XX;YY,E,PNU,V,DFU,DS,D;
! 2 \ -
1 Do ISNES - LS - é\x
Do 500 .1-1 3 W w¥ o s ,Q/ 4
o 5 VAR(I,d)=0" - 8 K
500 CONTINUE . a2 o 2 o w S
“D0 600 M1, NUMEL _ y 3 el S ol
DO 600 N=M,NUMEL | N ) e \
+  GETA=GT(M, N; A) ) .
R=EXP{=GRTA no)-srn(u)*sn(u) "
0 300 1=1,3 .
- CHARRK rmmouAL TRRMS  INCLUDED ONGE ##raks ¢ $et,

o Irat.Ea /N)CONST=DS (M, 1) *DS (M, 1) *R o -
* ChAkNk% QFPF~DIAGONAL ums INGLUDED TWICE DUE To *kkxa#
c L. SYMMETRY~. :

" IF(M.NE. N)consr-ns(n 1 'ps(u 1)'&{2\.' .
fle c""n VARIANCE OF STRESSES -** " 3

2 - - -VAR(NBL ()-VAR(I!EL I)+CONST » 3 Lo
s 300 conmux . e £
600 CONTINUE s . N
HRITB(@ *)NEE, VAR(NEL 1), VAR“(NBL 2), VAR(N!L 3)
« DO 100 1I=1,3
& T 5 - RVAR(NEL, u)-vn(xm. I1) P
100 . °  “CONTINUE h
209 CONTINUE. \ d\ % 4
Ch*A%&% CALCULATES C, 0.V. OF llOIlllQIITAL STRESS AxaE |
4 . £ WRITE(6,1015) - . - &5
- © - DO 700 I=1,NES _ ~ B i . g F
o - JI=IV(I). . : . i . i
STRESS= SIGM(1, JJ)-xono o " A
STND=(SQRT(RVAR(I,1)))*100070 . \ e

icuv-us(s‘tun/sruss)
o * WRITE(6,#). JJ,STRESS,STND,RCOV
700, CONTINUE
CHAAAAR CALCULATES G.0.V. OF VERTICAL STRESS waeans
L wuu(s 1020) .
; = 0 800 I=1;NES . 9. 4
: ~~J.V-xvu)

S )% STRESS=SIGM(2,JJ)*1000.0 ' ‘ W
- 3 smo-(squuvuu 2)))*1000.0 . .
S . : ‘RCOV=ABS (STND/STRESS ) g P

| * ' WRITE(6,%) .u,srxxss STND;RCOV A
g 800 'CONTINUE . _ .




3 ol ct-ﬂﬂ(cu.cuurzs C. o V. OF suEAR- snzss annnan . T
WRITE(6,1025) '
. b0 900 I=1,NES =
JI=IV(1) _
. STRESS=SIGM(3,JJ)*1000.0 /
% STND=(SQRT(HMPAR(I,3)))*1000.0 o
* ' ~RCOV=ABS(§TND/STRESS) L
i : WRPTH(6,*) §J,STRESS,STND,RCOV =
o 900 - CONTINUE :
400+ FORMAT(//,* RATIO OF CORRELATION nxsnucx T
v 1 FOUNDATION WIDTH IS ',F7.2,//)
5 1000 FORMAT(////;' STOCHASTIC ANALYSIS OF SELBCTBD
_ 1 ELEMENTS :
~N. . 1010 rouHA‘l(/I,Bx,' ELEM. uo.',sx,,'ncu.\-x',ax,'slcuA-v!-‘ Y
I X 7 1 ,7X,'SIGHA-XY',/) x <
® 1015 . FORMAT(///,' ELEM. NO. HORZ.STRESS(kPa) STD(kPa)
: ¢ . €0V

-

N0 WERT.STRESS (kPa) STD(kPa)

" N
. NO. SHEAR STRESS(kPa) ’STU(RPI)




o C" VARS(N 1) = STORED ARRAY OF VAR[ANCES OP STRESSES F

c* : ' ’ T
C* SUBROUTINE 'SCOVEN: DETERMINES VARIANCES OF smzsé o
c* A T *

CHxX Aliid | dede ok ek e X

cx - £ . ? .

C* COMMENTS: THIS SUBROUTINE CALCULATES TIHE, VARIANCES

C*  STRESSES USING- THE FIRST TWO TERMS.OF A TAYLOR SERMES
C*  EXPANSION ABOUT THE EQUILIBRIUM-STRESS EQUATIONS.

Ck  THLS ANALYSIS 1S PERFORMED ON ONLY SELECTED ELEMENTS

[ 'IV', AS INPUT IN THE HAI_II PROGRAH- 2

c*

[

“ ow

C* NES te T - NUMBER OF ELEMENTS CONSIDERED FOR STQCHAST-
c* + /-I1C STRESS ANALYSIS

C* TIV(I) = ELEMENT NUMBER FOR ELEHENT$ CONSIDERED FOR
[ el STOCHASTIC STRESS ANALYSI \
CORRELATION DISTANCE FACTOR (P{XED)

C* AN\

C* NUMEL ° NOTAL NUMBER OF ELEMENTS

% CT(H, N) MATRIX, INDICATING RELATIVE DlSTANcB m=

cx/ CENTROTDS OF ELEMENTS -

C*'RO - = PRODUCT OF -CORRELATION DISTM{GZ FACTD ‘AND.

C* - DIAMETER OF STRUGTURE ..

C* STD(M) = STANDARD DEVIATION OF ELASTIC MODULUS FOR

c* ELEMENT 'M'

c* RS = COVARIANCE OF ELASTIC MODULI BETWEEN ‘TWO
___ ELEMENTS -

c* ﬂs(u I) « = PREDEFINED FUNGTLON {n‘} s IN-SUBROUTINE

MAT "

C" VAR(NEr I) = VARIANCE.OF THB ’l'llRBE STRESSES ASSOCIAT D
WITH THE ELEMENT 'NEL

R’
THIS LOAD STAGE

ca. . Coa

*

SUBROUTINE SCOVEN(NE,NC,NUMEL,XX,YY,X,¥,E,BNU;V,DFU,
~ 1 Dp,STD,NES,IV,NW,VARS)
DIMENSTON NE(303,2),NC(536,5),X(536),Y(536),XX(303),.
1 Y¥(303),E(536),PNUC14),V(538),DFU(538,536),0(3,3);
2. 1V (47.),8T0(536),VAR (473), VARS (47,3), ns(ﬁa 3)
COMHON /GTC/GT (536,536) R0
WRITE(6,1000) . -
WRITE(6,*) (IV(I),I=1,NES) . .
AN=0.1*(NW-1.) .
WRITE(6,400). AN
WRITE(6,*) 'vumcn; OF. STRESSES:!

WRITE(6,1010) . ; bt

D0 .200 NEL=1,NES ] .
NEE=LV(NEL) " .

a»&i:»n»»ﬁbt»»tr*t*»»tta * kA kAW

Vo




" ~200

I
° C****** DETBRHINES {)l N VALUES FOR SE TED

c .
CALL MAT(NEE, NU&;‘.L NC NE, XX (8 ,BNU,V,DFU;DS,D,
1 KODE) : o
v - D0;500 I=1,NES .
... D0'500.3=1,3 ' , -
VAR(I,J)=0, ; '

500 _CONTINUE £
© DO 600 M=1,NUMEL 3

DO 600 N=M,NUMEL _

 GETA=GT (M,N)

K-EXP(—GETAIRO)"STD(H)"STB(N) ==,

DO 300 1=

CHAkkAE DIAGQHAL 'nzkns INGLUDED ONGE A% % &k
IF(M.EQ.N)CONST=DS(M;1)*DS(M,L)*R

cﬂ*‘rn OFF-DIAGONAL' TERMS XNBLUDED ’rwmr. DUE TO *#rkik

¢ .- _SYMMETRY , ' . i
IF(M.NE. N)cous’t-ns(n I)*Ds(u I)*R"Z. . (e

c***ﬂ** VARIANCE OF STRESSES *hkkak
VAR(NEL ,1)=VAR(NEL, I)+CONST, .’ P )

Ch*#k*% STORE IN NEW. ARRAY SINCE 'VAR' IS SET TO **kasx

C -~ "ZERO _FOR EACH LOADING STAGE
. . VARS(NEL, I)-VAR(“EL 1)°
300 CONTINUE _ _.

600 7 'CONTINUE i

. WRITE(6,*)NEE, VAR(NEL 1),VAR(NEL,2) ; VAR(NEL, 3)
CONTINUE -

FORMAT(//,* RATI® 'OF GORRELATION DISTANCE ¥
1 F8unDATION YIPTH IS .',F7.2, 11,

" '400

1000 . FDRHAT(III/._S_ID_GBASTIC ANAusu ‘oF SELECTED.
1 ELEMENTS:

1010 FORMAT (//, 3X, 7L5M, NO. ', 35X, 'SIGHA=X',8X, 'SIGHA-# "

7X,'SIGHA-XY'
" RETURN
- END

i N ) :




. 372
c* e " ) P A 4
e INE SYMBOL: DECOMPOSING AND BACK-SUBSTITUTION QF *
ct : DEGREES OF FREEDOM ., ~ *
cx - -/ i .
= P
cx = . 1
c' cmmu:rs‘ THIS SUBROUTINE IS COMPOSED OD TWO PARTS: ONE .
[ FOR_DECOMPOSING THE GLOBAL STIFFNESS.MATRIX AND THE * 14
c- OTHER- FOR SOLVING- THE ' DEGREES OF FREEDOM (NODAL DIS- *
C*¥ -PLACEMENTS)> SECTION 1 TAKES THE.STIFFNESS MATRIX (IN *
.C* _BAND FORM FROM SUBROUTINE 'ASMB') TO DECOMPOSE IT TO :*
C* AN UPPER TRIANGOLAR. MATRIX USING THE GAUSSIAN ELIMIN- * 3
C* . ATION PROCEDURE. SECTION 2 DECOMPOSE§ THE LOAD VECTOR *
C* WB'.AND SOLVES FOR THE NODAL DISPLACEMENTS USING THE - *
‘C*  METHOD OF -BACKWARD, SUBSTITUTION. FURTHER DISCUSSION ~*
C* ON THIS SOLUTION TECHNIQUE FOR BAND MATRICES CAN BE  * .
C* . FOUND IN L. J. SEGERLIND'S " APPLIED FINITE ELEMENT  *
~C* © ANALYSIS ", JOHN WILEY & SONS (1976), PAGES 377 379.. %
gk a2 i *
) ¢ : ARARAR AR * * .
i i *
C* ‘KKK = NUMBEK FOR DETERMINING SECTION OF SUBROUTINE . *
cx . - ACCESSED: KKK = 1, DECOMPOSING *
c* ’* =2, BACK-SUBSTITUTION R
C*A(I, .1) - CLOBAL STIFPNESS MATRIX *
C* B(I) .= INPUT AS LOAD VECTOR/OUTPUT XS SOLUTION VECTOR & .
C* NN = TOTAL NUMBER OF DEGREES OF EREEDOM (D.F.) >
C* MM = SEMI-BANQWIDTH S
C*.NMAX = NUMBER LIMITING THE MAXIMUM SIZE OF ‘BOTH * .
- FFNESS MATRIX AND LOAD/ & e

\

270 -CONTINUE g B3

—c* ~ Rl . >

»

¢ !

SUBROUTINE SYHIOL(KKK A,B 'NH MM, NMAX) _ . ¥

DIMENSION A(NHAX 32),B (NHA!

G0 TO (5,275),KKK

"cAxtxak SECTION FOR DECOMPOSING BANDED STIFFNESS MATRIX *&ak *

4 K SPACE™ AND- COMPUTATIOR TIME
5, °: . D0 270 N=1,NN

: D0 260 L=2,Mm o p
. c=A(N, L)IA(N 1) 5 ¢
L §
J;(:m -1), 260, zno 240" 3 i
K no 356" x-y. M W W T
v e ! . :
‘250 A(Z,3) A(t J)-c*A(N K)
260 ° - A(KL)=C

Go. TO 500




- &R wn & -
. T M b
' ’ - an
_cnﬂ" SECTION FOR aAcx-sunsutuuou T6 OBTAIN SOLUTION *a##s
VECTOR FOR.ALL D.F. (NODAL nlpuclnnnrs)

. 215 DO 290 N=1,N
DO 280 L=2,MM s ('; - ~
). 290,280,280 L 5 s .
% 280 B(I)=B(1)-A(N,LY*Y LN z :
0 B(N)=Y/A(N,1) . . T
- N=NN / ! - - 3 ! ’
. 300 X N-1 s : '{ %
. 2 (8)350,500,350 . =X e R =
2 & 350 © DO 400 K=2,HH z 2 TN e ‘ :
‘L=N+K-1 5 J .
IF(NN-L) 400,370,370 - : F
370 B(N)=B(N)-A(N, K)*H(L) o 2 i - \},
1
i

400 - - CONTIRUE .
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: ‘appENDIX.V ¢ [ CaE R e
) ‘- Gross Moment of Inertia for. ., oo .
“ 7 B G ¥ 4 - s .
: . Ekofisk's Raft Folindation
i - . d .
To detami;e the gross moment of, 1nerti7 akout an aMs’
: 1T pnssing‘ through its centar, ex{e raft fnunéadlon of t
Ekofisk Tenk is subdivided int8 requler shapes. gThese - -
P - 'suhdivisions are indicated in the’ plan outline shown n
% Figure V.1. The subdivided stmctu lf ‘consists, of: P
P ) a main rectangular area deroted as i, R
W 3 o PR
ii) ‘tvo smllex- rectangles .denoted as 2,.and ¥ .
e 1ii) four quarter circles denoted as 3. 3

iy 7 ifo simplify computations, these four quarter“ circles are

treated'as two sémiciré:ies.v For each regu].ar shape, section b ;
Y

propertles are calculated abouts fs own center. Using the . =
o paraliel nxis theokem, the grcss mcment of inertla, Ixxe is' . " s
‘determined:. . Ju R o " i
. - e ‘ - -~ T K
T Iy 101 + 2(Igp + Iog + A2 + A3d3 ; v.1 .
£ . where momants of :Lnettin' ’ -—-/ - . 5 R
) ) Toy = 34439 m? ¥ S . o
i .Ioz,;' 73970 w2 : s : ‘ &

N Igs = 234940 m? o .

w 2 , area: ,J./ /“\ ' : ._".
sy Ay = 622.9 m? ST e S
. Ay =i2298:2 m? e ’ \ ) I,




\




I\ . e
distance from centroid to x-x axis: -

4y = 27.13.m. -
d3 = 24.48'm ',
. 83 &
5 Iyx. = 4324150 m4 .
N .
|
o |
- [
. . Ly |
e 3t ol
‘:.
v
.




APPENDIX .VI . 4

) Nodal Forces for combineﬂ Gravity
and/ﬁave Loading at Ekofisk

. - e—— 9

The November 1973 stormy. wave conditions have ﬁkoduced .

a linear préssnre distril‘autlon beneath the Ekofisk Tank
fuundat!un as indicute;i by Figure vI. 1. ‘It has ranged ‘{rom

a minimum of -7.9 gPa (tension) to 513.3 kpa maximum. ‘To

i equate this loading’ to. mpdal forces on’ a cne-metra wide-

stnp these soil pressures are averaged over the tributary
. 4 /

4
areas to arrive at the vertical node loadings. -

/

Using t.h/is vertical”load distribution, an overturning

momen‘t of 370 5 MN-m for a one-meter wide strip is calcu-

latea aho\?: tha raﬂ: foundation's eentmid. ' This moment is

+ 1.512% of the total overturning moment. Since - the over-

turning moment at the base of t:he qravity structure arises
from ha eccentricity of the horizorital wave {Eorce, the ;same
barcentaqe' of the 677 MN total horizontal force is con-

sidered .acting 'on the one-metre - sttip. The riet horizontal

strip force is estimated at 10 238 MN. considerlnq this

force to be distributad equally over the eiqh&sn ‘'nodes of
. the elements representing the tank, ‘results wi(:h a horizun—

tal load of 0. 5688 .MN per node.
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" Linear "Soil ' .
Pressure Distribution
: T Pr
_ e : N, - |-
P=\7,9 kPa — . P o= 5/3.3 kPa ' -
. .1 \_, o8 L bl ) Pis
Soll" Rressur®' |- Averaging | ‘vbu‘ary - | Nodal .-Force
A Areg(m?) || . (MN) "
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Ps| 896 — 2L
e .5 Vy| 1.4076
4 [Pal 1950 s "2.1568
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E. VI:l.. .VERTICAL NODAL'FORCE: DERIVATION
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