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ARGSTRALCT

Design limit states For offshore gravity struciures in whe
alaskan Beaufars and Eastwera Chukohi ocontinental shaluns ars

discusaad. The raport contains a descripuvion of geological
canditions, design  loads, and type of structures used. Threa
foundatian typasa are cunsideread: foundations for artificial

islands; foundatiaons for calsson ratvainead igland with sand oores;
and rigid foundatians for various types of gravity structures
which are positioned an  the oocean flooe with & minimum of
preparation. Design limit states far thage Yfoundations ars
Cidentified and the required reliability against the ooccurance of
shese limit states is discussad. Our ability o detsrmine founda—
tion resistance is assessed. '

Key Words: artificial islands; geatechnical engineering; ice
forees; mat faundations; ocean enginesring; offshore plavforms;
il productian; sand and gravel berms; soil exploration; soil
wagting .
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1. INTRODUCTION

Offshore structuras for 0il and gas exploration in  Arctic
ragions, and particularly in she PBeaufart Sea, must ocope with
unique environmental conditions. The canfiguration, design and
monstruction af these swrustucras and theic  foundations are o a
large degree dictated by thase cﬁnditiunﬁ. The most critical
apvirannental affects ara:; the short period of time available fore
canstruction {about B0 days aof open water conditions); the
lagistic difficuliies associated with the transpact of struactueal
matecials and components to the site; the scarcity of nearby sand
and gravael deposits at most sites; the largs lateral ice forces
acting on  the structures; and the unigue soil conditions pre-

vailing an most sites presently undar cansidaratian.

The transfer gf lateral loads from affshore strucitures o the
supporting soil on the ssa floor is a design constiraing which has
a major effect on the cost and configuration of these siructures.
Faundation types presently under oconsideration are  large mat
foundations. The swructural systems comnprising these foundations
can aither be constructad an artificial sand oc gravel bares or
placed directly on the seafloor with a minicun af preparation.

The load mapacity of such mat foundations can  be augnentad by
adding skirts ar large diamater pileﬁ‘(spudﬁ), by uariuu% methods
af sail isprovesant which incesase  whe shear swrangth of the
suppoarting seoil, and by underfilling methoads which imprave the
montact  betwasen the @mats and whe supporting soil. Altecnatealy,
lawaeral loads ore raguiread satfety margins oan be reducad by

various design strategies.

The purpase of this repaort is w0 define oritical cdesign limie
states for mat foaundations in the aratic, discuss design strate-
gims used t0o prevent accurrance of these linit siawes, and asses
aur capability to determine the reliability against foundation

failures associated with thaesa2 linit states.

i



Chapuier 2 of the repaort deals with snil conditions; chapter 3
disousses design  loads; design limit states and strategiss are

discussad in chaptar 4; chapter & deals with problam aceas and

difficuluies in the state of the art.



2. SUBURFACE CONDITIONS
2.1 Ganaral

The currently available data bass for continental sheld ar=as in
whe U.S5. Baufort and Eaguwern Chukoahi s@as is derived from multi
channal seismic caflectian profiles (sme Ffigure 1} and other
axploratinn data taken by U.5.6.%. and interpreiad in Referance
£1l, and from proprietary soil exploration studiss cacrcied ouw in
canjunction  with spacific projacts. Soae of whe available
infarmation does ot lend itseld to very accurate intsrpratation
and is 1ikely wo be re-interpreted as wmors baoring inforeasioan

becromes available.

The National Patroleom Council estimated T2 what Y praouven
wachnology and sufficient expertise far advanosd design wark is
available for the industry to prooeed confidently with operasians
in waser as desp as 650 fmet (200m) in the Southern Bering bHea

and o about 200 faet (&0m) in the more severaly ice covered

-

armas of cthe Narthern Bering, Chukchi, and Beaufart S=as' . Consa—
quently, this rceport is prisnacily concerned with canditions w0 a
wataer depth of about &0m (the &0m isobath) . In the W.9. Beaufort
Sea this covers most of the arsa landward of the conttinental

shalf break.

Gince this report is dealing with the stability and loasd-deflac-
tion charasteristics of structural foundations, the discussion of
suwaurface characteristics is confined 0 the uncansalidated
deposits which affect structural pecformance, It is, howeyap
recagnized, that structural performsancs wmay also be affected by
drilling preablems encountarad in much deeper seated rock farana-

tions. Such problems are not within the scape of this report.
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Gaeological Characteristics of Unconsalidated Deposits
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]

.1 Surficial Geology

The continental Ehalf a-f tha U.5. Beaufort Sea is underlain by
the Quatmrnacry deposits of the "Gubik Formation', which caoansists
of shallow water marine and terrestrial sediments, containing
sands, gravaels, silts and olays. These depasits vary in thicknasg
from 10 o 200m. The Cubilk farmasion is gensrally coverad by much
lagser Holomene depoasits which are 8%  to 4%m  thick and sypically
wend to  foem a3 wedge which  thickens in  the offshore direction
and reaches ivs maximue thickness near the sheaelf brealk. This
wadge of Holocene deposits  tends to  be thickee in the EagLern
halft af the Beaufort sheld. The Holocaene depasiss in the shallow
parts of the Eastern Chukchi Saa appear to be in most places less

than Sm thick but to incrsase locally te about 12w,

Figure 2 shows contours af the whickness of the most poorly
cansolidated marine wmuds which were prepaced from USGS high
raesolution profiles, with some of the information carroborated by
drilling and diving samples. Along the coast the Holocene layer
appears %o be thin orf absent because aof erosion effects. Also,
therae is relatively little sedimant accunulation in delcas and

affshores from rivers.
2.2.2 Evidence of Instability

T the middle and outer sheld thers is saome avidence of develop-
aant of very low angle bedding plana slides, This eay be taken as
an indication that the shear syrength of the deposits, or of soane
discrate strata within these deposics is  probably low. High
resolution seismic profiles spaced 15 ta 50 kw aﬁart'alnng whe
antire w=atern part aof tha shelf show avidencos of instabilicy
terranes seaward of the S0 ta 6%m  iscobath along the shelf

brmak. Theesa include sabular sheats uwup to 382 ke long and typi-

S
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cally 20 o 230 wm  thick which move gsaaward along slip planes
which dip only 0.5 %0 1.5 degrees, and thus must  include layars
af vary low shear strength. Figure 3 shows a preliminary mapping

af thase youthful landslide werranas.

along the Beaufort coast, coastal erosion and  sogur are wide—
spread and result in the seawvard sigration of barrier islands.

Largs scour araters (streudel scours), 13 to 25m in diamneter, area
farmed near the mouth of rivers during the spring flooding of

fast Lime areas. Erosion and scour dawa are shown in figure 4.
2.2.8 Setemicity and faules

Most of the area under discussion has been historically aseismic,
howauar a singles earthquake has been locatad 200 wiles noarth af
the Colaville River delta, and there is a zane of concantraiad
seismic activity in the vicinity of Barter Island. Figure 5 shaws
a U.5.03.9 mapping of epicenters far 2arthquakes of Magnitude I3 or
graatar. The largest of these recorded sarthogquakes had a Magoni-
cude of 5.3, It has been raconnended, that structures in wthe
Southsastern portion of the U.%. Beaufart Sea shelf should be

designad to withstand saerthquakes of at least Magnitude 6.

Young Faults are abundant in  the Cawmden Bay araa. They are
thaught L1d to be associated with an area of Holocens uplifs.

Available data suggest that at least som2 of thase faulis are
active. Saome  addicional faulis Wwhich displace pleistaocsne
deposits were also recorded. It is suggested 131 thay the
micishelf faults, which would bde of concern in conjunction with
affshare structucres, ar:2 either quissaent ar have a. very lLong

recurreancs interval .

2.2.4 Phanorena Assaciated With the Arotic Region

(1) Relict Pecmafrost

Quaternary deposits below the Holocene deposits were frozen

7
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during the last glacial sea leuel lawstand o a depth
astimated to exceed 300m £1,4,53]. Much of this permafrost
maeltad after aexposure to saline water above the fresiing
point. However, a significant portian of the deposits is
still fully or partially ice bonded. The distribution of this
“ralict” persafrost was not extensively axplored. Howsver, it
is reasonable to assume that there is no relict parmafrost in
the Haolocens deposits which arse gealogically youngee than the
parnafroast. Areaas on the inner shelf that werae charaoterized
L4 axhibit idioces bonded permafrost at variable depths which
may be sevaral hundred wmaters, ouvarlain by partially bonded
parna-frast. N=arshore parnafrost is also likely ta be
prasent in  areas of rapid coastal erosion. Subsea permafrost

racarded in the Chukchi 924 is discussaed in Refareace 5],

The pregsence of relict paroafrost beneath other soil deposits
poasas hazards ©a structural foundations. Thesge include
sattleanants and loss of bearing strength associated with the
thawing of shess deposits. Thawing can be causad by changes
in the thermal regime of the subsoil induced by the presencs
of the offshare structure and by production or 2xploration
waalls, VUery large settlems2nis can  rcesuls from the affect af
il production oe axploration even if the ralict permafrost

is located at a considerable depth.

Shallow gas deposits, eithaer of thacmogaenic origin (origina-—
ting From naitural gas deposiets at  gresawer depth, o of
biggenic arigin (decomposiction product Ffraom buried organie
materiall have accunulated in many areas beneath the shelf
af the Bsmaufaort and Chukochi Seas 13 {ses Ffiguersa &) . Thase
gas deposits pose structural hazards by inhibiting the narnal
cansolidaciaon oaf soils and thaereby causing pockess of
abnormally low shear strangth. They also could cause blowouts

during drilling aperations.

11
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Gas hydrauwes, which are gases caged in the interstices of an
axpanded ice crygtal lattios, aoocour in the relict permafrost
deposits at greater depths, as seean in figure &. If encoun-—
wa2raed, and thare is no ouidence what this would happen
landward of the 60m isobath, they could pose a hazard if

shangses in the sthermal regine cause the parmafrost to thaw.

Ice gouging is discussed in Refarances L1, 6, and 71 which in
wurn refecaence many studies. Tha process of ioe gouging can
be underastood in tarms of whe ice regime, which fluctuates
spasanally. With the progress of winter, tha2 area inside the
barrier islands freezes and Ffoarms a zane of Ffast ice (vary
litwle ar fao ice movian) . Part of this fast ice at a shallow
water depth extends to the full water depth (“"bovtam fast
imatt while ths other part at graater depth is floating. A
whe seaward bhoundary of the fast ice is  whe polar ice pack,
which sonsists of ios floes, wany af them multi ysar ice,
which move generally in a waesterly direction. The polar ice
pack intrudes oan the zone of fast o9 and a8xerts prassurs on
it. s a resgult, a zone of First year and wsulti year ice
ridgas {(tha “"Stamuki' zane) forms. These ridges build up te a
great thickness and have deep keels which are freguently
graundad and genarally form in  water depihs from 15 o
4%m. Figure 7 shows a schematic sketwch of the ioce regiae
during early spring bafore the onset of thawing. Figure &
shows the approximate limits of whe wvarious ice zones., In
apring arcetic rivers Ffloogd <the fast iece ocanapy which
aventually breaks up and malis, while the polar icepack
raterasats. Maximum open wateer geaerally ocours in Sapoaabaec
and earlg Ocotwobar, hnwavear grounded remnants af the Stamuikd

zone may persist during the opsn water ssasan.

Gouging is caused by the keels of grounded ice ridges which

are dragged along the sea flaor. The most intensive gouging

13



Figure 7. Schematic Skewch of Ice Regime in Early Spring.

14



N % :
Arctic Ocean

Beaufort Sea

Ry
i

Chukchl PRI & %)

Sea Qo\“‘
Smith j
ay
. A —
aobaths ay Pru:lhoo \6" pgy - ]] ) N %
2. Y _g' - “E E ls:l:‘n‘c: J"
0 s 100 E'_; 8 H & |E Camden Demarcation
t!:t"n:m -3 s x Q Bay Bay \
» [4] -
® ALASKA | CANADA

00 tsobaths. m &\\N Stamukhi zone
Fioating fast ice zone
Bottomfast ice zone

- Qutar limit of known ice-gouge terranes

Figure 8. Iece Zonation in the Alaskan Beaufart and Eastern

Chukchi Seas.

13



in the Besaufort Sea occurs in the Stamuki zone betwmen the 15
and 45m isobaths. In accardance with Barnes at al.£4l, a
“typical" maximum gouge per lkm tracking length, embodying
thé maan value of extensive survey data, wauld oocue ia 18m
daeap watan, form a furrow 0.%4m below the mean soa floor and
a ridge 0.47m abave the mean s2a 2 Flaoore (tatal raelief of
1.08m), and have a width at the seafloor lsvael of 7.8m. There
wauld be 70 gouges per knf with an averags tracking length of
Lkm in  mach km®. The daminant oriantation of the gouges is
E-W, as would ba expecied with an ice movement in a Westscely
direction. An idealized sketch of a gouge and a gouge
muluiplet (wypically causad by Ficrst year ice ridges) is
shown in figure 9. Figure 10 shows a2 mapping of obsarved
gougs intensities, where gauge intensity is  the peroaduct of

maximum gouge depth in m, maximum gouge widih in m, and gouge

dengity in No. of gaougss per kma, and is used as @& statis—
tical amsasurs, Maximum gouge dimensions obsecuad in the
survaey in Ref L6871 werea &7 width, <4dm depih (with a single

value of 35.5n) and and e haight of flanking ridges. Maximunm

density observed was 500 gouges par kee.

The .@ngineéring implications aof these gouges ars uary
sarious, particularly when it is planned ta use pre fabrica—
Cted mats resting directly on the ocean flaoor, in which caam
whe gouges would result in anly partial contact beatwaean the
mat and the ocean flaar. The =2ffect of backfilling sthese
gouges in  the case  of underfill and gravel berms would also
b wARVEenN CAntant SLresses, since it is nat feasibla 4o

CONSLEURL compacted Ffills,

Lé
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2.3 Engineering Characteristics of Uncansolidated Deposics
2.3.1 S0il Types Encountered

Figure 11 shows a distribution of boutomr sediments  in the
Beaufort Sea shelf, taken from Refarance L8], So0il classification
is by “mean sediment size', which is interpreted as whe particle
diamneter below which $0% of any sample by weight is smallec

‘050). It can be sean that particle sizes ranging from gravels wo
clays ware identifis=d, with silts genercally predoainating at
smaller depths and clays at greater depths. A partiazl map of sand
and gravel resources in the Bzaufort Sea is shown in Figure 12, A
more comprehensive map of sand and gravel resources is presanied
in figure 2i in Refecence {(11. Thesa data show surface deposius
and do ot nascessary reflect s0il conditions dsportant for
foundation design, & inoea the Holoceng depasiss shown in the
figures could b guite shallow. Some specific infocmation is
shown in the @sail profiles in Figure 13, which wars taken
in a notherly direction in Prudhoe Bay. an idealizad schematic
protile is shown in figure 14, In general the data indicace that
conditions tend to be guite varisble and cannot be predicted in
whe absence of site specific data and that packets of soft claysy
siles and relict permafrost may be encountarad within laysars of
mare conpetent matecial. The spacing of exploratary  borings must
tharaefare by close =nough to  detect pockets of soft soil. As
preuicuslg noted and shown in figure 14, theres is a general trand
for thae thickness of the Holocena deposits, which cover the mare
competant Plaistocans deposits, to increass2 with inoreasing water

depth.
2.3.2. Suwrength Characteristics of Soils

It is in gessral dangeraus, and pechaps undesicable o try to
generalize available information on subsurface canditions, since

she sails in =sach individual locations have theic own unigue
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characteristiocs and geolagical history which nead to be axplarsd
and assessed, and the gsoils on  the Baufort and Eastern Chukehi
shelvas tend to bs quite variable. Howeaver ffor the purpose of
this raeport the wrend of available data can give some insight
into unigus oconditions existing in the rmgion and problems that

may be encounterad with gravity siructures.

Wang and VYivatrat 9] swudied a wide variety of silts which soom
w0 pradominate in that region. Actually the soils shey studied
include soils wich by the Unified Goil Classification (A5STH
D2487)IL10] would be classified as clays becauss of their high
Plasticity Index, however the authors peoint out correctliy that
the asngineering properties of these soils reseable those of
silts, ratvher than clays. Figure 15 shows uppar and lower bounds
for shear suirength and excess pore witer pressures as a function
af shear suwrains obtained in oconsolidated undrained teiaxial

comprassion tests. In the Ffigure, 1 = major principal stress,

83 = ainor principal suiress, ‘e = effective confining pressure
at onasat of test {(consolidation prassurs) and o = eaxoss poares

water pressure. The upper bound of shear strength is far the
daensaat samples. It can be seen that the soil is dilatiue and
shear strength inersesases with shear surain., The lower bound is
for the loosest samples which are somewhat contractive but their
shaar strength is stable and does not decrease with increasing
shear deformations. Figure 146 shows the range of undrained
shear strengths with depth for Beaufort Sea silts and figure 17
shows overcansolidarion ratins as a function of depth obtained
from adometaer  tests. In figure 16, TXUW and TXCU are undrained
unconsolidacted, and undrainad consalidacad triaxial tes s,

regpectively .

The dava in the figures should be viwed with caution, because
they are fram laboratory tests and are probably affected by
sampla disturbance. Sample disturbance effects are particularly

great for heavily avarconsolidated samples. Nevertsheless, certain
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srands emerge from the data: (1) the soils are heavily overcon-
solidated, particularly awv a shallow depth, with a considecrable
gseatier aof the overconsolidatian ratio at a shallow depsh. The
authars attribute this overconsolidation to the effects of
past freezing and call it apparent guerconsalidacion”. The
arigin of the overconsolidation way ’ be respoansible for tha
variabilicty of tha data. However some of that vacriability may
alan be caused by sample disturebancea.

(2. while there is considerable sgcatter in the shear sterength as
a shallow depth, with some very high values, there is a wrend,
for depths graater than about 10 fu, far the shear strangth o
increase with depth, Thers is little doubt that the high strengih
valuss at shallow depihs and their scatter carrespand to the high
and scattered values of osverconsolidation ratios discusssd under
(1Y, If this is the casa, they should not be relied on In design,
because of their uvariability, and also becauss averconsolidation
affects could be 2liminated as a result of disturbances and large
deformations which  can cause a raedoction in confining pressures.
{3). The narmalized shear strength values shawn in figues 15 are
foar strains of up to 7%, and Ffoar the A curve sirains up Lo
3%, The tegts ware not carried to a large enough strain wo
achieue a steady state sirength, and probably could not have been
carried to a large enough strain by twriaxial teating. It may b=
that at larger strains the & curvys wauld drop o a sweady state
(residual) shear strength which is considecably lowsr, particou-
larly in oaovaerconsolidated samples. The twests also _provide no
infoarmation an cunulative displacements that may result from nany
strain oyeles in one direction. Such information is of crucial
\impmrt&nce‘for the assessnant af tha lang wRarm rasponss of

offshore structures subjectaed to ice loading.

Ginoe iw is difficult to abtain truly undisturbed samples and to
measurs the shear strength in sitwu, it is dimpartant wo provide
infarmation that will enable wus to astimate vhe shear streagth

from soil parameters that can be measured in situ. Figure 18
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gives tha range of correlations between the uncoansalidated
undrained shear strength and the natural water cootaat wn‘ which
is a @eeasure aof ia plége dansity and is not as sensitive to
- sample diturbance as triaxial test results. Fiqure 19 provides
infarmation on the range aof shearc strangwhs as a function of
dapth which would ba agbtained for normally consolidated deposits.
This would be a conservative lower bound, since wthe depositvs ars

aoveaercansolidated,

An  exanple aof s0il profiles in Harrison Bay presentad by Bea
L1171 is shown in figura 20. Nate that there is a variesy af
sedimantary deposits, conéiderabla variation of shear strength
with depth and locatvion, and that the shear streaguth of the silts

tends to be higher near the surfacs,

The precesding discussion appliss to sgil deposits below the
depth which is affacted by sasonal disturbances rersulting from
ice gouging and wave action. The bulk of whe observed ganés areae
less than im desp £671, however, thers are desper gouges, and it
also must bo assused that the ooean floor below the bottom of the
gouges is disturbed by shear failures associated with gouging. in
the aear shore ar=2a, ctha gouge marks are frequently obliterated.
by wave action, but the sea floor is disturbad all the sama. Thus
is is reasonable to assume that dowa o 'the S50m isabauth whe
safloor deposts have been disturbed by gouging to a depth of 1,
and possibly 2m. As a result the soils are likélg 0 b= loose (or
soft) and their density noen uniform, This factor must  be taken
into considecation, in addision ta ihe gouges whinh are physical-

ly present.
2.8.8 Summary of Enginesering Characteristics

In the preceding sections in chapter 2, the characteristics of -
tha unconsolidated deposits on  the Alaskan Beaufort and Eastern

Chulohi shelves have been discussed. The engineering implications
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af these characteristics are summarized fherasaftar

(1)

2

(2

(4)

Evidance of Instabilisy (2.2.2).
While the youthful landslide terranes tend to be olose to the
shalf break, and thus beyond the depth range considerad in

this report, their absence should not be taken for grantad.

If oreep is  taking place alang a weak layer which is

igcated at some depth, it may not be possible or desirable ta
praevent the gradual diplacemnant of structures supportsd on
mat foundations. Flexibility or adjustments may have o be
provided to acconodate anticipated displacement. Scour and
erasion  in coastal areas, including a rapidly receeding
coastline, strudel scogur near river deltas, and landward
migration of barrier islands wsay alsa pose significant
aagineering probleas in shallow water depuhs .

Seismicity (2.2.3)

Excaept for the lisited area outlined in figure 3§, thera seans
to he no significant seiswmic risk. Faor the proposed Magnitude
6.5 dasign earthquake, liguefaction of granular deposits may
pose a risk, ﬁarticularlg for arcificial berans and holoosae
sand deposits which may b2 naturally loose and difficult to
compact. High plasticity silus are probably not liquefiable,
but low plasticity silts may pose sone risk. '

Relict Permafrast (2.2.4)

falict permafrost, wheres presant, poses a wroublasome and
unigusa eaginesring problem. It can be seen from figdre 21
(from Ret.C111), that the probles occurs over a wide area.
S9i1noa affshore platfarms and =xploration and production
wells are likely to change the thermal regimse undernaath the
mat foundation, at least partial thawing may be unavoidable .
The =affect would bs large settlemaents and loss of subsoil
shear strength. Mitigation or preveantion of thasae effocts
muust be a design cansideration.

Shallow Gas and Gas Hyderates (2.2.4)

The preasure exerted by shallow gas depoasits may considerablg

waaken the shear strangth of soil daeposits. The presance of
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1 Continuous ice bound bonded sediments
2 Discontinuous ice bonded sediments
3 No ice bonding observed

> lce—~bearing subsea permafrost
probably absent
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Eﬂmmmuct ice~besring permafrost widespread
and extremely variable in depth

lce-bearing permatrost
generally present at 1-20m

Figure 21. Provisional Map of Subsea Permafrast Distribution
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gas also causes sample disturbancaes which make it difficule
10 assess in sity so0il characteristics. In  addition, shallow
gas =an ocause problems during drilling operations which may
fhimve wo be considered. Gas hyderates may cause garious
problises when changes in the thermal regime cause thawing of
whe enclosing persmafrost. In acecordance with available data,
gas hydrates wmay not be encouataeraed landward of the &0m
isobath.

Tee Gouges (2.2.4)

Inte gouges, and tha associated irregularity of the gaometry
and strength charactecistics of the seafloor deposits must be
considarad in the design of oat fdundatimns. Rasulting
maginearing problems arce partial contact of prefabricated mat
foundations and uneuven siraess didiribution even when undar-—
filling orf low barms are usad. Gouges are likely o be
ancounterad landward of the 50m isobath and are aost savere
hotween the 1% aad 45m  isobawhs {the Stamuki zonal. The
daminant orientation of the gouges is parallel o the
isobaths.

Shear Strength of Sails (2.3.2)

The Holocene deposits are generally leoase and quite variable
in characteristics. The Pleiswocens silts, which underly mueh
af twhe area conidered in  this rceport  are bysa and large
sownpetent. The denser silts wend tn  dilate under moderate
shear deformation and theic shear steengih incoreasas as they
dilate. To a depth of 10 -~ 12 Fft the silts are heavily
querconsulidated, prabably due 10 effacts af past fresezing.
The sail conditians are gquite irregular and lenses of much
softar matecial within the sily layers ara not uncoamon,

sand and Gravel Resources (2.3.1)

There are sone sand and gravel deposits that were mapped. In
general, the rate of sedimant daposition in the river deltas
ig gquite low and there are nany areas with no eaonveni=2nt

access wa sand and gravel deposits.
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8. DESIGN LOADS
3.1 Genaral

The arctic nffshnré environment produces unique environmental
loads, Including the thrust exeried by ice and dynamic loads
genarated by collisions with large bodies of floarting ice, and
loads that can result from thawing of relict permafrost or from
cycles of fremzing and thawing. The aptimal engineering solution
is not always construction of an immavable object that will be
straong enough to resist the loads. Sometimes it may be passible
to reduce loads bg)pernitting the siructure to yield or move, to
avoid loads b§ ﬁﬁntectiue measures, orf 0 provide the means to
augnent the resistance of structures if¥ such measurss should be

neaded in the future,

Not #ll1 1loading conditions are relevant to the design of mat
foundations. For instance local stresses induced by ice loads are
nuch higher than the average stress on a large area which
produces the glabal ice force, and wind and wave impact loads may
be very significant in the design of equipment and structural
companents, but do not produce eritical loads for foundation

deasign
3.2. Loads Acting on the Structure

(1) Greavity Loads:
Gravity loads include the waight of the structure, any ballast
applied by flooding of cells or by ather wmeans 0 increase the
gravity load, operational loads associated with drilling and
staraga, and any ice ar snow loads that may accumulate.

In the design of wmat foundations, The mininum gravity load is
generally of interest. If ainisua loads are determined, congide-
ration should be given to the probability that grauvisy loads may

ba reduﬁed, and to the possible effect of tidal uplift forces
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exertaed on adfrozen ice.

(2) Wind loads:

Basic wind speads near the Alaskan Beaufart and Eastern Chulohi
coast as specifiad in ANSI A58 . 1-19682 L13] are betwsen 90 and 100
miles per hour, For foundation design, wind load effects on the
structure per se are not significant, howaver wind Loads acting
on ice floas or  rubble piles which bear against the structure
exart significant forces and are ta a significant exient respon-
sible far the fluctuation of ice forces with time. However the
maximum global ice forces used in the design of the foundations,
as caleculated by -the present state of the art depend on the
strength, failﬁre.made and sometimes on the velucity of movenent
of the ice, rather than the sagnitude of the wind forces acting
an the ice, sven though these wind Ffarces wmay be ultimately
responsible for the movement of ice flows which produce critical
calligion forces. The dominant wind direction during late summer

and early fall is Northeast, but high Westerly winds occur during

svarmes L3130,

(3 Waves, Tides, Currents, and Storm Surges:

Surface waves, which are resutricted to the open water seasan are
generally smaall because of the limited feich resulting from
offshore sea ice. They have generally 2 to 3s periods and heights
less than lm! The maxinum wave conditions reported in  the
Beaufort sea were cver 9m and &t Puinie*“Barrnw 6m  and accurred
during summer stores C1i43. Lunar tides along she Beaufort coast
of Alaska are of the order of 0.5m, but low  barometric pressures
ﬁnd high Westerly winds which prevail during exceptional storms
can Ccause storm surdges which are 3w above mean sea level C13. A
Barrow and in the Chukchi Sea these surges can reach 3.5m.

Current patterns and velocities are shown in figure 22.

{(4) Seiswmic Forces:

As noted in chapter 2, much of the area under consideration is
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cansidered aseismic. However in the Harrison Bay area a Magnitude
& earthquake is recomme2nded for design. Law=ral  foroces generated
by seismic loads would probably not excesd the ice foroces,
however there are two instances which under certain circumstances
could be coritical for design: interaction between the structure
and the surrounding fast ice during a seismic event; and lique-

faction of soil deposits supporting the structure,

(5) 1Ige Loads:

The most ceritical leding oondition far mat #uundatiuns far
Arctic offshore structures is a combination of einimum vertical
and maximum Jlateral load. The maximum lateral load, in tuén, is
likely o be tﬁelglubal force exerted by the most critical ice
loading cuonditian. The conditions determining the magnitude of
ice loads are difficult to define and predict with any degree of
certainty, because of the difficulties in predicting seasonal ice
regimes, the problems encountered in defining the strength aof

ice, and the many different ice {features which ctan cause critical

loading.

Ice regimes and features were qualitatively discussed in Section
2.2.4 (3). API Bulletin &N (1351, detfines she Following ice
Merphology features: 1. Sheet ice is the fast ice in protected
bays and lagoons; 2. Rafted ice are two or aore sheets of stacked
ice which rapidly consolidate into a single unit and ®say appear
as smaoth~surface Ffloes on either -side of first year ridges;
3. Firgi year ridges are ice ridges farmed by compressive foroes
in a single- season; 4. Rubble Ffeatures (rubble piles) are
grounded ice ridges, and can also +farm around offshore struc—
wures; 9B, Multiyear Floes are boadies of floating ice whiciy
survived more than one season. They have weatherad raunded and
cansalidated sails and relatively solid keels about 3—4 times the
sail height. They can incorporate ridges and rubble piles and in
many  instances have length and width dimensions in excess oaf

A00m.  &. Arctic IYIce pack is the floating pack ice normally
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present seaward of the 60m isobath which may occasionally invade
offshare structure sites during the summer saaﬁun; 7. Natural ice
ieslands are tabular icebergs calved off the Ward-Hunt ice shelf¥,
whicsh can ba greater than 230 kn® and haue a keel thickness of
45m. Thay send to drift with the Baufort Gyre and fragments of
whe islands occasionally invade shallowar waters, The last

recorded invasion was in 1973 Lila]

Some quantitative data for the Beaufort Sea were presaentad by

Vaudrey C171]:

Ice Coverage: Early Octaber to mid July

Ice Thickness: - Rubble Piles:

Sheat lIce 2m (&6~7 H1t) Cansolid. Thick. 3-4m

Rafied Ice H-&m Max . Heighs . 1i-139m

First—-Year Ridge 8-%9n Max .Length 3060m
Extraeme > 30m

Multiysar Ridge 123-20m

Multiyear Floe &Bm

Ice Movement (max)

{10m Isaobath I-&m/h
10-20m Isobath 80-150m/h
20m isabath 300m/h
Open Water 2«4im/th

The mechanical properties of sea ice are complex and will naot be
discussed in detail. Unconfined compressive strength as abtained
in laboratory testis depends on strain. rae, erystal arientation
and erystal grain shape and size. Confined comprassive strength
is substantially greatapr than unconfinad strength. Tensile
strangth, flexural sutrength,shear strength, and Young's Modulus
vary with the brine content, v,  ghich is defined by the follow-
ing equatian:
Vy = § (0.532 — 49.185/T) ... (eq 1)

where: S = ice salinity in parts per thousand (ppt)

T = ice temperature in ©9C

* V¥, = brine volume in ppt
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Typical data obtained from Ref L1461 are shown in figure 23. Ios
"strength and characteristics cochange in a aomplex  way wWwith
temnparature, with the strength increasing with decreasing
tenperatura, but alsio britile behavior beooming mnre'prmnuunmad
as temperatures  fall below =109 C. This affaects thé carrelation
of ice suirength to the size and shape of the contact area bhetwesn
ics and wvhe walls of an offshore structure in a complex way. This
problem was discussed by Bruen et al.li19]1. Correlations betws=en
the contact area and pressures from first and multiyear floas
develaopaed in Réference £193 are shown in Figure 24. Note that
these curves are darived from a specific set of assumptions. The
correlations may be- different if any of the assumed paraneters of

the problem are changed. !

PDesign forces are stipulated in Reference L[i53. Watwt LC[i81
discusses twa types of offshore structures which fall within the
scope of this report: Wide indenters, which are wide struciures
with vertical walls, and cone structures, Wide indenters are
defined as structures with waterline diametér o first ysar ice
thickness rations af 20 : 1 or wmore, and with gides which are
either vertical or deviate from verticality by no more tha 209

Critical global ice pressures are generally controlled by ice
failure and depand on the characteris%ics of the ice feature
exarting the pressure. The critical load on a wide indenter could
be cantralled by the “breakout" from an idice sheeuw, or the
crushing into &a flpe in which case the-strain rate would have a
critical effect, or the Lkinetic energy aof a colliding ice
feature. Relatively thick ice faeatures such as ridges could fail
by flexure reather than crushing. Cone structures can limit the
ice load by causing the cplliding ice feature to rcide up on their
side and failing it in flexure, rather than by cerushing. Howaver
this failure mode can only accur if the adfreezre band between the
structure and the ice is  limited. This can be accosmplished by
special coatings or by heating the sides of the structure. Ice

Pressures against conical structures can be increased by the
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rideup of ice against the sides of tha gStructureae,

The implications af the effect aof different ice snvironments on
global design loads are best illustrated by an example presentead
by Bea et al. Li9l. Figure 23 shows a_plmt of glaobal ice foroas
against & large indenter as a function of the recurrence interval
of +whe loads. The wvertical scale is not  labeled since tha
magnitude of the actual farce would depend on the diameter of the
structure. Ngee that the extrems event of a collision with an
ice island is judged to have a low probability of ocurrence, and
that actual observations at Hang Island {207 indicated that
eswinated loads associated with this event may be wsuch too
conservativae, Figures 26 and 87,. which are also saksao from
RafLi®?ld, show design laads estimated for 120 ta  180m wide
axplaration and production structures as a function of water
depth. In the figﬁrea UB is an upper bound eﬁtimaté and LB i=s a
lowera baund. A 23 year return interval is taken for the explora-—
tion structure in figure 24, and a 100 year return' interval foar
the produstion structure in figure 27. Note that the astinated
glaobal ice loads fﬁr the upper bound estimate incraase with
depth. These loads are calculated for collisions with multi year
floas and are sensitive to the sutrain rate. As  the water depth
increases, the velocities of the ice movement, and thus the

strain rates increase.

While the global loads previously dicussed are exuireme lpads
which controll the required load capacity of foundations, It is
also iwmportant ta consider loﬁg term and ocyelic loads which
could cause cumulative displacementis, and the dynamic characte-
risticrse of loads which could cause axXCess poare wawer pressures.

Figures 28 t0 80 are taken from Ref (2131 and show a winter
season ice pressure recard from the Beaufurt Sea, a calculated
ice impact load signature, and a typical winter ice loading
histogram. The leoads in figure 28 primarily reflect wind and wave

affects on the ice canopy and local iae fracturing. XIs is
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important o note, that the directionality of the ice forces
discussed aboue is novw random, since it is affacied by prevailing
wind and current directions, If residual displacements from iocs
load nycles are anticipated, it is likely that whese displace-—
mants will result in seasonal, or even cusmulative annual lateral
drifring of the structursa. These lateral displacements should be

considered in tha deasign,

(&) Spegial Envicanmental Loadsg:

Some special sstructural loads could bhe genérated by thse arctic
environaent: 1, Settliements caused by the thawing of permafrast
or o0il and gas removal could create veids under large, relatively
stiff wmat foundatians, regsulting in shaar forces and bending
moments in the mat. 2. Release of wrapped or hydrated gaseas couwld
in extreme cases induce uplift forces, followsd by sattlemant.
Trappad gases can also reduce the shear streangth of supparting
soils. 3. Sail erosiaon could be caused by wave and current action
and by strudel scaur (erogsion caused by the rapid ¥low of mels
water through openings in the ice sheet) and can result in soil
reainval at twhe fringes af a3t foundations or gravel becms,
causing high local stresses in the mat foaundation or looal
stabilicty failures. 4. Freezing could eoccur under a mat founda-—
tion as a resuls of changes in the thermal regine or as a

seasanal phanomanon. Freezing will cause uwuplifr  forces, and

subsequent thawing could leave unids under the mat foundatian.
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4. DESIGN LIMT STATES
4.1 General

In agocordanme with accepied usage of  the térm, a "limit state'
arcurs when a structure  fails so Ffulfill the funotions or aeat
R A ST :Qﬂﬂditinﬂﬁ for which it is designed. In presant design
practics, two typses of limit states are genarally defined: "ulti-
mata® limit states, which are associated with loss of life ar
major damage, and ‘“serviceability” limit states which &are
associated with transient loss of funotion or minor damage. The
objeotive of limit states design is then to assure that ulvimata
limit states, which are generally associated with strength, have
a suitably low probability of occurrence, and thav sarvicemabilivy
limit states, which tend w0 be associated with stiffneas, not
gornur as aften as to impaic the funotionality of whas siructurs or
unduly increase its maintenance cost. faerviceability limit states

t2nd to be difficult to define and are fraquasntly ignorad.

The previously discussed approach of using wwo gaeneral categories
agf limit staiss, ultimate and serviceability, and ganscally
praoviding more ar less unifaorm safety marginse against twhe
grurrears  of these limit suates eisher by probabilistic code
formates, or by more traditional design schemes (Wworking siress
or facsored loads and réﬁiﬁtanQEES is too simplistié for the
complex environment and the innavative waechnology assﬁciated with
offshare structures in  arctic regions. By definition a limixt
ctate is a failure made, and since each structural scheme tends
o haue its own failure wodes, limit stases are schane depaadant
and can not always ba ganeralized. Offshore tachnology in
arctic regions  is suolving rapidly and many different concepts
‘are under coansideration, somne of which are designed ta avoid,
rather than rsegsist loads. Furtheramsore, some aof the loads that
could ba ancnunteréd during summer invasions of ice islands are

of such a magnitude that it would be in many instances unfeasible
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w0 design  adegquate foundations. To provide adequate guidanoce fore
structural design |, which would not unduly restriot the introduac-
tion of e, innovative =2rngingaring concepts, oriteria fore
requiraed structural  pecformance need to be stated in more

fundamental terms.
4.8 Requirsments for Safety and Serviceability
The raguiremsnts for safety and serviceability of the structura

in place can be expressed as performance oriteria:

1. Protention against loss af 1ife,

2. Protection against major enpvironmental damage
2. Protention against major proparuy damages

4, Protsction against minor environnental damage
8. Mainsenanoe of afficient oparation

4. Ancepiable maintenance and replacemant COSLS

Anasher set of criteria  is needed to insure ocontructability in
the Arcoic environment., Criteria 1 two 3 would be noarmally lumped
tagether and satisfisd by vhe ﬁa#etg mérginﬁ against the ultimatve
Limit states. Haowevar in this instance this is not necessacily an
axpaediant way o address the problem. A better way to look at the
problem is by stating that Criteria 1, 2 and 4 concern not only
the owner of the facility, bus are alsa a caonceern of governmant
at wvarious levels, adjacent property owners, residents in th=
general ares, and possibly ather countries. Criteria 3, &, and &
primarily cancern the aownaer of the facility and could be addras—
sed in purely econamic  terms. This distinctien is imporiant,
because protection against loss of life and major environmental
damagse could conceivably be accomplished even‘i¥ ths structure 1is
pecrnitted to fail under, or designed to aunid extremsm laveral
fornaes, such as those resulting Ffrom a 2 collision with an ioe

igland .

The six performance eriteria listed above must be stated in terms

of acceptable failure probabilivies. The question tharefare
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arisas, how such  probabilities can  be detwermined. Figure 31,
whismh was presensted by Whitsan  in the seventasenth Terzaghi
lacture [227, is based on evaluated risks to structures and other
anginearing projscts, and gives some iondication of accepted risks
in present engineering practice. The ratid be ttwaan twhe oost
af the lass and the accepted risk, obtained from a oost benafic
analysis for Arctic offshore stiructures, wmnay differ from the
treand shown in the figure becauss of the unique problems assooia-
terd with the Arctic region. Nevertheleass, the figure gives soms
indication of what may be accsptable to our society in canjuasi—

ion with the "ultimate’” limit states.

In the figure, an annual failure probability of the order of 1032
is shown for fixed drill rigs. However, this probabilicy primari-
1y  addresses the rigs in the Gulf of Maxiceo, where the cost per
drillrig is lower and whe consequences of environmental damage
are more manageabls and less severe. For production planforms in
the Aratic region, an annual probability of casastraphiec failure
of the order of 10-4 or less would probably be mare in line with
the financial and enviranmental consequences and the potential
1oss of lives associated with catasiroaphic failures. Exasination
of figures 2% and 27, whicsh give soas insight inta design
sriteria actually used indicates, that a design for the 100 yemar
ine load cannot provide this level of reliability. in locations
where ice island invasians can occur, unless some mechanism is
provided by whiﬁh axtreme loads can be sither avoidad oc preven—
el fﬁum ooncurring. an additional factor which must be taken into
. econsideracsion is  the limitation imposa2d by the lasecal load

capacity of {foundations which will be disccussed later.

In vhe ncase wherse econamic considerations govern, such as far
instance for Criterion 3, a cost benefit analysis would be more
apprapriate  than the imposicion of some arbitracy failure
probability. The methodology used in such an analysis is illus-—

trated in figure 32, which is takan feom Red D237, In view of the
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fact wthat she cost of an offshore production facility could
excead % 1 billion, a oost benefit analysis may alse result in a
low failure probability. Thus the design capacity against.lataral
loads may be limited by our ability w0 build lateral—load
regsisting struntures and foundations, and theJd&sign solution may
have to be supplemasnted by swravegies which would allow ws to

avaid nr pravent expaosura2 o @xtress ice loads.

acceptable risks far exploration structures would be considarably
lower than those for production ssructures, because sheoses
structures are less oostly, and the loss of human life and the
anvironmental impant of a gatasuwraphic failﬁra woitld nat be as
high &8s in the case of production swructures. The period of
exposura of these structures in any one location is also much
shorter than that of production struetures. The data in figure 31
indicate a failure probability in the arder of 1072 far axisting
mabile d4drill rigs, and that this failure probability seeas wo
exceed avan marginally accepied ﬁeliabilitg in peresent engi-
nearing practice. Again it appears that for Arctic installations
this failure probability would have tn be lowsar, euven if dictated
by purely economnical coconsiderations. As theas structucra2s are
usually designed to be mobile, it may not be uvary problematic o
plan on avoiding sxtreme ice loads which tend te accur during the
sumner open water s2asaon. Annuwal  failure probabilities of the
order af 103 may be reasonably caoampatible with accepted engi-

nearing practicoes.

Failure probabilities associated with criteria 4, §, and 6 would
wandg o be dictased by cost benefis considerations, 2sxoept that
in the case of criterion 4 there may be instances wheare avean
minor eavironasntal damage may noat be aoocsptable. The difficul o
imea Wwith these criteria may be in the prediction of savironmental
pffonts whi&h wauld causz failures, such as cumulactive displacs—
mants, erosion, local faorce concentrasions, and possibly dynamice

aeffacts .



4.8 Structural Concepts
4.3.1 Background Infaraation

Since the technology of Arctic drilling and production is in a
stage of rapid euoluvion, aany differsnt concepis are under
consideration or in different stages of design and construction.

Far instance Buslaov and Krahl [243 discuss 531 new conmephs.

There is & record of past successful experience with gravity
swructures in hostile aoffshore enuirunﬁents. Conmrats lighthouses
have bean used in the St Lawrenose waterway and the Baltic Sea
sinee the surn of the century, and cangrete gravity placforms
have been installied in the hostils warecrs of the NHorth Saea since
the early 1970's L2853, Past offshore exploratian in the Arctic
was generally confined to shallow waters and was carried out
@ither from the ica or from artificial islands constructed from

locally dredged maserials.

More recaently different expleration structures far use in deaper
waters ware built by U.%. and Canadian companies, including
caisson retained islands, mobile gravity structures and floating
vessels. Many other concepts for exploration and production

structures are in various stagss of planning and design.
4.83.2 Gravity Structures Used or Considered.

This report deals specifically with design limit states for
foundations. Thus only those features of the various structu-
ral types which are relevant for foundation design are ﬂismussed.
Thers are essentially three types of foundations generated by whe
structures under consideratsion: foundations for earth structuras,
asseciated with artificial dislands {though the island also
incorparates a variety of earth supported structuras); founda-

tions for caissaon—-retained sarth structures; and mat founda-
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win

ns supporting rigid soeructures, Since the design limit states

for these foundations do not only depand on  the foundation type,

but alsa oan the geomsmiry, Flexibility, and vulneeabilicty of the
supportad swructurs i¢ im necassary o discuss the charac--
Lae

istices of thess struoturegs in some detail.

Ganaral Characteristics: the offgshore structures discussaed in
this report are either exploration or production structures.

Exploration strugtures arse 2ither temporacry in nasure, such as
cdradged artificial islands which are used in the winter sasoan
and later arade, or mobilse structures which are re usaed afose
comspletion of the sxploration. Exploration structures noed a
surfacs area of about 100m diametsr and are afien designed for
laoads with a 8% gyear recurrence interval (e@uen though this
philosophy may be questionable for re wuseable structures
C2%1y . Production Structures are normally built fﬁr a sarvice
Llife of 2% w0 30 ysars and require a surface area of at least
200m diameter {unless whey ars multi laval)., Non  Arctic
affshore production platforms are normally degigned foar loads

with & 100 yaar ra20urcence interval.

Artificial Islands: Mast of the islands in twhe Alaskan
Bmaufort waere built in water depths of about 7m. The greatest
depth was 13m [261. The materials used are mosuly gravels.
Construction methaoads include barge haul and winter haul over
icme roads. On the Canadian side, there is alse a considerable
amount of sand pumping by dredges and bottom dumping from
barges . Artificial islands becomne unecanowmical in depiths
graater than 20m. Design slopss depand on  the grain size of

whe construction matesrial, the method of placement, and webthare
the slops is in the upper zang, (+ 3m ta tap) the wave action
zanza, or the bed level zone (~83m and deepec). Since etasian
and wave runup are major problems, sacrificial berms or othae
maans of slaope protecticn have tao be used. In the Alashan

Beaufort, slope protection genarally consists of 2-4 cubic
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yard sand bags. Figure 33 wﬁich is taken feom Raf L2461 shows
differant slope traatments used. In the Canadian Beaufort,
wharse dradging is extensiuvely used, slapes are flatter
(typically 1:19) and erosicn protection is often provided

by sacrificial barms with a beach just above the waterline.

Caisson Retained lIslands: Thesa structures have a sand core
which is contained by peripheral caissons., Some  of these
caigsson structures are ssctional, gucth as the Tarsuit Island
structure shawn in figure 34 (Ref.27), which has a sand core,
contained by ssctional concrete caissoans and rests on a sand
hern in a waser depth of 2im. Others have a continuous caisson
shell around a sand care, like the Gulf Mabila Arctic Caisson
(MAS) which has an annular steel caisson and is designed fop
watser depths of 15 ta A0m. This structure is discussed in
Ref.LR281 and shown in figurs 385%. Other structures of this wype
are the Esao siressed stesel CRI (caisson retained island) and
a planned Scohio concrete CRI C291. The concept is also under

consideration for production fanilisies 0301,

Rigid Base Structures: Under this heading many different types
of offshore structures are lumped together, because they rest
on & rigid structural mat, which either rests an a prepared
berm or is placed directly on  the ocesan Floor. These steuo—
tures have @sither vertical sides which are designed to resist
ice pressures as wide indenters, or sloped sides which are
designed to induce flexural failure in the ice. Several types
of gravity structures are included in this categary. (1} Water
ballasted caisson structures. Included in sthis category is the
vertical sided Supar CIDS, built by Glebal Marine for Exxon,
which is shown in fiqure 36 (taken feom Ref U313) . fhe latver
structurse was installed with a protective ring of grounded ice
to provide protecticon against sxirema ice foroeg. The BWNACS
callular floating ecaisson is also vertical sided and was

develapad by Brian Watts Associates and commissionsd by Zapata
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OFffshare Services and is shown in figure 87 (from Ref . 0317013
Sloped sided water ballasted caisson structures includs wthe
Arctic Cone Exploration Structucre 0337 which §is desigrned far
heavy ice and For water depths from 15 to 33w, The latter
structure is designed to be placed on tﬁa unprapacrad oosan
floor. It bhas short skirts and a sand undergrout system that
paraits injeaction af sand into the voids under  the bass, This
sand ecan then be {further consolidated by ballasting. The
structure is shown iﬁ figure 88. Anoither, “second gensra-
tion' concept 1in conical caissons, the SONAT tybride arctic
drilling structurs is discussed in Ref L343, The structurz has
a stesl base o provide somne foundation flexibility and a
concrete mid section, and was designed with special attent-
ion 0 minimizing ice loads and ice run up effects.

(2} A second category of rigid based swructures is sguippad
with a3 wide rigid base ¢t saximize soil regsistance and a
raelatively narrow siem o decrease the wideh exposed o ioce
forces. These structures are aoften referad .to as ‘‘monopoda®
structuras. The sten is narmally =a2qquipped with an icesreakar
cone. An example of such a2 strustture is  the adjustabla
sonocone rig which was developed by Esso Resaucrnes of Canada
and is shown in figure 39 L3351, Various models of thase
gLruntures ware  dasignad o operate in  water depths ranging
from 10m to &0m. (3} Miscellansous other structural conceps
have been deusloped. These .include: 1. The Sohio Patroloun
Arctic Mobile Structure (SAMS) which is shown in figure 40 and
discussed in Ref L36]1. This structure is an octagonal water
ballasted concrate barge which is equipped with a system
capable af ingecting Tm diameter steel pipe caissons (spuds)
T augment the lateral load resisting capacity of the mat
fFoundactian. Sophisticated msanitaring systems keap wrack of the
vartical loads and it is planned to insart  the spdds only i¥f
the need should arise. 2. A praposed daetachable monocons
production structure 373, which ¢consists of a steel cone,

supportad by a stesl or concrete 180 diametsrs olicroular mas

&é&



BWACS

Figure 37. The BWACS Floating Caissan,
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Figure 28. The Arctic Cane Exploration Strunture {ACES)
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diameter circular mat Ffoundasvion, The cone is designed ta
dissonnect fFrom the base, so it can be removed during a rare
ice event. 3. A stacked annular caisson system for yearround
drilling in 4 to 20m water. The stackaedsectional caissons have
a canter coare which oan be Filled wiwh ‘ﬁand. The sand coare
iz dewatered ta increase the shear strsagth of  the sand
4. [oame concepts for structuras capable of ragisting ics

island impact ware also praposed {39, 401.
4.4 Dasign Limit States for Foundations
4.4.1 Dafinition of Limic States

Two categoriss of limit states are defined for the foundasions.

Ultimate limit states are failure modes causing major damage o
the supported structure (either total lass or long term inter—
ruption of serviece). Included in whis category are not only
stability and truncation failures, but also settlements and
displacemants which would precipitate a major structural failure,
Serviceability limit states are Ffailure modes which cause
shart Tarm intarruption of sarvice ar damage uhich'requires
repairs or replacesents which can be accomplishad withous
raeplacing a majar part of the structural system. Included in this
category are local stability failures, settlsments and displace-

mants which require remedial measures ,and erosion.

It is necessary to distinguish betwesn the twoe cateqories of
limit states because of tﬁe much greater safety marging necassary
t0 protect against ultimate limit states. Howeuver in practice the
dividing line is not necessarily clear ccut. For instance settle-
meRnts caused by thawing of ralict pecaafrast may be an ulrismate
1imit state when no remedis)l measures are available to mitigate
the effects on the supparted ssructure, and a serviceabilivy
limit state whan provision are made to mitigate the settlemant

affects by underfilling.

T



4.4.2 Practical imits to Load Rasistancs

Ouearall requirensnts for safewy and sacviceability were discussed
in Sactiaon 4.2 and it was recognized thas safety aargins which
wauld be consistant with  present engineerinj practice cannot. bHea
realized becauss of physical limditations wo whe laseral load
resistance of gravity surustuess, The lisitations ta the load
resistance that can ba provided by mat foundations are illustra-
ted by the following example: Let us assume that it is desired o
locate a cylindrical structure of diameter D on 8 stiff mas
foundation of diamsier D 4+ 50 £ft.,that the design ioe leoad is 700
kip/ft and that the stﬁenéth of whe foundation is determined
using a load faaotar of 1.3, and a resistance factor of 0. 8. Thean
the ratio of resistance ta load, R/S would have to be 1.6, Lat ug
fursher assume, that the suructure should be able (o resist the
aextreme ice load of 1000 kip/fv. with a load facwtor of 1 and a
resistance  factar af 1 (R ;g = 1). These assumptions are
reasonably consistent with present engineering practics. Lat us
fiow assume that the soil conditions are similar to those shown in
figure 20. Even in the” mast favaorable location, the soll resis-
tance would not excaed akipl¥ta. Thus the assumption that the
lateral load rasistance nannots exceed 2 kip x the arsa of the mac
foundasion would not be overly conservative. The imp}icatian ad
this assumption is shown in figure 41, where R/S and Rulﬁu ara
plotted against . the required diamster of the mat foaundation. It
can be seén that euan @ 600 ft. (200m! wide mat foundation could
not satisfy the design oriteria. But as the foundatioon widuh
ingrageses, s0 doas the required thickness of thel mat and the
logistic difficulty of building, twranspocting and erecting the
structure. Thers are various methods by which the soil resistanas
can ba innveaséd, ranging from skirts and spud piles tb COmpas—
tion grouting. Buit  thess mna2thods, which Will be discussed laier
in this section, also have aconoaic and physical limitations.

Thus varigus stirategies warea aduﬁted %o limint or avoid ex-—

posuras o extrems loads, or o mitigate failurs consaguencas.
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4.4.3 Dasign Strategies

Possible design stratagiss fall into whrese categories:
(L) Brute strength. The difficultiies with this appraoach are

obvious and have baen discussed.

(2) Hazard Mitigation. In this strateqgy, the perforaance aritecia
in Section 4.2 ars satisfied by mitigating hazards by methods
ouher than structueal load résiﬁtancé. Sevaral such stravegies
have been used: 1. Personnel Protection

2. Wall Protection

3. Structure Protection

4, Icea force Manageasnt
These strategias ocan be used separately or in canbination,to get
the desired lsvel of reliability. &4 good example of using
strategies 1. and 2. is Tarsuit Island. It is realized that
axtrema icae foroes could dause a casastrophic failure, Ravher
than wrying wn  provide 1nad‘ resistance against these extrama
forces, it was degided 0 mitigate the consaquences of pouwential
 Ffailurea [4171. For this purpose, four alert levels ware insti--
tuted, ranging feoam normal operations to total evacuation afiar a

safe shutdown of the wells., An example of Strategy 4. ,ice force

managensnt is wtha prosestive ring of grounded idce installed

around Exxonts Super Cids. Othar =weasurass, such as splitting
dangerous ins featureas bafore they impact the structurs are under
considecation. Examples of 3., structure protection are the
sacrificial berms in  the artificial islands, and also the |
capability of the floating caissons to be moved from a particular
location during the oritical summer s2aso0on. Another faorm of
structurs protection are asnargy absorbing devices develaped to
prowect affshore structures ferom whe affecus af floating ioo-—
bergs, After the collision, thass dagyices can be restorsd to
their ariginal position C397. Weak duectile links in the suwructura

or yislding foundations could also protect the structure.
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3. Adaptive Controlls. These strategiss involve the design of the
structure o a reasonable nominal sirength  leuval, and provision
of a capability to incoreass load resistancs in the field in
accordancs with sensad or observed ﬁtructural'per¥urmance._ﬁ goac
exampie of adaptive cantrolls is provided by th Sobhio S56MS
structure shown in figure 40. The stwructure is instrumentad with
sophisticated monistoring systems and it is planned to install
the spuds anly if ice farcoes excead a certain critical level. The
spuds can be insstalled and retracted relatively rapidly. A second
adaptive system on the SAMYS is associatad with axpactad settlea-
ments due  ta thawing of relict paenafrost. The repsdial measurs
in this instance is sand underfilling. Both, the instrumantation
and tha projeciad settlemants, whioh are discussaed in Refoaranneas
A2 and £A31 are shown in figqures 42 and 43, Adaptive controls
could conceivably also be used in other ways to madify foundation

resistance, such as ballasting and grout injsction.
4.4.4 Failura Probabilictiss Associated With Limiv States

Design procedures for gravity structuras presently used genarally
follow the FIP recommendations £433, which addrsss themselu=s
primarily w0 the North Sea conditions. In this document “axurana'
loading conditions, to be used with ultimate limit states, have a
mean recurrence  interval of 50 wo 100 years, and “normal®
anvironmental coanditions have a mean recurrence interval of 1
mmnthé. Naither of thase provisions is applicable to ice loads in
the Arctic, howsver a 100 ys=ar s2an recurrance intacval fore
praductiaon strucitures and a 2% or JH0 year mean racurcanca
interval for exploration structuras could be ussd if appropriate
design swratedies are available to deal with specified extrane

ice featuras,

The assumption oan then be made, that if the apprapriate statis—

tical parameters far the design load and resistance can be
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datermined, failure probabilitiss, conditional an the ability to
implenant design strategiss associatad with axirans ice featuras,

can be caloulated.

The Following load and wsasterial factors are cited in whe FIP
state of the art report on North Sea gravity structures D447
Material Factors

Refarancs Load Fectior

[] ]
i L)
i foar Env, Load Cohesiaon or | Effecrive
t ! Undrained str.l Friction
i t H
FIP (1977} : 1.3 i 1.4 ' 1.2
] % 1
[} L] L
Dnv (1977 i 1.3 H 1.3 H 1.2
4 L] 1}
[ L] L]
NPD (1977} ! 1.3 H 1.3 H 1.2
Thesa factoars caotrespond ta  the European “samni probabiliscie®

dasign approach. The “material factors” correspond to the inverse
af the wcapacity reduction factor uwsed in W.%. practice. The
cohaesion and uﬁdrained swrength - column mainly applies tno silty
and clayey soils and o sandy soils subjected to dynamice loading,
while the affective friction column applies to sandy soils. It
can be seen that there is reasonable consensus on safaty marging
and that global safewy factors range fram 1.88 for cohesive soils
1o 1.56 for sandy seoils. Even shaugh shere is no definitive
aradible s21 of data  on which assumptions with respect wo the
stavistical sharacteristics of the load and resistencs paramaiars
can be based, it is possible to asses failure probabilities
associated with the aboue mentiocnsd glebal safaty factors when
sume engineecring Jjudgment is made with raspsct 10 load and

surangth variabilities.

The following closed form snlution can be used to0 calculate
aotional failure probabilisy (P*, as a function of the global
safety factar, it the loading and resiscance disuwributions are
idealized as lagnormally distributed variables {0451 (as mudi%ied'

and supplansntad)}:
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and supplemented)}:

Pesi-§ €0¢in CR/S (1 + u52)1(1+una)31’2) / Elntl - OByl 4+ vy 2l /2y

~ 2yl
~ 1 - F tin (R/SY/ (U2 4 U BM/BY for VL uo ¢ 0.3 ... (Eq.4.1)

whare: E LXd = tabulated normal cumulative probability of whe

standard variate, X (axpression in brackets)

R = mean valua pf resistance

G = mpean valus nf load

vn = gnefficiant of variation of the resistance
Y

5 = coefficiant aof variation of loading

While it is nos anticipated that oredible dava on the statistical
paramaters in the abave equation will be awvailable in the
forseeable future, astinated valuss m#g give uws soma indicacion
of whe order of magnitude af failure probabilities. Faoar instancs,

the follawing valuss are calculated:

RIS y

o B U i P
1.82 T 0.2 t o0.2 ! 016
1.82 t 0.3 ¢ o.28 H . 053
1.4%9 t o2 + 0.2 ' .08
1.54 O + I A R ¢ -4 i .02

pf in the table would be the fFailure probability for a tine
pariod equal o the asan recurrence insecval  of the design
load., If it is assumed thaw for the North Sea a 100 year mean
renurrence interval was used for produgtion  strustures, whe
calculated failure probabilities would rangse from 1.6 x 104 o
5.8 «x 10™4, aAnother factor that should be taken into conside-
- ration is the consarvatism inherent in  traditional geatechnical

angineering practice. Thus valuaes abtained far wndrained

swrengih or the angle of shearing resistance are likely to be

stomawhat lowar than the mean values used in the equatian.
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4.4.5% Dasign Limit States for Arsificial Tslands

Artifticial islands have besn constructed by three mathoads: Sumnmer
constrdction by deedging (vhe Fill mate=rial is taken Ffrom a
nearby site  and deposited direcuily by dredgeé); summar ConsLryce
tion by bottom dumping From barges; and winter congstruction by
dump trucks supported by dice., The strangth and grain size
sharacteristics of the #ill material, as we2ll as  the sideslopas
nf the island depend ta a large extent on the construction

mavhod used.

Dradged material normally rangss from fine silty sand to gravel.
Battom dumping is only possible whan Dﬁo y 0.28mm whera Dgo is
vhe grain size belaw which 50%  af she material by weight is
smaller, and when the silt content Ceaterial passing a %200
(0.075%mm  mesh) sisvel is 1955 than 5% [£463. Thus a mataerial
maating these siniomum requiremnents would have to be poorly

graded, ar else the raterial would have 10 be oourser. Trucioead

matarial is gravel from on shaore boarrow sites.

Typical sideslopes used are summarized in the following wable

which is taken from Red.L261.

Material H Elevatian H Placemant H Side Sloupsas

Onshare t 4+ 10 fv. to sap H Truck Haul | 1 1.5

Grauel H Wave Antion Zons H i 1:8 taa 1:10
H Bad Level to ~10Fful H i . 3

Offshare ! 4+ 10 ft. to Tap H Dradge H 1 : 1.5

Sand and H Wave Action Zone 4 H 1:12 o 1:15

Gravel H Gad Lauel to —10Ffu! H i1 : 8

Offshara { 4+ 10 ft. ta Top H Dredge 1 8

SQand and H Wavua Action Zane ' H 1 : 20

Silt H Bed lavel to —10Ffui H 1:12 w0 1:15

Note that slapss are dictated not only by strength and stability

requirenant but also by congtruction feasibility.
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Six genaris categaries of linit states naed to be considereaed:
Major stabilitvy failure; local stability failure, exoessive
displacenents; @rosion; wave overiopping; and cunup of ice,
Whather these Limit states are ultimate aor saevicsability would
antirely depend on the severity of the consaquences of failure

and shaould not be prescribed a priori.

Stability fFailures: Two typas of loading o=an cause stability
failures: graviiy loads, and ice push, Stability failures undare
gravity loads will tend to occur toward the =2nd of construction,
when the maximum gravity load is applied while the foundation
s0il may not have had sufficient time to consolidate. The problewm
pecurs when the soile supporting the island are cohasive., Failure
nould ococur at the mudline where bottom sediments tend to ba the
waakest, or at some depth below the mudline because consalidation
at what depth Wwill raguirs more wime. To analyze this problem,
s0il strength as a function of time as well as depth must be
cansidaered. Becauss of the peculiarities of frozen Ffills, slope
stability problems can also arise in steep slopes dusring winter

fill construction CA71.

Poptential stabilisy failure slip planss associated with ice push
‘are shown in figure 44 which is taken from Ref.L261. The broken
lina shows the depth of freezing., The frozen cap of the island is
liﬁelg to act as a rigid body, thus facilitating & major stabili-
ty Failure of this type. The slip plane could also be located at
some depth below the mudline. Watt £473 poiats out that suabilicy
prablems should ba analyzed as 3-D problems so that account is
sakan of the igland géumatvg. flip surface 2 in figquere 44 is
a wruneation failure through the granular ?ill of the island,
which has rcelatively low density and tharefore is sensitive to
aveaen small ocyclic loads such as those induced by wave action.

These cyclin loads can cause @xcess pore water pressures and thus
redure thae affective siress, and conseguently the shear strength

an tha slip plane. This possibility should be cosidered if ijoe
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FAILURE PLANES/MODES UNDER ICE LOADING

1. SLOPE FAILURE/EDGE FAILURE
2. TRUNCATION FAILURE
3. BOYTOM SLIDING FAILURE

Figure 44. Paotential Failure Modes of Fill Isiands ( Taken from
Ref . C261}) .,
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Foross  during whe oapen  water ssasan could cause a vhreat. &
parametric study by Kontras 2t al L4813 in which various assump—
tioneg were made with respect o the locacvion of the bottom of the
fraesze front indicates that the failure plain is likely 1o be
locatad av the fraaze Ffronte, aven if it extends into the2 bowtowm
sadinants. During the first winter, laocal, rathsr than global ioe
failures are Jlikely ta accur (slip plane 1 in figueres 44) gince
saa 1o 1s  stronger than the unfrozen £4i11. In subsequent
seasons the global stability Failures poss a aoredibls threac,
evan though localized failure aechanisms may reduce the aouverall

ice forces,

Anaother failure mode not shown in figure 44 is liquefaction. This
wype of failure could occour in seaigamically active 2ones. It also
could be precipitated by other dynamic or rapidly applied loads,
Mowauvar that lattar possibility soems remote. Artificial islands
and other hydraulically placad- s0ils are very vulnerable to
aarthquake induced liquefaction becausse tha soils ares granslace

and have low relative dengities.

Excessive Diplacements: Excoessive settlem=2nts sould ocour as a
result of the waight 0f the fill, 0il or gas withdrawal, or
thawing of relioct parmafrost. Damage caused by settlements would

be to struntures and well casings. Settlements could also lower
wha top elsvation of the island and increase its vulnerability to
truncatiaon #ailuﬁes, wave topping and ice runup. Excessive
lateral displacemante oould also oocur sinoe the frozen udppee
pocrtion of the island could act like a rigid body. Mitigation of
displacemrant effects would be difficults, however flexibility
could be provided to accomodate reasonable amounts of displace-—

ment. Horizontal displacements may be very difficule to predict.

Erosian: Erosion could be caused by wave and current action, ice
gouging and strtudel or other scour. Slope protection was dis-—

sussad in Sectvion 4.3.2 and shown in figure 33, Erosion is a
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sarviceability limit stawe, but it could precipitate stability
failures if unchecked. Erosion, particularly during the suamean
season, is likely so  reguire peciodic maintenance worik. Experi—-
anece with 4 cubic yard sandbags at S=2al Island L4913 indicates
that erasion protection is expensive, and the bags tend wo bea
damaged by ice. Other forms of protectian, surth as conorata armoe
units (i.e. DOLOS) have been suggested but not tried. In dredgead
islands, large sacrificial berms are sometimes used instead of

slope protecution.

Toe Runup: Ice rcunup is not steictly a foundation limit state.
Seructural type protection nermally provided is illusterated in
figurs 33.- Ancther method of protection may be construction of
gmmrificial berms, which cause farmation of rubble fields awsy
from the island. Such grounded rubble piles may also act %o
redune ice farces, but this effect is offser by an incraase of
the width of the area expnsed'tu ice farces [R53. If uncheckead,

ice could complestely overrun an artificial island.

Wave Dvertopping: Wave auvertopping, and also spray wmay be a
problem. Present designs seem to actapt a 5% ovartopping rate for
exploration facilities and a 2% rawve for production facilities.

These criteria would require 2% to 30 ft  freeboards (from data

presaented in L4A81%F.
4.4.6 Design Limit States far Céissnn RBetained Islands

Caisson retained islands are normally placed on a sand or geasvel
barm, but they could cnnceivablg be placed direcily on the ooean
floor it conditions are suitable. They have a hydraulically
placed sand core which is partially dewaterasd to increase the
effective stresses at the base of the caissan. Their stabilivy
depends to a large degres on  the strength proparties of the

supporting sand berm and the enclosed sand cors.
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Saven categoaries of liemit stawsms are idenuvified: Major stabilivy
failure; local stability Failure; structural failure of the
caissons; exoeasive displacem=ntis; acosioan; i .runup; and
axeessive consiruction  loads. Soms of these limit states are

depandant an the strangth of the suppoarting beerwm.

Stability Failures: Figure 45 shows potential stability failura
modas for Tarsuit Island, identified in Ref L27]. Othsye possible
failure modas far similar structures would be a bearing oapacity
Ffailure undaer wshe caisson, possibly aided by seapage pressures
caused by the partial dewactering of tha ocarse, and a deaper
seatede sliding surface if the foundation soil under the berm is
waalk . The accuracy of an assessment of the safety margins against
thase failure modes would depend on  the accuracy with which the
shear strength of the supporting soils can be estimated. The
shear strength of the barm and the core depands o a large'extent
an the grain size and asthod of placesent of shese materials. The
purpose of the berm subcut shown 1in {figure 43 was o inter—
farms with stronger materials, and alsg to provide a shear key fore
the berm. This is predicated on the assumption that the berm is
swranger than the supporting deposits. Some additional failure
nadas ware identified in Ref. . L1i81 and are  shown in figure
44 . Thase include active slope JFailureg behind whe caissan
precipitated by tensile foroes associated with an ice breakout,
and suructural caisson failures associated with the uneven

distribution od ice {forces acting on the gaissons.

Ring wype caisson structursas would tand to act diffaerz2ntly from
segrentaed caissons. Active or passive stability failures at the
caisson would have (o be associated with an ocverall structural
failure aof «he caisson, and wruncation failures could occur ausn
when the sand core is noat frozen., These ring wtype strhuctures
could also experiencse a major bearing capacity failure, aided by
seapage foarces or pracipiteted by erasion of the berm. As in the

case of artificial islands, effects of cyclic loading in the
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Figure 45, Failure Modes Identified for Tarsuit Island (taken

fraom Ref . L2731
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shear strengih along slip planaes neads o be consideced.

Liquafaction is anaother failure mode whioch oould occur during
smisnic events. The consequencs of ligquefaction would be sprag-
ding of the supporting berm and a boyanoy type bearing failure of
the caisson, causing major sattlemant  and possibly cotational
tilting. Dredged or bottom dumped sand berss would be axiremaly
vulnerable to liguefaction, unless the coanstruction procedurs

includes compaction or compaction grouting.

Structural Failure: A sitructural failure would only be a faunda~
tion limit state if the structure relies an  the support derived
from the sand care or the supporting faundation seil, partisulac-
1y whaen the pressure on the structure is non uniform. The amount
of support derived fram the soil, in turn, would depesnd an whe

netvhod of placemant and compaction.

Excessive Displacements: Potential causes of ocumulative vertical
and lateral displacements ware already discussed. Cumulative
laseral displacemants would be more likely in the case of ring

type caisson structures, which can translate as a rigid body.

Erosion: In genecal CRI's are designed so thauw the caissons are
placed in the wave action zﬁne. Howeuear the sheld of the sand
berm-cﬂdld be subjected to gouging by grounded ice, associated
with rubble piles which ars likely to form in the vicinity of the
island. Soour affects at the base of the caiasons and on the sand
bern slope may also be significant. The type and eaeffects ot
arasion likely Lo ooecur  would depend on the deptih of the berm

balow mean sea leuvel.
Ice Runup: Ice runup is more likely w0 ocour when the sides of

thae capisson structure are sloped. The consequence could b

ovarwopping af the caissons.
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Figure 44. Failure modes for caisson retained islands idensified

in Ref . C187.
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Excessive Canstruction Loads: Two loading conditions may be
critical: lateral ioads and uplifes on wthe ocadissons associated
with the placemant of wshe hydraulic core; and pressures on the
underside of the caissons during instsallation (up  to 1500 kPa

CAa73y.
4.4.7 Daesign Limit States for Rigid Mat Foundations

Included in rigid wmatr Ffoundations ars those for the floating
caissons and Ffor monopod structures, BEven  though these mat
faundations are called rigid, ateespts have actually been made o
build in some structural “flexibility® (or ductility?) by using
steal rather than conarsee for the mat 0341, The foundation could
be placed an a prepared barm, or directly on the oocean floor with
a minimum of preparation. In some instances it is plannad o
plane the structurss directly on the ocean floor and subsequaently
backfill any wvoids with lsand £331. In North Sea gravity strue-—-
Lures concretwe grout, rather than sand has been used twa fill
vhese vaids. In  wthe Arctic it is preferred to hauve sand Fill, so
that it will be possible at some future time ta  Fill voids
created by vertical settlsesnts. Mat foaundations usually incorpea-
rate skirts Lo enhance load capacity and facilitate underfilling
ar grouting and dowels for accurate positioning. They can be kept
vartical by differential ballasting, and the space below tha mat

is vanted o permit consroll o