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ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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procedures used to develop this document and those intended for its further maint
cribed in the ISO/IEC Directives, Part 1. In particular the different approval criteria hee
brent types of ISO documents should be noted. This document was drafted in accordan
orial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

bntion is drawn to the possibility that some of the elements of this documenb may be the
ent rights. ISO shall not be held responsible for identifying any or all such-patent rightg
patent rights identified during the development of the document will.be'in the Introduct
he ISO list of patent declarations received (see www.iso.org/patents}):

trade name used in this document is information given for the,eonvenience of users ar
Stitute an endorsement.

an explanation on the meaning of [SO specific terms and expressions related to conformity 3
vell as information about ISO’s adherence to the World,Trade Organization (WTO) princ
hnical Barriers to Trade (TBT) see the following URL; www.iso.org/iso/foreword.html.

committee responsible for this document is ISO/'TC 67, Materials, equipment and offshord
the petroleum, petrochemical and natural gasidndustries, Subcommittee SC 7, Offshore strug

5 second edition cancels and replaces)the first edition (ISO 19901-4:2003), which

19901 consists of the following parts, under the general title Petroleum and natural gas in
Cific requirements for offshorestructures:

Part 1: Metocean design-and operating considerations
Part 2: Seismic desigh_procedures and criteria

Part 3: Topsides.structure

Part 4: Geatéchnical and foundation design considerations

Part 5=-Weight control during engineering and construction
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dustries —

Rart6: Marine operations

Part 7: Stationkeeping systems for floating offshore structures and mobile offshore units

Part 8: Marine soil investigations

The following part is under preparation:

Part 9: Structural integrity management

ISO 19901 is one of a series of standards for offshore structures. The full series consists of the following
International Standards which are relevant to offshore structures for the petroleum and natural gas
industries:

ISO 19900, Petroleum and natural gas industries — General requirements for offshore stru
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— ISO 19901 (all parts), Petroleum and natural gas industries — Specific requirements for offshore
Structures

— IS0 19902, Petroleum and natural gas industries — Fixed steel offshore structures

— IS0 19903, Petroleum and natural gas industries — Fixed concrete offshore structures

— IS0 19904, Petroleum and natural gas industries — Floating offshore structures

— ISO 19905-1, Petroleum and natural gas industries — Site-specific assessment of mobile offshore
units — Part 1: Jack-ups

— ISO/Tll{ 19905-2, Petroleum and natural gas industries — Site-specific assessment of mobile offs}aore

units —

— ISO 19
units —

— I1SO 19

Other ISO
structures

— IS0 13

— IS0 17
produd

- Part 2: Jack-ups commentary and detailed sample calculation

- Part 3: Floating units (under preparation)

in particular:

tion systems

D06, Petroleum and natural gas industries — Arctic offshore structures

23 (all parts), Petroleum and natural gas industries — Pipelitie transportation systems

905-3, Petroleum and natural gas industries — Site specific assessment of mobile offshore

standards can have implications for the geotechnical design of foundations for offshore

628 (all parts), Petroleum and natural gas industries “< Design and operation of subsea

Vi
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Introduction

The International Standards for offshore structures, ISO 19900 to ISO 19906, constitute a common basis
covering those aspects that address design requirements and assessments of all offshore structures
used by the petroleum and natural gas industries worldwide. Through their application, the intention
is to achieve reliability levels appropriate for manned and unmanned offshore structures, whatever the
type of structure and the nature of the materials used.

It is important to recognize that structural integrity is an overall concept comprising models for
describing actions, structural analyses, design rules, safety elements, workmanship, quality control
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cedures and national requirements, all of which are mutually dependent. The modifjeaftion of one

bct of design in isolation can disturb the balance of reliability inherent in the overall
Ictural system. The implications involved in modifications, therefore, need tocbe’cor
tion to the overall reliability of all offshore structural systems.

foundations, some additional considerations apply. These include the time,)frequency
ch actions are applied, the method of foundation installation, the properties of the surro
overall behaviour of the seabed, effects from adjacent structures and-the results of drill
bed. All of these, and any other relevant information, need to be considered in relation to
hbility of the foundation.

se International Standards are intended to provide wideslatitude in the choice of
figurations, materials and techniques without hindering innovation. The design pract
hdations of offshore structures has proved to be an innovative and evolving process ove
5 evolution is expected to continue and is encouraged. Therefore, circumstances can aris
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e when the

redures described herein or in ISO 19900 to ISO 19906 (or elsewhere) are insufficient on their own

nsure that a safe and economical foundation design is achieved.

bed soils vary. Experience gained at one location is not necessarily applicable at anothet
[ion is necessary when dealing with unconventional soils or unfamiliar foundation conce
ineering judgment is therefore necessary in the use of this part of ISO 19901.

an offshore structure, the action‘effects at the interface between the structure’s subs
foundation’s subsystem(s) are“internal forces, moments and deformations. When
foundation’s subsystem(s)«invisolation, these internal forces, moments and deformati

- and extra
pts. Sound

ystem and
pddressing
bns can be

sidered as actions on thé foundation’s subsystem(s) and this approach is followed in this part of

19901.

Sonpe background to @nd guidance on the use of this part of ISO 19901 is provided for infg
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ex A. Guidance-grifoundations in carbonate soils is provided for information in A.6.4, but|
insufficientknnewledge and understanding of such soils to produce normative requiremg

his part<f)ISO 19901, in accordance with the latest edition of the ISO/IEC Directives,
wing Verbal forms are used:

rmation in
there s, as
nts.

Part 2, the

‘shall’ and ‘shall not’ are used to indicate requirements strictly to be followed in ordef

to comply

with the document and from which o deviation 1S permitted;

‘should’” and ‘should not” are used to indicate that among several possibilities one is recommended

as particularly suitable, without mentioning or excluding others, or that a certain course

of action is

preferred but not necessarily required, or that (in the negative form) a certain possibility or course

of action is deprecated but not prohibited;

‘may’ and ‘need not’ are used to indicate a course of action permissible within the limits of the

document;

‘can’ and ‘cannot’ are used for statements of possibility and capability, whether material, physical

or causal.
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Scope

5 part of [SO 19901 contains provisions for those aspects of geoscience and fourrdation ¢
are applicable to a broad range of offshore structures, rather than to a pdrticular stru
h aspects are:

site and soil characterization;

identification of hazards;

design and installation of shallow foundations supported by<the seabed;
design and installation of pile foundations;

soil-structure interaction for auxiliary structures, e.g. subsea production systems,
flowlines (guidance given in A.10);

design of anchors for the stationkeeping systems of floating structures (guidance given
ficular requirements for marine soil inyéestigations are detailed in ISO 19901-8.

ects of soil mechanics and foundation engineering that apply equally to offshore aj
lctures are not addressed. The user of this part of ISO 19901 is expected to be familiaf
pcts.

ndations with L/D »>-10/(Clause 8). This part of ISO 19901 does not apply to intermediate f

ngineering
Cture type.

risers and

in A.11).

)d onshore
with such

19901-4 outlines metheods developed primarily for the design of shallow foundatiofis with an
embedded length (L) to-diameter (D) ratio L/D < 1 (Clause 7) and relatively long and f

exible pile
bundations

ndations be treated with care and assessed by a geotechnical specialist.

n 1 <L/D < 10. Suchiintermediate foundations, often known as ‘caisson foundations’, comprise either
low foundations With skirts penetrating deeper into the seabed than the width of the foundation,
horter, more(rigid and larger diameter piles than those traditionally used for founding offshore
ictures. The design of such foundations can require specific analysis methods; it is|important
any extrapolation from the design methods described in this part of ISO 19901 to infermediate

2

Normative references

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including any amendments) applies.

ISO 19900, Petroleum and natural gas industries — General requirements for offshore structures

ISO 19901-1, Petroleum and natural gas industries — Specific requirements for offshore structures —
Part 1: Metocean design and operating considerations

ISO 19901-2, Petroleum and natural gas industries — Specific requirements for offshore structures —
Part 2: Seismic design procedures and criteria
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ISO 19901-3, Petroleum and natural gas industries — Specific requirements for offshore structures

Part 3: Topsides structure

ISO 19901-5, Petroleum and natural gas industries — Specific requirements for offshore structures

Part 5: Weight control during engineering and construction

ISO 19901-6, Petroleum and natural gas industries — Specific requirements for offshore structures

Part 6: Marine operations

IS0 19901-7:2013, Petroleum and natural gas industries — Specific requirements for offshore structures

Part 7: Stationkeeping systems for floating offshore structures and mobile offshore units

ISO 19901
Part 8: Man

[SO 19902,
ISO 19903,

ISO 19905
Part 1: Jack

[SO 19906,

ISO/TR 19
units — Pa

3 Termis and definitions

For the pu
and the fol

3.1

action
external Iq
(indirect a

Note 1 to {
temperatur

[SOURCE: 1

3.2
action facf
partial safé

3.3

basic variable

ine soil investigations
Petroleum and natural gas industries — Fixed steel offshore structures
Petroleum and natural gas industries — Fixed concrete offshore structures

1, Petroleum and natural gas industries — Site-specific assessment ofamobile offshore unit]
-ups

Petroleum and natural gas industries — Arctic offshore structures

P05-2, Petroleum and natural gas industries — Site-specific’ assessment of mobile offs]
't 2: Jack-ups commentary and detailed sample calculation

owing apply.

ad applied to the structure (direct action) or an imposed deformation or accelera
Ction)

ntry: An imposed deformation can be caused by fabrication tolerances, differential settlen]
b change or moisture variation. An earthquake typically generates imposed accelerations.

S0 19900:2013, 3.1}

or
bty factorapplied to a design action

8, Petroleum and natural gas industries — Specific requirements for offshore structurey

2]

ore

'poses of this document, the terms and definitions given in ISO 19900, ISO 19901 (all parts)

Fion

ent,

one of a specified set of variables representing physical quantities which characterize actions,
environmental influences, geometric quantities, or material properties including soil properties

[SOURCE: I
3.4

S0 19900:2013, 3.7]

characteristic value
value assigned to a basic variable associated with a prescribed probability of not being violated by
unfavourable values during some reference period

Note 1 to entry: The characteristic value is the main representative value. In some design situations a variable
can have two characteristic values, an upper and a lower value.
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Note 2 to entry: For variable actions, the characteristic value corresponds to either of the following (see
ISO 2394:2015, 2.2.30):

— an upper value with an intended probability of not being exceeded or a lower value with an intended
probability of being achieved, during some specific reference period;

— anominal value, which may be specified in cases where a statistical distribution is not known.
[SOURCE: ISO 19900:2013, 3.10]

3.5

design actions
conjbination of representative actions and partial safety factors representing a design situation for use
in checking the acceptability of a design

3.6
desjign value
valye derived from the representative value for use in the design verification procedure

[SOPRCE: ISO 19900:2013, 3.18]

3.7
draiined condition
confdition whereby the applied stresses and stress changes are_supported by the soil skeleton and do
notjcause a change in pore pressure

[SOPRCE: ISO 19901-8:2014, 3.11]

3.8
eff¢ctive foundation area
redjiced foundation area having its geometricceentre at the point where the resultant action vector
intdrsects the foundation base level

3.9
limft state
statle beyond which the structure nolonger satisfies the relevant design criteria

[SOPRCE: ISO 19900:2013, 3.2]

31

material factor
partial safety factor-applied to the characteristic strength of the soil, the value of which feflects the
uncertainty or variability of the material property

Note 1 to entry:\See ISO 19900.

3.1
representative value
vallieassigned to a basic variable for verification of a limit state

[SOURCE: ISO 19900:2013, 3.38]

3.12
resistance
capacity of a component, or a cross-section of a component, to withstand action effects without failure

[SOURCE: ISO 19900:2013, 3.39]

3.13

resistance factor

partial safety factor applied to the characteristic capacity of a foundation, the value of which reflects
the uncertainty or variability of the component resistance including those of material property

© IS0 2016 - All rights reserved 3
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3.14
scour
removal of

[SOURCE: I

3.15
seabed

seabed soils caused by currents, waves and ice

S0 19900:2013, 3.43]

materials below the seafloor, whether of soils such as sand, silt or clay, cemented materials or of rock

Note 1 to entry Offshore foundations are most commonly installed in soils, and the termlnology in this part of

ISO 19901
the term ‘soj

3.16
seafloor
interface b

3.17

serviceab
ability of
expected J

[SOURCE: I

3.18
settlemen
permanent

3.19
strength
mechanic

| 1
Noteltoe

3.20
undrained
condition ¥

the pore flfiid and do not cause a change in volume

[SOURCE: 1

4 Symb

4.1 Gen

Commonly|
applicable

4.2 Sym

A
AI
An

Ap

flects s aowever, the requlrementa equduy dpply TO Celelnted Sseaped Materials and ToCR. 1
i’ does not exclude any other material at or below the seafloor.

ctween the sea and the seabed

lity
h structure or structural member to perform adequately forta)normal use under
ctions

SO 2394:2015, 2.1.32]

K
downward movement of a structure as a result ofis own weight and other actions

property of a material indicating its ability to resist actions, usually given in units of sty

ry: See ISO 19902.

| condition
vhereby the applied stres§es'and stress changes are supported by both the soil skeleton

SO 19901-8:2014,.3:42]

ols and abbreviated terms

bral

hus,

all

€ssS

and

the

used symbols are listed in 4.2 to 4.5; other symbols are defined in the text following

formula. It should be noted that symbols can have different meanings between formulae.

bols for shallow foundations design

actual (cross-sectional plan) foundation area
effective foundation area depending on eccentricity of actions
vertical projected area of the foundation in the direction of sliding

projected area of skirt tip

© ISO 2016 - All rights reserved
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Ag side surface area of skirt embedded at a particular penetration depth
Ajdealized idealized rectangular foundation area, for irregular foundation shapes
be, bg, by  bearing capacity correction factors related to foundation base inclination
B minimum lateral foundation dimension (also foundation width)
B’ minimum effective lateral foundation dimension (also foundation effective width)
Cc compression index of soil over loading range considered
de, :llq, dy bearing capacity correction factors related to foundation embedment depth
D foundation diameter (for circular foundations)
Dy depth below seafloor to foundation base level
e eccentricity of action
eo initial void ratio of the soil
e1 eccentricity of action in coordinate direction 1
e eccentricity of action in coordinate direction 2
unit skin friction resistance along foundationskirts during installation
bearing capacity correction factor to account for undrained shear strength heterpgeneity
do gq. gy correction factors related to seafloof-inclination
G elastic shear modulus of soil
h soil layer thickness
H horizontal action
Hy horizontal action on effective area component of the base
Hg design valueof resistance to pure sliding
AH{ horizental soil resistance due to active and passive earth pressures on foundatiop skirts
Hyq ultimate horizontal capacity in yield surface design method
lc, Iq, Iy, bearing capacity correction factors related to foundation action inclination

K., ey

Krd

KI’U

© IS0 2016 -
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inclination of base, and inclination of the seafloor

coefficient of passive earth pressure

drained horizontal soil reaction coefficient

undrained horizontal soil reaction coefficient

maximum lateral foundation dimension (also foundation length)

maximum effective lateral foundation dimension (also foundation effective length)

overturning moment

All rights reserved 5
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4
D in

4
P out

qd

0;
Qp
Qr
Quit

RP

Su
Su0
Su,ave
Su,2

Sc» Sqy Sy

uQ, UH

4
Aoy,

li
0v0,z

0v0

moment capacity in yield surface design method
undrained bearing capacity factor, equal to 5,14

drained bearing capacity factors, as a function of ¢’

in situ effective overburden stress at skirt tip level inside the skirts of a skirted foundation

in situ effective overburden stress at skirt tip level outside the skirts of a skirted foundation

unit end bearing resistance on foundation skirt tip, during penetration

design value of vertical bearing resistance in the absence of horizontal actions
vertical action

skirt friction resistance

end bearing resistance from skirt tips

soil resistance during skirt penetration

vertical capacity in yield surface design method

radius of the base of a circular foundation

reference point for action transfer

undrained shear strength

undrained shear strength at foundation base'level (skirt tip level for skirted foundationg
average undrained shear strength fromSeafloor to foundation base level
equivalent undrained shear strength below foundation base

bearing capacity correction factors related to foundation shape

torsional moment

vertical and horizéntal displacements at foundation base level

ground inclination angle in radians, in calculation of inclination factors
interfac€ friction angle between soil and foundation

increment of effective vertical stress in a given soil layer at the specified time due to thg
ctement of vertical action applied to foundation

in-

effective angle of internal friction angle of the soil for plane strain conditions
submerged unit weight of soil

live load partial factor

material factor

rate of increase of undrained shear strength with depth

effective overburden stress at level of a given soil layer

in situ effective overburden stress at foundation base level (skirt tip level when skirts are used)
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Poisson'’s ratio of the soil
foundation base inclination angle in radians, in calculation of inclination factors

displacements at foundation base level under overturning and torsion loading

4.3 Symbols for pile foundations design

bne area of

Apile gross end area of pile, Ay;lb - '4D2
2
Ar pile displacement ratio, 4, = Aw =1- (ﬂ]
Apile D
Aw cross-sectional area of pile annulus, AW = % . (D2 - DIZ)
As side surface area of pile in soil
C1, {2, C3 dimensionless coefficients determined as functién of ¢', for p-y curves for sand
D pile outside diameter
D;j pile inside diameter, Dj=D -2 WT
Dso mean soil particle diameter
Dcplr diameter of CPT tool, Dcpt = 36-nm for a standard cone penetrometer with a ¢
1 000 mm?2
Dy relative density of sand, for CPT-based methods 1 and 4
Es initial modulus ofisubgrade reaction
f unit skin friction
2 unit skig-friction at depth z
fe(Z) unit,skin friction in compression at depth z
@ urit skin friction between sand soil plug and inner pile wall, for CPT-based meth¢d 4
fi(Z] unit skin friction in tension at depth z
flim limiting unit skin friction value
h distance above pile tip=L -z
] dimensionless empirical constant, for p-y curves for clay
k initial modulus of subgrade reaction, for p-y curves for sand
Ko coefficient of lateral earth pressure at rest
L embedded length of pile below original seafloor
Ls length of soil plug in sand layers
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Nq

p

qc (2)
qef (2)
qc,av,1,5D
qctip

Q

Q¢
Qtt
Qti,clay
Qlim
Cp

Qr

Qrc
Qr

Su
Su(z)
wT

tmax

dimensionless bearing capacity factor
mobilized lateral capacity, for p-y curves

atmospheric pressure (p, = 100 kPa)

design value of axial action on the pile, determined from a coupled linear structure and non-

linear foundation model using the design actions for extreme conditions

design value of axial action on the pile, determined from a coupled linear structure and non-

linear foundation model using the design actions for permanent and variable actions or

the

design axial action for operating situations
representative value of lateral capacity, for p-y curves, in unit of force per unit length of
representative value of deep lateral capacity, for p-y curves, in unit of force per uhit length of]

representative value of shallow lateral capacity, for p—y curves, in unit-of force per
length of pile

in situ effective mean stress at depth z

pile outer perimeter = D

unit end bearing at pile tip

CPT cone resistance at depth, z, in stress units

reduced CPT cone resistance at depth, z, to account for general scour
average value of q. (z) between 1,5 D above'pile tip and 1,5 D below pile tip
CPT cone resistance at pile tip

mobilized end bearing capacitylin Q-z curves

skin friction capacity in compression

skin friction capacity.in-tension

cumulative skinfrietion capacity of clay layers within soil plug, for CPT-based method 3
limiting unitend bearing value

end beaking capacity

representative value of axial pile capacity

pile
pile

Init

Tepresentative value of axial plle capacity 1n compression
representative value of axial pile capacity in tension
undrained shear strength

undrained shear strength at depth z

pile wall thickness

mobilized skin friction for axial shear transfer t-z curves

maximum skin friction for axial shear transfer t-z curves
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iform clays

" -z curves

pns

tres residual skin friction for t-z curves

y lateral pile displacement, for p—y curves

z depth below original seafloor

z local pile axial displacement, for axial shear transfer t-z curves

z axial pile tip displacement, for Q-z curves

ZR depth below seafloor to bottom of reduced resistance zone, for p-y curves for un
z' final depth below seafloor, after general scour

Zpedk axial pile displacement at which maximum soil-pile skin friction, tpax, is reached, fo
Zres| axial pile displacement at which residual soil-pile skin friction, t;es,iS reached, fof t-z curves
a dimensionless skin friction factor, for cohesive soils

B dimensionless skin friction factor, for cohesionless soils

Ocv constant volume friction angle at sand-pile wall interface

& strain at one-half maximum deviator stress, for p2y“curves for soft clay

¢’ effective angle of internal friction of sand, fordrained triaxial conditions

Y submerged soil unit weight

Ypilg unit weight of pile (steel, concrete, ete.)

Ywaler unit weight of water

YR,He partial resistance factor(for'extreme conditions

YR Hp partial resistance factor for permanent and variable actions for operating situati
W parameter to detevmine the dimensionless skin friction factor, for clays = sy(z) / 0’vo (¥) at depth z
o'vd(@) in situ effec¢tive horizontal stress at depth z

o'vd (2) in situ effective vertical stress at depth z

0'vdtip i situ effective vertical stress at pile tip

Az global scour depth

Az lecatl-seour-depth

e base natural logarithms approximately 2,718

In natural logarithm (base e)
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4.4 Symbols for soil-structure interaction for auxiliary subsea structures, risers and
flowlines

D flowline, or pipeline, diameter

fe dimensionless cyclic factor

ft dimensionless time factor

fv dimensionless velocity factor

Gmax initial elastic (small strain) shear modulus of soil

H lateral (horizontal) soil resistance

Kmax maximum value of normalized secant stiffness on initial unloading or reloading
Ip plasticity index of soil

ky secant stiffness of equivalent spring = AQ / Az

N integrated normal contact force

N, dimensionless bearing capacity factor

Qsmax maximum suction (uplift) force, per unit length of pipeline
Qu limiting penetration resistance, per unit length-of\pipeline
Su undrained shear strength

SuDSS undrained shear strength obtained in direct simple shear mode
Sur remoulded undrained shear strength

T drained axial resistance per,unit length of pipeline

%4 vertical action on pipeline

z depth to flowline, or\pipeline, invert

AQ change in verticalforce, per unit length of pipeline

Az change in vertical displacement

Azy uplift fbreak-out) displacement

) interface friction angle at soil-pipeline interface

u pipeline-soil friction coefficient

4 dimensionless enhancement factor

¢ dimensionless time factor

Qv dimensionless velocity factor

6p' half-angle of pipeline-soil contact perimeter

10 © IS0 2016 - All rights reserved


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 19901-4:2016(E)

4.5 Symbols for design of anchors for stationkeeping systems

a acceleration of a gravity embedded anchor

A fluke area of a drag anchor

Aetf effective area of a plate anchor accounting for shape and projected area
Ain plan view inside area of suction anchor pile where underpressure is applied during installation
Ainside inside lateral area of suction anchor pile wall

Ap projected area of a gravity embedded anchor/line

Atip tip cross-sectional area of an anchor pile

Awalll sum of inside and outside wall areas of an anchor pile

B fluke width of a drag anchor

Cp drag coefficient of a gravity-embedded anchor/line

f coefficient of friction between chain or wire rope andthe seafloor

Fp bearing resistance of a penetrating gravity-entbedded anchor/line
Fardg hydrodynamic drag force action on a gravity-embedded anchor/line

F¢ frictional resistance of a penetrating gravity-embedded anchor/line
Frnalx ultimate holding capacity (UHC) of-a plate anchor

FOSaxial factor of safety with respect te axial loading of anchor

FOScombined factor of safety with reSpect to combined axial and lateral loading of anchor

FOSjateral factor of safety with\respect to lateral loading of anchor
H horizontal action component

H holding capacity of drag anchor under horizontal action
L fluke\length of a drag anchor

Lew] length of chain or wire rope in contact with the seafloor
m mass of a gravity-embedded anchor

n dimenstontessholdingcapacity-factorforadraganchor
N¢ dimensionless bearing capacity factor

Pew holding capacity of mooring line chain or wire rope

Qtot total penetration resistance of an anchor pile

Oside resistance along the sides of an anchor pile

Qtip resistance at the tip of an anchor tip

Se soil strength strain rate factor
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St
Su

Su,AVE

Su,tip AVE

Su,DSS
t

tr

\%

%4

Ws
W
Wew
Z
AUreq

AUcrit

Ains

p
0

eaxial

Olateral

soil sensitivity

undrained shear strength at the point in question

average undrained shear strength within the failure zone at the design penetration depth,

corrected for effects of cyclic loading

average of triaxial compression, triaxial extension, and DSS undrained shear strength at

anchor tip penetration depth

undrained shear strength obtained from direct simple shear tests

time

time of anchor retrieval

free-fall velocity of a gravity-embedded anchor

vertical action component

submerged weight of a gravity-embedded anchor

submerged weight of anchor

submerged unit weight of chain or wire rope

embedment or penetration depth

required underpressure to embed a suction anchor pile

critical underpressure causing failure of soil plug inside a suction anchor pile
friction factor during installation of a'suction anchor pile or of a gravity-embedded anc
submerged unit weight of soil

empirical reduction facteriaccounting for progressive failure of a plate anchor

fluid density

angle of mooringJine at anchor padeye attachment point (measured from horizontal)

angle of mooring line at anchor padeye attachment point (measured from horizontal) ah
which the-anchor ultimate capacity is controlled by axial capacity

angleof mooring line at anchor padeye attachment point (measured from horizontal) be
which the anchor ultimate capacity is controlled by lateral capacity

hor

ove

low

4.6 Abbreviated terms

BOP
CPT
FEM
FOS
PFD

12

blow-out preventer
cone penetration test
finite element method
factor of safety

partial factor design
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REB reverse end bearing

SCR steel catenary riser

SLS serviceability limit state

SRD soil resistance to driving

TDP touch-down point

UHC ultimate holding capacity

ULS ultimate limit state

VLA vertically loaded anchor

5 [General requirements

5.1 General

The design methodology inherent to the ISO 19900 set of International Standards is based on|the partial
factor design (PFD) approach with specified action factors andmaterial factors (see ISO 1p900:2013,
Clagyise 9). Requirements regarding partial factors for actiongand the combination of actions [nto design
situations are given in the relevant International Standaxds for offshore structures, i.e. ISP 19900 to

g this approach in combination with specified action factors and material factors, it
geotechnical and foundation design will result in an offshore structure with an appropr
hbility, in general agreement with the requirements of ISO 2394 and ISO 19900.

tha
reli

The
she
of t
fric

material factgryfor soil can be expressed as the ratio of the characteristic value of the
hr strength tethe shear stress mobilized for equilibrium, or as the ratio of the characte
he tangent'of the representative angle of internal friction to the tangent of the angle
Fion mebilized for equilibrium. The material factor should not be lower than 1,25. It can
with regard to the combination of consequences of failure, the accuracy of the applied

method or the model uncertainty and the way in which the characteristic strength of the s¢

50 19901-7
hchors (see

racteristic
‘epresent a
me specific

statistical
ecified. By
s intended
ate level of

undrained
Fistic value
of internal
e modified
calculation
il material

1 L} 1 1 1
WASTETETIIIIIET dITU EXPTESSEU.

Consideration should also be given to what is recognized practice for the calculation procedures applied
and the stability mechanisms analysed. It is advised that the material factor should be reviewed and
possibly increased particularly when new types of structures are considered and/or soil conditions
with no or little experience are encountered.

The PFD design methodology in this part of ISO 19901 involves the use of action factors and material
factors which aim to result in comparable overall foundation reliability with that achieved from use of
the working stress design (WSD) methodology in the American Petroleum Institute’s Recommended
Practice API RP2GEO.[3] For shallow foundations, this is outlined in Reference [6], which highlights that
broadly comparable foundation size should be obtained to resist a given set of representative values
of actions from either method. Although the design recommendations are largely aligned in this part
of ISO 19901 and Reference [3], one should be aware that in certain circumstances the PFD or WSD
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methods can lead to differences in the design outcome. It is recommended to seek guidance from a

geotechnic

al specialist.

The foundation shall be designed to resist static and dynamic (repetitive as well as transient) actions
without causing excessive deformation of or vibrations in the structure. Special attention shall be given
to the effects of repetitive and transient actions on the structural response, as well as on the strength
of the supporting soils. The possibility of movement of the seabed shall be considered. Any actions
resulting from such movements on foundation members shall be considered in the design. The potential
for disturbance to foundation soils by conductor installation or shallow well drilling shall be assessed
(see 9.12). Furthermore, the guidance herein does not necessarily apply to unconventional soils such as

carbonate

Geotechnig

aterial (see A.6.4), volcanic sands or highly sensitive clays

al and foundation design activities shall be performed by competent personnel with

qualificatigns and experience necessary to meet the objectives of this part of ISO 19901.

5.2 Desi

The design
given in:

ISO 19

ISO 19
ISO 19
ISO 19

ISO 19

The resist3
applicable

shallow fo
characteris
is applied t

gn cases and safety factors

cases that shall be considered with the corresponding values of partialbaction factors

D02 for fixed steel offshore structures;

D03 for fixed concrete offshore structures;

D04 and SO 19901-7 for floating offshore structures;
D05-1 for jack-ups;

D06 for arctic offshore structures.

nce factors applicable to the design of pilefoundations are given in 8.1.1. The material fac
Fo the design of shallow foundations aré€ given in 7.3.1 and 7.3.3. In assessing the stabilit
indations, the design value of resistance is computed by applying a material factor to
tic soil strength. This differs from\the practice for design of piles, where a resistance fa
o the characteristic foundation capacity.

The specific requirements and design-procedures and criteria under dynamic actions from earthqud

are given i

5.3 Chal

This subcl
properties
‘soil’ is use
ISO 19901+

N ISO 19901-2.

racteristic values®f soil properties

huse provides generic principles and guidelines for selecting characteristic values of

in line withthe partial factors format or partial factor design (PFD) approach. The t
d as per{ISO 2394 and ISO 19900. This term is equivalent to ‘seabed’ defined in 3.15 an
8.

Estimation

the

are

LO1'S
y of
the
ctor

kes

soil
brm
d in

ofcharacteristic values for soil properties should consider the following:

insuffi

the definition used for the characteristic value;

the assumptions made in the calculation model;

cient data and imprecise knowledge;

a priori knowledge such as geological information and physically credible values;

the properties considered in the calculation model;

14

the amount and quality of site investigations and possible environmental factors, including

the measurable physical quantities that correspond to, and are representative of, the population of
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the appropriate factors or transformation functions, to convert the properties obtained from
laboratory and/or in situ tests or other methods to properties corresponding to the assumptions

made in the calculation model;
the measurement error, conversion factor uncertainty and statistical uncertainty;

the spatial variability of soil within each stratum;

other variance reduction by appropriate methods (if relevant and if enough data are available).

Additional guidance on characteristic values of soil properties is given in A.5.3.

5.4

Wh
be 1
nee

Pos

a)

b)

Testing and instrumentation

bre there is uncertainty regarding the behaviour of foundations, testing or instrunienta
Indertaken. For all types of offshore structures, it is the stakeholder’s responsibility to c
d for instrumentation or monitoring of performance during installation and.operation.

Kible testing and instrumentation methods include the following:
loading tests and/or model tests

Loading tests, model tests or large-scale field tests should be pérformed where there ig
uncertainty in the foundation capacity and where safety and/or economy are of
importance, for example where:

experience exists;
— the soil conditions differ significantly frem those where operational experience exig
— new methods of installation or removal are envisaged;
— ahigh degree of uncertainty exists as to how the structure or its foundation will be
temporary instrumentation
The structure or its foundation should be fitted with temporary instrumentation where
— theinstallation method presupposes the existence of measured data for control of the
— an installationmethod is to be applied with which little or no experience has been g

permanentinstrumentation

—/« the safety or behaviour of the foundation is dependent on active operation;

+L

The structure or its foundation should be fitted with permanent instrumentation wherg:

fosandor: oo afigiicatrion 1 H | A-diEian. P S aetianc di00o oo b oot o110
e TOUTTIOatIOTT COTITIZ UT a trOTT, tiC-SOTT COTIUTCIOTTS; OT It at tromrS Ut CT STo S tarrcrarty

with which experience has been gained;

fion should
bnsider the

particular
particular

— the foundation configuration differs significantly ffom earlier configurations where ¢perational

ts;

lave.

operation;

ained.

rom those

— there is a need for monitoring the whole foundation with regard to penetration, settlement, tilt,

or other behaviour;

— the method of removal presupposes the existence of measured data for control of the operation.
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6 Geotechnical data acquisition and identification of hazards

6.1 General

The determination of the values of geotechnical parameters, and the assessment of geological hazards
and constraints result from an integrated study of the area using geophysical surveys, geology, marine
soil investigation and geotechnical engineering. Geophysical surveys should be performed first so that
a shallow geohazard assessment should be performed based on the geophysical survey result before

commencing the marine soil investigation. Additional guidance is provided in ISO 19901-8.

and other processes and features of an area. The geophy51cal data are also used to help interprét]
stratigraphy from geotechnical boreholes, to define lateral variability across a site, and té proj
guidance dn optimizing the location of the proposed facilities. Incorporation of geotechnicalldata
the geologfcal model gives insight into the potential impact of geological conditions, oni ' man-m
facilities, sjich as structures, pipelines, anchors and wellheads.

6.2 Shallow geophysical investigation

Shallow gdophysical investigation can provide information about soil stratigraphy and evidenc
geological features, such as slumps, scarps, irregular or rough topography,mud volcanoes, mud lur
collapse feptures, sand waves, slides, faults, diapirs, erosional surfaces; gas bubbles in the sedime

the
ide
nto
ade

b of
hps,
nts,

gas seeps, puried channels, and lateral variations in stratum thickfiesses. The areal extent of shaflow

soil layers fan sometimes be mapped if good correspondence is established between the soil boring
in situ test information and the results from the seabed surveys.

The types [of equipment for performing shallow geophysical investigation that should be conside
comprise

a) Echo Jounders or swathe bathymetric systems (in which a series of sweeps of the bathymd
equipment are used) define water depths and-seafloor morphology. On complex seafloors, sw3
systen}s have the advantage of providing higher data density and better definition of vari
topogifaphy. These bathymetric surveysshould be applied with tide measurements and correcti

and

red

tric
ithe

ifible

DI S.

3D selsmic data acquired for exploration purposes also provide useful data for developing

water-pottom (bathymetry) maps in deep water. These data should only be used for prelimir
evaluafions because the resolution could be of the order of a few metres depending on the variab
of the fopography.

b) Sub-bdttom profilers-(tuned transducers) define structural features within the near-sur
sedime¢nts.

NOTE 1 Thesé€ systems can also provide data to develop water-bottom or seabed rendering maps.

c) Side-s¢anssonar defines seafloor features and seafloor reflectivity.

ary
lity

face

NOTE 2 Backccattar 1maacurarante £ooy oo cuaza tha cuctamc cah qlnn BEOVE ide—t1marnhala
Z HeFpror

Do IS ottt e St S e e T O S O S vy e oy ot oS PT A~ o

information.

egical

d) Seismic sources, such as boomers or minisparkers, can define the structure up to approximately
100 m below the seafloor. Single or tuned arrays of sparkers, air guns, water guns or sleeve-
exploders can define structure to deeper depths and can tie in with deep seismic data from
reservoir studies. Seismic source signals are received either with single channel analogue or multi-
channel hydrophones. Digital processing of the recorded signals enhances the quality of the images

recorded and removes extraneous noise and multiples from the recorded signals.

e) Seabed refraction equipment provides information on the stratification of the top few metres of

the seabed.
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In addition to boreholes, shallow sampling of near surface sediments using drop, piston or grab
sampling, or vibrocoring together with cone penetrometer tests (CPT) along geophysical tracklines can
be useful for calibration of results and improved definition of the shallow geology.

Direct observation of the seafloor using a camera mounted on a remotely operated vehicle (ROV) or on
an autonomous underwater vehicle (AUV), or using a manned submersible can also provide important
confirmation or characterization of geological conditions.

6.3 Geological modelling and identification of hazards

6.3[T General

Thd
eva

nature, magnitude, and return intervals of potential active geological progesses|should be
uated by site investigation techniques. Judicious use of analytical modelling cah prqvide input
for determination of the effects of active geological processes on structures and-foundatigns. Due to
uncertainties associated with definition of these processes, a parametric approach to stuglies is also
helpful in the development of design criteria.

A gé
be

sho
sep
bet
intd
of

ological model is constructed by hypothesizing a depositional process! The geophysical data should
mapped within the context of the hypotheses made. Features within the same geologfical period
1ld be mapped together. Features not associated with a particular process should e mapped
hrately. [f necessary, the mapping strategy should be adjusted/to fit the model until agreement exists
veen the data and the model. The results of the geological'modelling phase should ideally allow the
rpreter to discuss in a report how features have develeped over time, in order to allow gssessment
:rw the features can affect future man-made developments.
e

So

Oy

of the more familiar geological processes, evehfsand conditions are discussed in 6.3.2|to

6.32 Earthquakes

Are

in fi
mot

Seis
tol

faults, the characteristics @f the ground motions expected during the life of the structu

acc
sub

6.3

In
hor
dee

dJome offshore areas, fault planes can extend to the seafloor with the potential for v

as are considered seismically active on‘the basis of the historical record of earthquake ac
Fequency of occurrence and in magnitude, or on the basis of a tectonic review of the
e details, see ISO 19901-2.

mic considerations for such.areas can include investigation of the subsurface soils for inst
quefaction, submarine slides triggered by earthquake activity, proximity of the site to s

bptable seismic risk for the type of operation intended. Structures in shallow water thd
jected to tsunamis.should be investigated for the effects of the resulting actions.

3 Fault planes

zontalkmovement. Fault movement can occur as a result of tectonic activity, removal of
preservoirs or long-term creep related to large-scale sedimentation or erosion. Siting of

tivity, both
region. For

ability due
Pismogenic
e, and the
t might be

brtical and
Fluids from
facilities in

aBras 2o Fon e o nc ittt gt caaflon choanld g o dad £ cibla

clos

Zloa
TPt UAAAAAA\,J tO-tratrt PO STIItCT ST S e SCatTToUT SHoHTreoe TV OTOC T H POSSTOTCS

If circumstances dictate siting structures near potentially active faults, the effect of future fault
movement on the foundation should be considered. If these effects are shown to be detrimental, the
magnitude and time scale of expected movement can be estimated on the basis of a geological study for
use in the design of structures.

6.3.4 Seafloor instability

Movements of the seafloor can be caused by ocean wave pressures, earthquakes, soil self-weight,
hydrates, shallow gas, faults, or other geological processes. Weak, underconsolidated sediments
occurring in areas where wave pressures are significant at the seafloor are susceptible to wave-
induced movement and can be unstable under very small slope angles. Earthquakes can induce failure
of seafloor slopes that are otherwise stable under the existing soil self-weight and wave actions.
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Rapid sedimentation (such as actively growing deltas), low soil strength, soil self-weight, and wave-
induced pressures are generally controlling factors for the geological processes that continually move
sediment downslope. Important design considerations under these conditions include the effects
of large-scale movement of sediment (i.e. mud slides and slumps) in areas subjected to strong wave
pressures, downslope creep movements in areas not directly affected by wave/seafloor interaction and
the effects of sediment erosion and/or deposition on structure performance.

The scope of site investigations in areas of potential instability should consider identification of
metastable geological features surrounding the site and definition of the soil engineering properties
required for modelling and estimating seafloor movements.

Estimates
be used to
data or agg
the facility

bf soil movement as a function of depth below the seafloor based on geotechnical analyses|can
predict actions on structural members. Geological studies employing historical bathymdtric
dating of sediments can be useful for quantifying deposition rates during the desigh life of

6.3.5 Scour and sediment mobility

Scour is th|
geological
above the 4

From obse
following:

a)

local s
Steep-

b) global

Shalloy
multip|

overal
a strud

Such
of m
erosio

Scour can
settlement
a possibili

a

e removal of seabed soils by currents, waves and ice. Such erosioncan be due to a nat
process or can be caused by structural components interrupting-the natural flow reg
eafloor.

rvations, seafloor variations can usually be characterized as some combination of

Cour
sided scour pits around foundation componentsi$uch as piles and pile groups.
scour

v scoured basins of large extent around @structure, possibly due to overall structure effg
e structure interaction, or wave-soilistructure interaction.

seabed movement of sand waves,/ridges, and shoals that would also occur in the absend
ture

ovements can result iniseafloor lowering or rising, or repeated cycles of these. The addi
-made structures oftenchanges the local sediment transport regime that can aggray
1, cause accumulation; or have no net effect.

result in removal of vertical and lateral support for foundations, causing undesir

y, it shall\be taken into account in design and/or its mitigation shall be considered

iral
ime

the

cts,

e of

fion
Fate

hble

5 of shallowi/foundations and overstressing of foundation components. Where scoufr is

[see

A.8.1.4.2.7item g)-and A.8.5.6].

6.3.6 Shpllow gas

The presence of either biogenic or petrogenic gas in the pore water of shallow soils is an important
consideration to the engineering of the foundation. In situ natural gas can be either gaseous (present
as gas dissolved within the pore space or free gas) or bound with water to form a solid (known as
hydrate). In addition to being a potential drilling hazard during both site investigation soil borings (see
ISO 19901-8) and oil well drilling, the effects of shallow gas can be important to foundation engineering.
The effect of dissolution and expansion of gas in recovered soil samples can affect laboratory test
results and derivation of geotechnical parameter values.

6.3.7 Seabed subsidence

The nature of the soil conditions and the reservoir and extraction processes should be investigated
to establish whether subsidence of the seabed is likely to occur during the field life. The potential for
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seabed subsidence, where this is a possibility due to reservoir compaction, should be addressed by
considering an increase in air gap. The magnitude of surface settlements will depend on the reservoir
dimensions, compressibility of reservoir rocks and the anticipated pressure drop.

6.4 Carbonate soils

When performing site investigations in frontier areas or areas known or suspected to contain
carbonate material, the investigation should include diagnostic methods to determine the existence
of carbonate soils. Particularly in sands and silts that contain in excess of 15 % to 20 % carbonate
material, foundation behaviour can be adversely affected and a carefully developed field and laboratory

10004 Q)
testimgprogrammre tamrbe warranted {see A6 amd 156-1999163-

7 |Design of shallow foundations

7.1 General

lirectly on
of half the
plicable to
cases.

Shallow foundations in the context of this part of ISO 19901 include foundations placed

the[seabed without embedment and embedded foundations with a maximum embedment
shoftest plan dimension, i.e. an embedment ratio of 0,5. The guidance provided can be af
foundations with embedment ratios up to 1,0 but specialist advice should be sought in these

Thd of shallow

fou

formulae presented for evaluating the stability and-Seprviceability (displacement)

(i-e
resj
or f
pro

Thi

ndations are given and are based on solutions for simple soil profiles and idealized so
uniform or linearly increasing strength or stiffnessqwith depth and fully drained or und
ponse). The formulae should only be applied to conditions similar to that for which they w
pr which they can be shown to be applicable. Additional formulae that can be used for
vided in A.7 together with discussion of limitations and alternative approaches.

5 Clause considers verification of limit states governed by soil behaviour and excludes ver

1 response
rained soil
bre derived
design are

ification of

stryctural integrity of the foundation.

The following is noted.

It is primarily intended that ‘these recommendations be applied to the design of [temporary
foundations, such as jacket\mudmat foundations with shallow skirts used for temporalry support
during installation, underidealized conditions.

The methods presented are intended for combinations of dead action, variable live jaction and
environmental @etion (i.e. wind, wave and current); where these arise from transie
actions they.are considered as quasi-static actions. Specialist advice shall be sought
complex dyh@mic analysis is required, such as where the inertia of the structure or foun

is important (e.g. seismic loading).

dation failure
would result in dlsplacements and rotatlons that could be shown to have mmlmal environmental,
safety and economic consequences.

Alternative design approaches can be more applicable for design of shallow foundations used in more
complicated and critical situations, such as complex seabed conditions or complex multi-directional
cyclic actions (including cases in which cyclic uplift actions can largely offset the foundation
dead weight). Advanced analysis techniques such as finite element modelling can also be used to
confirm that design requirements are met for more complex situations. Ultimate limit state under
uplift requires special attention with due regard to negative pore pressures (suction), adhesion,
permeability of the soil, drainage paths, duration of the action and geometry of the foundation.
Unless other failure modes are more critical, such as where separation of the foundation from the
seabed occurs due to drainage, uplift resistance can be analysed as a reverse bearing mechanism
applying the relevant formulae for general shear failure in compression presented below and in A.7.
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— For large concrete gravity base structures and mobile offshore units, the requirements in this
Clause shall be supplemented and/or modified by requirements given in ISO 19903, ISO 19905-1

and ISO/TR 19905-2.

For many situations, it is advantageous to equip the foundation plate with vertical skirts around its
periphery that penetrate into the seabed. If the foundation area is large, interior skirts forming skirt
compartments under the plate foundation can be required. The presence of the skirts will in most cases

(i) increase foundation stability, (ii) decrease foundation deformation, and (iii) reduce impact of sea
scour on the foundation.

For shallow foundations equipped with seabed penetrating skirts, the following is noted:

bed

— care should be taken to appropriately transfer the seafloor actions to skirt tip level, as describe
A7.2.3

— when pssessing stability based on loading at skirt tip level, it is important to enstre that
penetrfation is sufficient to avoid internal failure mechanisms forming within the skij
compajrtment, which might lower the overall capacity. Required penetration into-the stronger
to achieve this would typically be between 1/10 and 1/5 of the spacing between'skirts, although
depends on the site specific soil profile and foundation action. A case-specificanalysis is require
confiri an acceptable penetration;

— the exfent of skirt penetration should be assessed. Additional geotethnical/structure assessme
requirgd in the event full skirt penetration is unachievable and-ho)measure is taken to ensure
penetrfation.

7.2 Principles

7.2.1 Gepneral principles

The follow|ng general principles shall be considered in assessing stability of shallow foundations:

d in

the
ted
soil
this
d to

©t is
full

ical

— bearinjg failure constitutes any failure mede that could result in excessive combinations of vert
displagement, lateral displacement, or Qverturning rotation of the foundation; while pure slidin
torsional failure corresponds to a failure mode where the foundation translates or twists only
horizoptal plane;

— founddtion stability can be analysed by limit equilibrium methods ensuring equilibrium bet
designjactions and design-resistance. The shape and location of the critical failure mechanism s
be det¢rmined, which willdepend on the design actions, soil stratification and foundation geom¢
Due cdnsideration shall*be given to the possibilities of excessive displacement and deformatio
the foyndation soiljand where these are critical, more complex analysis approaches are requirg

— calculdtions using alternative methods of analysis shall include an explanation of any poss
differgnces due to the method adopted;

— designla

o Or
in a

een
all
try.
of
d;

ible

— seafloor gradient and/or installation tolerance shall be taken into account in design. Tolerable

foundation tilt should be specified;

— undrained calculations shall be adopted where no drainage, and hence no dissipation of excess pore
pressures, occurs during loading. This can occur as a result of the rate of loading or the impermeable
nature of the soil. In contrast, drained calculations shall be adopted where no excess pore pressures
arise during loading. Analysis of foundations subject to partial soil drainage during the loading

event is complex, and specialist advice shall be sought in these cases;

— design can be based on serviceability (rather than stability) criteria, whereby the deformation of
the foundation is assessed against allowable movement criteria. The appropriateness of adopting

this approach will depend on the type of structure and its installation. The selection of appropr

iate
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soil moduli (especially considering strain dependency) is essential in calculation of serviceability
limit states;

— impact of structural openings shall be taken into account in design.

7.2.2 Sign conventions, nomenclature and action reference point

Vertical (Q), horizontal (H), overturning (M) and torsional (T) actions are centric and act at a reference
point (RP) taken as the midpoint of the foundation at seafloor level, see Figure 1. This is the point of
structural action transfer. H and M can be co-planar.

a Ug
S Sr>er
—> ——>

a) Actions b) Displacements and rotations

c) Seabed resistance

Figure 1 — Sign conventions, nomenclature and reference point for analysis of shallow
foundation

7.2{3 Action transfer

For|an embedded foundation action transfer from seafloor to base level (typically skirt tig level for a
foundation equipped with skirts) should be calculated as described in A.7.2.3.

7.2}4 Idealization-offoundation area and the effective area concept

Thg methods ouflinied herein are based on the effective area concept. The effective foundation area
is defined in-A.7.2.4, which also deals with idealization of the foundation area for use|with limit
equiilibriumnmethods.

yered soils,
ialist advice

shall be sought in these conditions.

In drained conditions, the horizontal and vertical action effects shall be assumed as acting on the
effective foundation area only. In undrained conditions, the action effects can be assumed as being
distributed over a greater part than the effective area, due to mobilization of suction (relative to ambient
pressure) between the underside of the foundation and seabed, potentially up to the total foundation
area. In this case, there shall be documentation to show that the resulting stress distribution is possible
and will not lead to new forms of failure with a lower safety level.
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7.3 Acceptance criteria and design considerations

7.3.1 Action and material factors
When calculating stability:

— thesoil strength shall be determined using a material factor yy, = 1,25 except as indicated below or in
A.7. Where geotechnical data are sparse or site conditions are particularly uncertain, or where high
uncertainty exists in relation to potential failure mechanisms or methods of analysis, increasing

the above material factor can be warranted. In accordance with ISO 19900, a material factor of 1,0
is permittedforaccidentalloading:

— partial action factors shall be determined based on guidance from the relevant standard of|the
ISO 19900- series. The weight of the soil, including that within the skirts, should néotrmally be
calculdted with factors equal to unity (see 7.3.4.1). In some situations, an action facter beloy or
above [1,0 can be justified in order to ensure a sufficiently robust design;

— partial action factors and material factors shall be applied with consistency throughout the design
process. In particular, note that the ratio between the resultant horizontal action and the resultant
verticgl action on the foundation will influence many of the design formulagprovided in A.7.

When calclilating displacements as part of serviceability based design, alDpartial action and matgrial
factors shpuld generally be set to unity. However, where foundation displacement can lead to
unacceptalple consequences or govern design, it can be appropriatetorapply factors other than unitly in
order to ensure a sufficiently robust design. Specialist advice shalkbe sought in these cases.

7.3.2 Usg in design

Numerical|methods or the formulae presented in 7.4 caibe used to develop a soil resistance envelppe,
incorporatfng the appropriate material factor. Typicalexamples of such failure envelopes are preseijted
in Figure 4. Once an envelope is derived, the desigh actions (incorporating appropriate partial acfion
factors) canh be transposed onto this envelope to.ensure the safety requirements of this partif ISO 19p01
are satisfidd.
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1 |envelope'of design resistance under undrained 5 envelope of design resistance under drained bearing
bearingy/sliding
design value of action 6  envelope of design resistance under drailned sliding
3 'apptiedaction A—horizomtataction
permissible design actions Y vertical action

Figure 2 — Soil resistance envelopes and definition of design actions for stability of shallow
foundations under undrained and drained conditions

7.3.3 Special cases

For assessment of foundation stability during set-down on the seabed, stability can be assessed based
on the applied vertical actions only. In this case, the ultimate limit state shall be calculated using a
material factor of y,, = 1,5. The increased material factor in this case leads to an increased margin
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of safety against bearing failure during set-down and assists in settlement and/or embedment of the
foundation into the seabed remaining modest.

For situations in which the geotechnical stability requirements are satisfied for all possible modes of
failure, such as a foundation resting on very competent soil (e.g. a cemented seabed), design actions
shall be checked to ensure that the foundation is not at risk from other non-geotechnical instabilities.

7.3.4 Additional design considerations

7.3.4.1 Adjusting for soil plug weight in skirted foundations

The general formulae presented in this part of ISO 19901 to calculate capacity assume therelg no
difference |n the depth of soil inside and outside foundation skirts. However, in some cases

— the sofl height above skirt tip level can be higher inside the skirt than outside the skirt, such as
where|significant scour has occurred, or

— the soil height above skirt tip level can be lower inside the skirt than outside the skirt, such as where
the foyndation (base plate and skirts) has penetrated deeper than the depthof the skirts.

In cases where a difference exists, the design vertical action should be adjusted by:

AQ = (P~ P gy 4 ()
where
AQ i$ the change in design vertical action to accountfor differences in vertical effective streqs at

wn

kirt tip level. The factor for soil weight is generally equal to unity;

—

b the in situ effective overburden stress atsKirt tip level inside the skirts (taken as y’zj,, where
Y is the submerged unit weight of soil ahd zij, is the depth of soil inside the skirts);

P in

Plout i$ the in situ effective overburdepr stress at skirt tip level outside the skirts (taken as y'Zout,
Where zyy¢ is the depth of soil outside the skirts);

A i$ the actual cross-sectional plan foundation area.

Note that 4 similar method can(be used for embedded shallow foundations without skirts. Care should
be taken td ensure the design‘aetions are adjusted appropriately in these cases.

7.3.4.2 Horizontal séabed resistance above foundation base level

Skirted or ptherwise/embedded shallow foundations can have increased resistance under pure sliding
resulting from seil resistance above skirt tip level. If appropriate, this resistance can be used to offfset
horizontal [actieris transferred to the foundation base, such as when calculating inclination factors| All
contributians4£o horizontal resistance from foundation members above foundation base level should be
reduced using the material factor given in 7.3.1. Note that care should also be taken in conditions where
installation disturbance or soil conditions can lead to lower resistance from the soil above skirt tip level
(e.g. in conditions where soil tension cracking on the active side of the skirt can occur).

The effect of scouring shall be taken into account. In the absence of detailed scouring assessment, the
passive resistance offered by the soil in front of the skirt shall be conservatively ignored for scour-
prone seabeds.

The additional horizontal resistance, AHq, that can be mobilized between seafloor and foundation base
level can be approximately calculated from Formulae (2) and (3).

Total horizontal sliding resistance is given by Hq + AHg.
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For undrained conditions, the additional horizontal resistance can be calculated using Formula (2):

N
u,ave
A

Ym

AH; =K, h (2)

where

AHg isthe horizontal soil resistance due to active and passive earth pressures on foundation sKirts;

Kry  is the undrained horizontal soil reaction coefficient (see A.7.3.4.2);

Su,ave 1S the characteristic value of average undrained shear strength of soil between‘the seafloor
and base level for linearly increasing isotropic undrained shear strength with)dep(th;

Ym  is the material factor (see 7.3.1);
Ap  isthe vertical projected area of the foundation in the direction of sliding.

For|drained conditions, the additional horizontal resistance can be calculated using:

AH, =K _,(0,57'D,)A, (3)

whegre

AH4 istheadditional horizontal resistance mobilizedbetween the seafloor and foundation base level;

Krq is the drained horizontal soil reaction ¢oefficient, which includes the material [factor (see
A.7.3.4.2);

Y is the characteristic value of the ayerage submerged unit weight of the soil over the depth of
embedment;

Dy is the depth to base level;

Ap  isthe vertical projected area of the foundation in the direction of sliding.

7.314.3 Shallow foundations penetrating into soft soils

In spft soils (e.g. normaly consolidated clays), foundations can penetrate into the seabed to the depth at
which the soil bearing resistance is in equilibrium with the applied action, which implies nd additional
margin of safety~Allowable differential settlement of the structure will depend upon the type of
strycture anpd,\its installation, and should be the subject of a risk assessment. Adequate grecautions
shopld be taken to minimize differential settlements between foundations. Good practice shquld ensure
that there’is an acceptable limit to the penetration.

If the-foundation is rpqnirpd to prnvidp permanent support normal practice is either tol use skirts
to transfer actions to deeper (more competent) soils, to increase foundation area, or to preload the
structure to ensure that the foundation stability requirements under the design scenario are met.

7.3.4.4 Tensile stresses beneath foundation

Tensile stress (relative to ambient water pressure) beneath foundations that rest on the seafloor without
embedment should be avoided because of the potential disturbance to the underlying seabed due to
pumping scour, an erosional mechanism whereby rapid movement of water can lead to undermining of
the foundation.

Skirted foundations (except those with perforated mudmats) can resist transient tension through
generation of negative excess pore pressures between the confined soil plug and underside of the
foundation top cover. Cyclic tensile stresses (relative to ambient water pressure) from waves with a
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few seconds duration can often be demonstrated as acceptable in design; while longer duration tensile
stresses can potentially be carried by skirted foundations on clays with low permeability. Specialized
advice shall be sought in relation to reliance on tensile stresses beneath a foundation.

Uplift capacity can be analysed as a reverse bearing capacity if the permeability of the soil, drainage
paths, duration of action and geometry of the foundation have been explicitly considered and shown

not to jeopardize the negative excess pore pressures required to mobilize reverse end bearing.

7.3.4.5 Non-standard soils or soil profiles

The ana]yCic methods outlined in this part of ISO 19901 was dpvplnppd primm‘ilv for use in se

ed

conditions
careful con
drainage a
to determi

Specialist

layered), s
capacity of
Careisals

7.3.4.6 1

comprising uniform all drained (sand) or all undrained (clay) profiles. The methods réq
sideration when used in other soils, such as silts and other soils that can demonstrate paj
hd/or complex soil behaviour. Specialist in situ and laboratory testing should be.conside
he the drainage and other characteristics of these materials for use in design.

beotechnical advice is required for foundation design in more complex_soil profiles
lich as where ‘punch-through’ of foundations into underlying soils can-occur or when
a shallow foundation can be reduced by the presence of thin layers/of weaker soil at de
required for the design of foundations on non-level or uneven seaflgor.

hteraction with other structures

Potential influence of adjacent structures, such as jack-up spudcans ot conductors, should be conside

7.3.4.7

For found
individual
considered
shall be co
calculation

7.3.4.8 (

NMultiple foundations

htions comprising several (connected) foundations, redistribution of loading betw
foundations will generally lead to an imprévement in system performance, and should
. The interaction between closely spaced*foundations can affect foundation capacity
hsidered in the design. The interaction‘between multiple foundations shall be considere
s of foundation settlement and/or.retation.

onsideration of surrounding seabed conditions

Foundation design shall make allowance for ground conditions outside the base area where

can impac

the assessment of fouhdation performance. Although relevant for all foundations, th

lire
tial
red

e.g.
the
pth.

red.

een
| be
and
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this
s is

particularlly relevant for foundations where failure can be associated with deep seated failure surfaces.

7.3.4.9 (

Carbonate
on carbong
exist betw

arbonate soils

soils require particular consideration. Generally, shallow foundations are suitable for
te soils;;although any evaluation of such foundations should account for the differences
bensuch material and silica sands or clays.

use
that

Further dis

foundations in A.6.4.4.3.

7.3.5 Alternative method of design based on yield surfaces

It is generally accepted that the effective area method is conservative where large horizontal action
and overturning moment act. An alternative method of design involves use of explicit yield functions to
derive encompassing yield surfaces directly in vertical action, horizontal action, overturning moment
and torsional space. Additional information on the yield surface approach is provided in A.7.3.5.
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7.3.6 Selection of soil parameter values for design

7.3.6.1 Shear strength used in stability analysis

Safe design of shallow foundations is strongly dependent on the quality of the site investigation
performed and the methods used for determining strength and deformation properties of soils, both in
situ and in the laboratory. ISO 19901-8 provides additional information on the requirements and quality
of marine soil investigations.

Uncertainty in determining the characteristic value of shear strength can be significant. This can

eit

er prevent nhhm17:1hnn of dnmon orresultinlower than intended caﬁ:fv mnrclnc Suc

sources of

uncertalnty 1r1c1ude

Thd
tak

7.3
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sho

7.4

7.4

7.4

For
con

imprecise definition of the characteristic values of soil strength parameters used-in t
methods;

variability in strength measurements (which depends on the scopecand content
investigation, sampling disturbance, methods of testing, etc.);

which vary from one designer or design environment to another;

the amount of testing forming the basis for proposed characteristic values of shear
statistical variability, and bias.

se uncertainties are relevant for both drained and undrained shear strengths and carsg
bn in the selection of characteristic values of parameters (see A.7.3.6.1).

6.2 Parameters used in serviceability design

Kidered. For example, if calculating thédargest likely (‘upper bound’) settlements, a con
hmeter set should be obtained for the‘most compressible soil likely at the site.

1ld consider the strain levels'that are induced in the seabed resulting from the applied ag
Stability of shallew-foundations
1 Assessment-of bearing capacity

1.1 Undrained conditions (constant shear strength with depth)

mula<(4]) is a general formula for determining the design unit bearing capacity for

he analysis

bf the soil

the strategies, methods, and procedures used for assessment of the-characteristic value ¢f strength,

strengths,

should be

hmeter selection for serviceability design should consider the displacement condition being

sistent soil

asticity based calculation methods are used, selection of equivalent linear elastic soil parameters

tions.

undrained

ditions, with uniform isotropic undrained shear strength approximately constant with d
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foundation:
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is the design vertical bearing resistance, and note that Qq = qq 4;
is the undrained bearing capacity factor, equal to 5,14;
is the characteristic value of undrained shear strength of the soil;

is the material factor (see 7.3);

is a correction factor, which accounts for inclined actions, foundation shape, depth of embed-

ment, foundation base inclination and seafloor surface inclination.

Details for

Formula (4

to at least
under the
can occur.

calculation of K; are provided in A.7.

) applies to situations with approximately constant undrained shear strength to adepth

foundation and increasing with depth, very shallow bearing capacity faiflure mechani
In this situation, the unit bearing capacity can be under-estimated using Formula (4)

guidance provided for linearly increasing shear strength should be used.

equal
D /3 of the foundation width. For situations with low undrained shear stredgth immediiely

5ms
and

For a vert|cal centric action applied to a rough-based foundation at sedfloor level where both|the
foundation| base and seafloor are horizontal, Formula (4) is reduced<as shown by Formulae (5) pnd
(6) for strilp, circular and square foundation geometries (for apprepriately factored material shear
strength).
— Infinitgely long strip foundation
s
qq =5 14 L (5
’'m
— Circular or square foundation
s
qq =6 05— (6)
’m
7.4.1.2 Undrained conditions (linearly increasing shear strength with depth)
Formula (7) is a general formuda for determining design unit bearing capacity for undrained conditjons
with unifofm isotropic undrained shear strength increasing approximately linearly with depth under
the foundafion.
kB'| K
=F| N s 5y — |5 7
where
qq isthe design vertical bearing resistance, and note that Qq = qq4 4;
F isacorrection factor given as function of kB'/sy;
N¢ isthe undrained bearing capacity factor, equal to 5,14;
syo is the characteristic value of undrained shear strength of the soil at foundation base level (skirt
tip level for skirted foundations);
Kk isthe rate of increase of the characteristic value of undrained shear strength with depth;
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B’ is the minimum effective lateral foundation dimension (see 7.2.4);

K¢
foundation base inclination and seafloor surface inclination;

Ym is the material factor (see 7.3).

Details for calculation of F and K. are provided in A.7.

7.4.

1.3 Drained conditions

is a correction factor, which accounts for inclined actions, foundation shape, depth of embedment,

For|

wh

Complete descriptions of the K factersand values of Nq and Ny as a function of the effecti

intq

For|
bea
incl
spe

For
and|

mula (8) is a general formula for determining design vertical bearing capacity for drainéd
_ 'Rt ' _

q4 =0,57'B NyKy +GV0(Nq 1)Kq

bre

qd is the design vertical bearing resistance in the absence of herizontal actions, an
Qd=qd4;

Ny, Nq are drained bearing capacity factors, as a function of ¢

Ky, Kq are correction factors thataccount for inclined actions, foundation shape, depth of e
inclination of base, and inclination of the seafleer;

Y is the characteristic value of submerged unit weight of soil;

o'vo is the in situ effective overburden stress at foundation base level (skirt tip level v
are used, taking care to correct this‘appropriately as per 7.3.4.1);

B’ is the minimum effective lateral:foundation dimension (see 7.2.4).

rnal friction ¢’, are given in A.7.

mula (8) has deliberately emiitted any component due to an effective cohesion, ¢’, and acc
ing capacity factor, N¢ This is mainly because the occasions when it might be app
de a component for®earing capacity due to a presumed effective cohesion are extreme
Cialist geotechnical-advice shall be sought before any such inclusion. More advice is giver]

a vertical cenfral action applied to a foundation at seafloor level where both the foung
seafloor arehorizontal, Formula (8) is reduced as follows for the following foundation s

Infinitelylong strip foundation

43~ 0,57 'BN,

conditions.

(8)

d note that

mbedment,

Vhen skirts

ve angle of

bmpanying

ropriate to

y rare, and
inA.7

ation base
hapes:

9)

7.4.

7.4.

Circular or square foundation

44 =0,37/'BN7/

2 Assessment of sliding capacity

2.1 General

(10)

When assessing sliding capacity, due consideration shall be given during site investigation and
subsequent interpretation to the possible occurrence of discrete layers of low strength soil, which can
provide a preferential failure surface.
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When stability has been established using the formulae in 7.4.1, the maximum horizontal capacity should
be limited to that determined for the condition of pure sliding, as defined by Formulae (11) and (12).

7.4.2.2 Undrained conditions

Formula (11) can be used for determining undrained sliding capacity at the base of a rough foundation
(skirt tip level for skirted foundations with appropriate skirt depth to spacing ratio):

_ SuO

|

Hy = (11
Y n

where

Hg is the design resistance for pure sliding;

suo is fhe characteristic value of undrained shear strength at foundation base level (skirt tip lgvel

for skirted foundations);

Ym is the material factor (see 7.3);

A isthe actual cross-sectional plan foundation area.
For undraiped cases it can be appropriate to use a soil friction coefficient, a, to reduce the undrained|soil
strength af the foundation interface. The value of a varies between<0 (frictionless) and 1 (fully roygh)
and can be|determined by specialist testing, taking due account of'the roughness of the underside of| the
foundation|.
In cases where an undrained response is anticipated in the*bulk of the soil mass, it might nevertheless
be appropifiate to account for a drained interface betweeh the foundation base plate and soil. Similgrly,
the possibfility of drained or partially drained sliding‘along a sand seam within a competent clay layer
should be donsidered.

The sliding
shear strer
should slid

7.4.2.3
Formula (1

tip level fo1

I

ing be identified as the governing failure mode, foundation skirts should be considered.

gth at the seafloor and on the contact area, both of which can be highly uncertain. Theref

rained conditions

2) can be used for determining drained sliding capacity at the base of the foundation (s
" skirted foundations with appropriate skirt depth to spacing ratio):

resistance of a surface foundatjon.installed on clay is heavily dependent on the undrained

ore,

kirt

tan¢'
= g no! 2
"
where

Hq is the design resistance of sliding;

Q isthefactored vertical action during the relevant loading conditions. Note that action factors of
less than 1 are recommended for cases where increased vertical action has a beneficial effect
on the calculated capacity;

¢’ isthe characteristic value of the effective angle of internal friction;

Ym is the material factor (see 7.3).

Formula (12) assumes that full soil shear resistance can be mobilized along the interface between the
foundation and the soil (i.e. full soil-soil contact is assumed). This should be assessed on a case-by-case
basis and in some instances it can be more appropriate to consider use of an interface friction angle (6)
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between the foundation soil and the structure rather than the friction angle of the soil (¢’). The value of
6 can be determined by specialized testing, taking due account of the roughness of the underside of the
foundation compared to the seabed.

7.4.3 Assessment of torsional capacity

Torsional actions decrease the overall bearing and sliding capacity of shallow foundations. Correction
factors that account for torsional actions are not available for use with the bearing capacity methods in
7.4.1, or the assessment of pure sliding in 7.4.2, and specialist advice shall be sought where this requires
consideration.

Effdcts of torsion on foundation stability can be considered through a yield surface approaely, see A.7.

In @ssessing torsional capacity, due consideration should be given during site ihyestigation and
intdrpretation to the possible occurrence of discrete layers of low strength along which displacements
could preferentially occur. Failure due to the formation of internal mechanismswithin the cqnfined soil
plug (above skirt tip level) should also be considered.

7.5 Serviceability (displacements and rotations)

7.5]1 General

Displacements over the life of the structure shall be determined and taken into account in determining
the|required clearance between water level and topsides,:undertaking design of connections between
subkea structures, and other serviceability limits. Displacement can also affect the structurgl integrity
of the structure.

7.5]2 Displacement under static loading

7.5{2.1 General
Ca

—_—

ulation of foundation displacements’should include:
— |immediate displacements;

— |primary consolidation settdement;

— |secondary compression (creep) settlement;

— |differential settlements induced by spatial soil variability, moments, torque and eccentrjcity.

The formulae for-evaluating the static short-term and long-term displacements of shallow fpundations
are|given in®Z.5.2.2 and 7.5.2.3. These formulae are applicable to idealized conditions, and a|discussion
of the limitations is given in A.7.

7.512.2 Immediate dicplarpmpnfc

For soil profiles that can be assumed to be isotropic and homogeneous, for the condition where the
structure base is circular, rigid, and rests on the soil surface and where the anticipated displacements
are elastic, the displacements of the base of the foundation under various actions can be estimated as
follows:
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Vertical
1-v
Un = 13
. Q( m] (13)
Horizontal
uy =H _T-8 (14)
32(1-v)GR
Overturnigg
0y =M (M] 15)
3
8GR
Torsion
0. - T( 3 ] 16)
3
16GR
where

uq is the vertical displacement at foundation base level;
uy is the horizontal displacement at foundation base level;
OM is the overturning rotation (in radians) at foundatien base level;
Ot is the torsional rotation (in radians) at foundation base level;
is the vertical action;
is the horizontal action;

Q

H

M is the overturning moment;
T is the torsional moment;

G

is h characteristic valde of the elastic shear modulus of the soil (for the appropriate action and
stfain level);

v is the Poisson’s-ratio of the soil;

R is the radius of the base of a circular foundation.

Design valyi€s-of actions and moments (V, H, M and T) with an action factor = 1 should be used.

These solutions can also be used for approximating the response of a square base of equal area.

References for formulae to predict immediate, elastic displacements that account for non-uniform soil
profiles (e.g. linearly increasing soil strength), foundation embedment, foundation flexibility and non-
uniform base geometries are provided in A.7.

Numerical analysis methods should be considered for more complex situations.

The elastic shear modulus of the soil G is not a unique soil parameter and depends on the level of
stress and strain applied to each soil element. Care should be taken to select an appropriate value in
design using Formulae (13) to (16). Any assumptions made in this regard shall be clearly documented.
Poisson’s ratio v values are normally taken as 0,5 for undrained soil response and in the range 0,2 to 0,3
for a drained soil response.
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.2.3 Primary consolidation settlement

An estimate of the vertical time-dependent consolidation settlement of a fine grained layer under an
imposed vertical stress can be determined by the following formula:

’ ’
GVO,Z + AUv,z

Uy = log 17)
Q 10 ;
1+ 60 v0,z

where

q sthe vertical disptacement at foundation base fever;

h is the layer thickness;

eo is the initial void ratio of the soil;

C is the characteristic value of compression index of the soil over theléading range qonsidered;

0'vo,z is the effective overburden stress at the level of a given soil layer;

Ac'y, isthe increment of effective vertical stress in a given soil layer at the specified tifne.
The compression index, C¢, should be used in the calculation ef<onsolidation settlements ¢f normally
conpolidated clays. The swelling index, Cs, should be used in the-calculation of consolidation dettlements
for highly overconsolidated clays where the relevant stress range falls on an unload-relodd line. The
caldqulation should be divided into two parts for stress ranges that span the unload-reload gnd normal

conj

Compression characteristics of the soil should-he determined from appropriate consolid

car
for

pression lines.

[ied out at appropriate pre-consolidation pressures. Care should be taken when selecti
festing, as disturbance during recovery ean significantly impact the test results.

A thick homogeneous layer should becdivided into multiple thin layers for analysis with

pre

scribed an appropriate value of €and eg. Where more than one layer is involved, the total

estimate is taken as the sum of the settlement of the individual layers.

For|

obt

and
of d
con
ady

Thd
strd

whd
diff}

con

7.5.

mula (17) is a widely uséd)simplified estimate of long term or primary consolidation
hined by assuming one-dimensional compression of soil layers under an imposed ver
should be used with_caution. One-dimensional consolidation theory is appropriate for

pressible material overlying a competent material (such as soft clay overlying sand)
ice shall be sought in cases where one-dimensional assumptions are inappropriate.

primary.consolidation settlement of a foundation on clay is a three-dimensional proble
ss distributions and pore pressures are coupled. Numerical schemes are therefore
re‘more accurate solutions than Formula (17) are required or where creep, loading redis

sidered.

2.4 Secondary compression (creep)

prential settlements or different initial conditions such as excess pore pressures i

ation tests
hg samples

each layer
settlement

settlement
ical stress
prediction

onsolidation settlements in soil confined by skirts and for a foundation resting on a thin layer of

Specialist

n in which
necessary
tributions,
eed to be

Depending on the duration of loading, additional displacement due to secondary compression (creep)
might also need to be assessed.

7.5.

2.5 Differential settlements induced by eccentricity

Eccentricity of actions on a foundation can cause a permanent moment to be transferred to the
foundation, leading to the potential for differential settlements, both immediately and as a result of
consolidation over the life of the structure. These should be considered in the foundation design.
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7.5.3 Displacement under dynamic and cyclic actions

7.5.3.1 Foundation response to applied loading

Dynamic actions involve significant inertial effects (mass-acceleration) and can be monotonic (e.g. ship
impact) or cyclic (e.g. seismic). Other cyclic actions involve repetitive loading in which inertial effects
are insignificant (e.g. some environmental actions and thermal actions). In some cases, cyclic actions
can be considered as pseudo-static and assessed using the calculations outlined in 74 (e.g. current
loading is often considered as pseudo-static). Other cyclic actions require more detailed analysis (e.g. to
assess the mean and cyclic strain accumulation and post-cyclic volumetric strains).

7.5.3.2 Settlement after the event

In many cases, cyclic loading leads to generation of excess pore pressures at the end ef the eveent.
Dissipatior) of excess pore pressures leads to additional primary consolidation settlement; beyond that
calculated [for static loading, and can also increase the amount of creep.

7.5.4 Other contributors to foundation settlement

Additionalffoundation settlement, including differential settlement, can occurover the life of a structure
due to, for|example, subsidence of the seafloor due to oil and gas extraction or elevation changes [due
to on-going tectonic movements. The effect of subsidence is typically insignificant for tempofary
foundationls.

7.6 Other design considerations

7.6.1 Hydraulic stability

7.6.1.1 SYcour

Measures fo prevent erosion and undercutting,of the soil beneath or near the foundation base dug to

scour should be considered where the effécts of erosion are not otherwise accounted for and where

scour can detrimentally impact the performance of the foundation. Possible measures include

— accour|ting for/using skirts penetrating through erodible layers into scour-resistant soils or to uch
depthd as to ensure scour does-not reach the foundation base level, or

— placing scour-resistant materials around the edges of the foundation.

Sediment transport studies can be of value in planning and design.

Care shall|be taken where the foundation is designed to tolerate erosion of part or all of the [soil

above fourldationtbase level, because such erosion can lead to sudden and uncontrolled failure of|the

foundation Dide'‘consideration shall also be given to selection of factors that contribute to foundation

stability cqléulations, such as the assessment of passive soil resistance for skirted foundations.

7.6.1.2 Piping

The foundation should be designed to prevent the creation of excessive hydraulic gradients (piping
conditions) in the soil due to environmental actions or operations performed during or subsequent to
structure installation.

7.6.2 Installation, retrieval and removal

7.6.2.1 General

Installation shall be planned to ensure that the foundation can be properly seated at the intended site
without unintended or excessive disturbance to the supporting soil. Penetration of foundation skirts
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into the seabed can be facilitated by providing under-pressure (relative to the ambient hydrostatic
pressure) inside the skirt compartments under the foundation. In the case of providing under-pressure,
installation procedures shall be planned to avoid unintended disturbance to the soil, including plug
uplift, erosion, and piping.

If removal is anticipated, an analysis should be made of the actions generated during removal to ensure
that removal can be accomplished with the means available. Consideration should be given to increases
in soil strength due to consolidation, which can enhance extraction resistance.

7.6.2.2 SKkirt penetration resistance

Methods exist to predict the resistance associated with penetration of foundation skirts. Fugther advice
is pfovided in A.7.

8 [Pile foundation design

8.1] Pile capacity for axial compression

8.1{1 General
Dedlign criteria for pile foundations should be determined in accerdance with ISO 19902.

The axial pile capacity shall satisfy the following conditions:

Pde < Q4= Qr/)’R,Pe (18)
Pd,p < Qd = Qr/YR,Pp (19)
whegre

Qq  isthe design axial pile capacity, i.e. the design resistance of the pile;
Qr  istherepresentativewalue of the axial pile capacity, as determined in 8.1 and 8.2;

Pge isthe design axial action on the pile [allowed to include the effective pile weight, yith (ypile -
Ywater) as effective unit weight, and the weight of the soil plug if this can be justifiegl, in case of
tensile loading], determined from a coupled linear structure and nonlinear founddtion model
using the.désign values of actions for extreme combinations of actions;

Pgp s the-design axial action on the pile [including the effective pile weight, with (ypjle - Ywater)
as.effective unit weight, in case of compressive loading], determined from a coupled linear
structure and nonlinear foundation model using the design values of actions forutt)perational
combinations of actions;

YR,pe is the pile partial resistance factor for extreme combinations of actions (ygr,pe = 1,25);
YR,Pp is the pile partial resistance factor for operational combinations of actions (ygr,pp = 1,50).
In accordance with ISO 19900, a material factor of 1,0 is permitted for evaluation of accidental limit states.

When sizing a pile foundation, the following items shall be considered: design actions, pile diameter,
penetration, and type of tip, wall thickness, and number of piles, spacing, location, pile head fixity,
material strength, installation method, and other parameters as appropriate.

The analysis procedure used shall properly simulate the nonlinear stress-strain behaviour of the
soil and ensure force-displacement compatibility between the structure and the pile-soil system.
Displacements and rotations of individual piles shall not exceed serviceability limit states that if
exceeded would render the structure inadequate for its intended function.
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Pile capacity for axial compression, as discussed in 8.1.2 to 8.1.5, relates to the axial resistance of a pile
when the pile head is subjected to compressive actions along the pile axis. Pile capacity for axial tension
is addressed in 8.2.

Pile capacities are commonly determined using the simplified calculation model described in 8.1.2;
the parameters that are used in this model are determined in accordance with 8.1.3 to 8.1.5. For most
fixed offshore structures supported on open-ended pipe piles in silica soil, experience has shown the
adequacy of determining pile penetration based on static capacity evaluations, with design values
of static actions and commonly accepted working stress design (WSD) factors of safety that, in part,
account for the cyclic effects. The partial action and resistance factors applied for pile design in this

part of ISO

19901 have been based upon these safety factors

The simplified model for pile capacity described in 8.1.2 to 8.1.5 is based on a (quasi-)static’and
monotonic|application of the axial actions and has no ability to reflect the complex occurrences that
take place [in the interaction between pile and soil during field conditions. To enhance understanding
of the limifations of the model and to assist in applying engineering judgment to its results, it is usgful
to gain a b¢tter insight in the actual occurrences through the investigation of pile performance (se€ 8.3
and A.8.3),
The relatignships between mobilized axial shear transfer between pile and-soil and the local |pile
displacemgnt, and between mobilized end bearing resistance and the pile\tip displacement, can be
determinegl using 8.4.
8.1.2 Axial pile capacity
The representative value of the axial capacity of piles in compreéssion, including belled piles, Qr.¢, shguld
be determined by:

Qrc=0Cc+ Qp =fl2)As+q Apile 20)
where

Qrc i4the representative value of the axial capacity in compression (in force units);

Qtc igthe representative value of.the skin friction capacity in compression (in force units);

Qp i the representative valte/of the end bearing capacity (in force units);

f(z) id the unit skin friction (in stress units);

As  if the side surfaeg area of the pile in soil (m?2);

q  ifthe unitlend bearing at the pile tip (in stress units);

Apile 14 the gross end area of the pile (m2);

Z i~. t}lC dcljtll ‘IJC}UVV t}lC Ul isilla} DCaf}UUl (lll).

For open-ended pipe piles, the end bearing capacity, Qp, shall not exceed the sum of the end bearing
capacity of the internal plug and the end bearing on the pile tip wall annulus. In computing the design
actions in compression on the pile, the effective weight of the pile shall be included. It is suggested to
use (Ypile - Ywater) as effective unit weight for a submerged pile.

In determining the capacity of a pile, consideration shall be given to the relative deformations between
the soil and the pile as well as to the compressibility of the soil-pile system. In some circumstances, a
more explicit consideration of axial pile performance effects on pile capacity is warranted. Additional
discussion of these effects is given in 8.3 and A.8.3.

The foundation configurations should be based on those that experience has shown can be installed

consistently and practically under similar conditions with the pile size and installation equipment
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being used. Possible remedial action in the event that design objectives cannot be obtained during
installation should be investigated and defined prior to construction.

In the case of drilled and grouted piles, the end bearing capacity should be reduced or ignored in the
design, depending on pile construction factors (such as the degree of removal of drill cuttings from the
base of the hole).

In the case of belled piles, the skin friction values on the pile section should be those given in 8.1 and
8.2. Skin friction on the upper bell surface and, possibly, on the pile for some distance above the bell
should be discounted in computing the skin friction resistance, Qrc. The end bearing area of a pilot hole,
if drilled, should also be discounted in computing the total bearing area of the bell.

8.1)3 Skin friction and end bearing in cohesive soils

There are a number of methods for calculating the skin friction and end bearing incohesivg soils. The
mefhod described in this section has been developed and applied over many years and is the current
indystry standard. However, caution should be exercised in its application(@s-there are nany more
var]ables which affect pile capacity than those included in the design Formulae (21) to (24). This matter
is djscussed in this subclause and in A.8.1.3. For driven pipe piles in cohesiye soils, the unit skin friction,
f(z)| in stress units, at depth, z, can be calculated using Formula (21):

f(2) = asu(2) (21)
whére
a is the dimensionless skin friction factor, forelays

su(z) isthe characteristic value of undrained:shear strength at depth z (in stress units)
The factor a can be computed by:

a=0,5¥-05for¥<1,0 (22a)
a=0,5¥-0.25for¥ > 1,0 (22Db)

with the constraint that a £ 1,0

whére

s
y = —L S@atdepthz (23)
G"]O (z)

0'vo(Z)-is the effective vertical stress at depth z (in stress units).

A d DLUDDIUII Uf aypl U}Jl iatc lllCt}lUdb fUl dCtCl lllillills t}lC ulldl aiucd ahcal Dtl Cllst}l, oy, dl d EffeCtlve
overburden stress, o'y, (z), including the effects of various sampling and testing procedures is included
in A.8.1.3. For underconsolidated clays (i.e. clays with excess pore pressures undergoing active
consolidation), a can usually be taken as 1,0.

Due to the shortage of pile loading tests in soils having sy(z)/0’vo(z) ratios greater than three,
Formula (22) should be applied with considerable care for high sy(z)/0’vo(2) values. Similar judgment
should be applied for long axial flexible piles penetrating deeply in stiff soils. Low plasticity clays should
be treated with particular caution (see A.8.1.3).

For long axial flexible piles some reduction in capacity might be warranted, particularly where the skin
friction degrades on continued displacement. This effect is discussed in more detail in A.8.1.3.
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Where the pile tip is in cohesive soils, the unit end bearing, g, in stress units, can be computed by:

q=9su (24)

The skin friction, f(z), acts on both the inside and the outside of the pile. The total axial resistance
for pile compression is the sum of the external skin friction, the end bearing on the pile wall annulus,
and the total internal skin friction or the end bearing of the plug, whichever is the lesser. For piles
considered to be plugged, the bearing pressure can be assumed to act over the entire cross-section
of the pile. For unplugged piles, the bearing pressure acts on the pile wall annulus only. That a pile
is considered plugged or unplugged shall be based on static calculations. A pile can be driven in an

unplugged condition but behave as plugged under static actions.

Skin frictign resistance and end bearing capacity computed on the basis of the requirements ah
represent long-term capacities. Axial capacity immediately after installation is usually lower, especi
in undercopsolidated to slightly overconsolidated clays. This is dependent on the developmeént of ex
pore presspire in the soil during installation and its subsequent dissipation with time.¥hen the de

ove
ally
Fess
bign

actions arg¢ applied to a pile foundation shortly after installation, the capacity of/apile immediaftely

after insta|
discussion

For piles di
selection o
In general,
piles in ov¢
piles, the

considered
grout, as r¢

In layered

Formula (2

as given in
— the pil

— the tip
punch

Where the

814 Sk

This subcl
presents o

lation and the increase in capacity with time are important design considerations. M
on the soil-pile set-up behaviour is provided in A.8.1.3.

iven in undersized drilled holes, piles jetted in place or piles drilled and grouted in place
[ skin friction values shall take into account the soil disturbance resulting from installat
/() shall not exceed values for driven piles; however, in seme cases, for drilled and grot
rconsolidated clay, f(z) can exceed these values. In deterimining f(z) for drilled and groy
strength of the soil-grout interface, including potertial effects of drilling mud, shal
. A further check shall be made of the allowable bend stress between the pile steel and
commended in ISO 19902.

soils, skin friction values, f(z), in the cohesiye layers shall be as given by Formula (21
3). End bearing values for piles tipped in cehesive layers with adjacent weaker layers cat

Formula (24) provided that

b achieves penetration of two to three pile diameters or more into the layer in question, g

through.

be distances are not aehieved, some modification of the end bearing can be necessary.

in friction and énd bearing in cohesionless soils

huse provides a simple method for assessing pile capacity in cohesionless soils. A.§
ther recent' methods which are based on direct correlations of pile unit friction and

bearing d
subclause,
closer pre

a with-¢one penetration test (CPT) results. In comparison to the method described in
hese'\CPT-based methods are considered fundamentally better and have shown statistid
i€tions of pile loading test results and, although not required, are in principle the prefef

ore

the
ion.
ted
ted

be
the

) to
1 be

nd

is approximately three pilerdiameters or more above the bottom of the layer to preclude

.1.4
end
this
ally
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methods. T

nese LP'I-based methods also cover a wider range oI conesionless solls. However, belore tr

1ese

new methods can be recommended for routine design, more experience with them is required. CPT-
based methods should be applied only by qualified engineers who are experienced in the interpretation
of CPT data and understand the limitations and reliability of these methods.

For driven pipe piles in cohesionless soils, the unit skin friction, f(z), in stress units, at depth, z, can be
calculated by:

f(z) =B 0'vo(2) (25)
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where
B is the dimensionless skin friction factor, for sands;
o'vo(z) is the effective vertical stress at depth z (in stress units).

In the absence of specific data,  values for open-ended pipe piles that are driven unplugged can be
taken from Table 1. For full displacement piles (i.e. closed-ended or fully plugged open-ended piles)
values of  can be assumed to be 25 % higher than those given in Table 1. For long piles, f(z) does not
necessarily increase linearly with the overburden stress as implied by Formula (25). In such cases, it is

opriate to limit fto the values given in Table 1
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whg
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Table 1k End bearing values for piles tipped in cohesionless layers with adjacent soft layers

g Formula (26):

end bearing of piles in cohesionless soils, the unit end bearing, g, in stress units, cah.be

q = Ng 0'vo,tip
bre

O'votip s the effective vertical stress at the pile tip (in stress units);

Ng is the dimensionless bearing capacity factor.

pmmended Nq values are presented in Table 1. For long piles, g does not necessarily increg

bs-section of the pile. For unplugged piles, the bearing pressure acts on the pile annulus ¢
e, additional resistance is offered by friction between the soil plug and the inner pile wa

Fion on the soil plug equal to the outer skin friction. Note that a pile can be driven in an
dition, but can behave as plugged under’'static actions.

soils that do not fall within the range’s of relative density and soil description given in Taj

Kelection of design parametérs. For example, very loose soils or soils containing large
A or volcanic grains can requiire special laboratory or field tests for selection of design p|
articular importance afesands containing calcium carbonate, which are found extensivg
hs of the oceans (see A.6:4).

piles driven in undersized drilled or jetted holes in cohesionless soils, the values of f(z) a1
unt for the ammount of soil disturbance due to installation, but they shall not exceed the
ren piles.

hyeredssoils, skin friction values, f(z), in cohesionless layers should be computed in accor

computed

(26)

ise linearly

 the overburden stress as implied by Formula (26). Iinssuch cases, it is appropriate to lifnit g to the

the entire
nly. In this
1. Whether
a unit skin
unplugged

ble 1, or for

erials with unusually weak grains or compressible structure, Table 1 is not necessarily gppropriate

hmounts of
Arameters.
ly in many

hd g should
values for

Hance with
Can also be

tak

i from Table 1 provided that

— the pile achieves penetration of two to three pile diameters or more into the cohesionless layer, and

— the tip is at least three pile diameters above the bottom of the layer to preclude punch-through.

Where these distances are not achieved, some modification in the tabulated values can be necessary.
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Table 1 — Design parameters for cohesionless siliceous soil

. . C L. Limiting unit . Limiting unit
Relat-lve Soil description Skin friction skin friction End bearing end bearing
densitya factorb factor
values values
ﬂ flim Nq Qlim
kPa (kips/ft2) MPa (kips/ft2)
Very loose Sand
Loose Sand
Loose Sand-siltc Not applicabled | Notapplicabled | Notapplicabled | Not apflicabled
Medium depse  |Silt
Dense Silt
Medium depse  |Sand-siltc 0,29 67 (1,4) 12 3(60)
Medium depse |Sand
i 0,37 81 (1,7) 20 5 (100)
Dense Sand-silte
Dense Sand
: 0,46 96 (2,0) 40 10 (200)
Very dense Sand-siltc
Very dense Sand 0,56 115 (2,4) 50 12 (250)
NOTE The parameters listed in this table are intended as guidelines g1ly. Where detailed information sucl as
in situ CPT fecords, strength tests on high quality samples, model tests’or pile driving performance is availaple,
other valugs can be justified.

a The defipitions for the relative density percentage description“are as follows:

Soil description Relative density (%)
Very loose 0-15
oose 15-35
Medium dense 35-65
ense 65-85
Verly dense 85100

b The skin friction factor 8 (equivalent to the ‘K tand’ term used in the past) is introduced in this part of ISO 19p01
to avoid confusion with the § parameter used in A.8.1.4.

¢ Sand-siltfincludes soils with-significant fractions of both sand and silt. Strength values generally increase with
increasing pand fractions and-decrease with increasing silt fractions.

d Design garameters proposed in the past for these relative density/soil description combinations can be fun-
conservatiye. Hence/CPT-based methods should be used for these soils (see A.8.1.4).

8.1.5 SKijn friction and end bearing of grouted piles in rock

The unit skin Triction of grouted piles 1n jetted or drilled holes In rock shall not exceed half the uniaxial
compressive strength of the rock or grout, but in general should be much less than this value. The
reduction depends on pile construction factors (such as roughness on the side of the hole) and on rock
mass factors (such as the presence of discontinuities within the rock mass). The sidewall of the hole can
develop a layer of slaked mud or clay, which will never gain the strength of the rock. The bond stress of
the steel pile to grout interface shall be checked in accordance with ISO 19902.

The end bearing capacity of the rock shall not exceed the uniaxial compressive strength of the rock
or grout multiplied by a bearing capacity factor appropriate for the type of rock. In general, the end
bearing capacity should be much less or ignored in the design, depending on pile construction factors
(such as the degree of removal of drill cuttings from the base of the hole), and on rock mass factors
(such as the presence of discontinuities within the rock mass). The limiting end bearing capacity for
this type of pile can be governed by stresses in the grout or in the pile steel.
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Design values for (static) unit skin friction and end bearing can be found in various publications.[A-8-13]
[A.8-20][A.8-21] It is noted that most publications on this subject refer to relatively ‘stubby’ stiff piles as
used in onshore practice (bored piles). Owing to the brittle response applicable to unit skin friction,
design values given in these publications can be unconservative for long flexible piles as used in offshore
practice. In addition, consideration shall be given to the fact that cyclic actions can adversely affect the

axial capacity of such piles.

8.2

Pile capacity for axial tension

The representatlve value for plle axial pullout capac1ty, Qrt, is less than or equal to, but shall not exceed
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B. For cohesionless soils, f(z) shall be computed in accordance with 8.1.4. For rock, f{z)-s
e as stated in 8.1.5.

Axial pile performance

1 Static axial behaviour of piles

axial deflections should be within acceptable serviceability limitsyand these deflectio
patible with the internal forces and movements of the structuré: Axial pile behaviour is

ctions, types, rates and sequence of the applied actions, by the-installation technique, b
xial pile stiffness, as well as by other parameters. Some ofithese effects for cohesive soils
erved in both laboratory and field tests.

bme circumstances, e.g. for soils that exhibit strain-séftening behaviour, particularly whej
exhibit strain-softening are recommended as per 8.4, then maximum axial capacities thg
unt for the axial flexibility of the pile shall be provided. In these cases an explicit consi
be effects on ultimate axial capacity is warranted. Note that other factors such as incr
rmation, see the commentary in ISO:19902, as well as A.8.3.2 and Reference [A.8-2].

2 Cyclic axial behaviour of piles

ic actions (including ineftial actions due to environmental conditions such as storm
thquakes) can have two_potentially counteractive effects on the static axial capacity.

rmation. Rapidly~applied actions can cause an increase in resistance and/or stiffness

lience of cyclicactions will be a function of the combined effects of the magnitudes, cycle
hange of applied actions, the structural characteristics of the pile and the types of soils;

Soil'reaction for piles under axial compression

axially flexible, the actual capacity of the pile can.bédess than that given by Formula (20). If

hcity under loading rates associated with storm waves can counteract the above effects.
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y slowly applied.actions can cause a decrease in resistance and/or stiffness of the pile. The resultant

s and rates

dee A.8.3.2.

8.4.

1 Axial shear transfer t-z curves

The relationship between mobilized soil-pile shear transfer and local pile displacement at any depth
is described using a t-z curve. Various empirical and theoretical methods are available for developing
curves for axial shear transfer and pile displacement, t-z curves.

Theoretical curves described in Reference [A.8-3] can be constructed. Empirical t-z curves based on the
results of model- and full-scale pile loading tests can follow the procedures described in Reference [A.8-
4] for clay soils or described in Reference [A.8-5] for granular soils. Additional curves for clays and
sands are provided in Reference [A.8-6]. Resistance-displacement relationships for grouted piles are
discussed in Reference [A.8-7].

© IS0 2016 - All rights reserved 41


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 1990

1-4:2016(E)

Curves developed from pile loading tests in representative soil profiles or based on laboratory soil
tests that model pile installation can also be justified. In the absence of more definitive criteria, the t-z
curves in Figure 3 are recommended for non-carbonate soils.

A typical value for zpeak 0f 1 % of the pile outer diameter (i.e. Zpeak/D = 0,01) is recommended for routine
design purposes. However there is significant uncertainty on this value and values ranging from 0,25 %
to 2,0 % of the pile diameter can be considered in cases where axial pile stiffness is critical for design.

The shape of the t-z curve at displacements greater than that at which ¢y, is reached as shown in
Figure 3 should be carefully considered. Values of the residual friction ratio, tres/tmax, and the axial pile
displacement, z;¢s, at which it occurs, are a function of soil stress—strain behaviour, stress history, pile

installatiop method, sequence of pile action application and other factors. Typical tres/tmax values
clays rangs
for determ

For long p

skin fricti
Formulae

from 0,70 to 0,90 but laboratory, in situ or model pile tests can provide valuable informa
ining values of tyes/tmax and zres for various soils.

jles, which are axial flexible, and for soils with strain softening characternistics, the
pn with axial displacement will likely degrade to values lower than these derived u
21) to (23). Under such conditions, the ultimate axial capacity willVbe less than
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1
1
0,8 /
3
=06
£
pS L
0,4
0,2
0
0 1 2 3 IA 5
z/zpeak
Z | Zpeak t / tmax
Clays Sands
0,16 0,30 0,30
0,31 0,50 0,50
0,57 0,75 0,75
0,80 0,90 0,90
1,0 1,00 1,00
2,0 0,70 to 0,90 1,00
o) 0,70 to 0,90 1,00
Key]
1 sand: tmax
2 Clﬂy: tres = 0,9 tmaX
3 clay: tres=\0,7 tmax
4 clay and'Sand
z local pile axial displacement
Zpeak_displacement to maximum soil-pile unit skin friction

D pile outside diameter

t mobilized soil-pile unit skin friction (in stress units)

tmax =/f(z) = maximum soil-pile unit skin friction computed in accordance with 8.1 (in stress units)
tres residual soil-pile unit skin friction (in stress units)

Zres  axial pile displacement at which the residual soil-pile unit skin friction, tres, is reached

Figure 3 — Typical axial pile shear transfer-displacement t-z curves
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Q/Q,
1
0
0 0,1 z/D
z/D Q/Qp
0 0
0,002 0,25
0,013 0,50
0,042 0,75
0,073 0,90
0,100 1,00
o0 1,00

Key
z  axial pile tip displacement

D  pile oufside diameter

Q@ mobiliZed end bearing resistance (in force units)

Qp represdntative value of end-béaring resistance computed in accordance with 8.1 (in force units)

Figure 4~ Typical pile end bearing resistance-displacement Q-z curve

8.5 Soiljreaction for piles under lateral actions

8.5.1 General
The pile foundation shall be designed to resist static and cyclic lateral actions.

The lateral resistance of the soil near the surface is significant to pile design, and the possible effects of
scour on this resistance shall be considered. In the absence of more definitive criteria, the procedures
given in 8.5.2 to 8.5.7 can be used for constructing the relationships between lateral soil resistance
and lateral displacement, p-y curves. Extrapolation of the presented relationships to pile geometries
outside the limits of experience should be done with caution. In particular, large diameter piles with
limited penetration could require a different formulation for the p-y relationships.
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8.5.2 Lateral capacity for soft clay

For static lateral actions, the representative unit lateral capacity, p:D, of soft clay (sy < 100 kPa or 2000
Ib/ft2), in units of force per unit length of pile, has been found to vary between 8-sy D and 12-s,-D except
at shallow depths where failure occurs in a different mode due to low overburden stress. Cyclic actions
cause deterioration of lateral capacity below that for static actions. In absence of more definitive
criteria, the following value of lateral capacity shall be used

prD increases from 3-sy D to 9-sy D as z increases from 0 to zg according to Formula (27):
prD=3-sy-D+Yy' zD+]syz (27)

but|p.D is limited by Formula (28):
prD =9- sy -Dforz2zp (28)

whére

D is the pile outside diameter;

pr isthe representative lateral capacity (in stress units);
sy isthe characteristic value of undrained shear strength.at the point in question (in stfess units);
y’ is the submerged soil unit weight (kN/m3);

/] is a dimensionless empirical constant with:values ranging from 0,25 to 0,5 having been deter-
mined by field testing;

NOTE A value of 0,5 is appropriate for\Gulf of Mexico clays if no other information is|available.
z  is the depth below original seafléor;

zr is the depth below soil surface to bottom of reduced resistance zone.

For| a condition of constantistrength with depth, Formula (27) and Formula (28) hre solved
simultaneously to give:

2y =—22 (29)
y'D
L 4 ]
Su
For[non-unifosim soils, Formula (27) and Formula (28) can be solved by plotting the two fdrmulae for
prD|versus:depth. The point of first intersection of the two formulae is taken to be zgr. In general, zg is
in excess\of 2,5 pile diameters. These empirical relationships do not necessarily apply whefe strength
var|atigns are erratic. These formulae also do not apply in case of scour but scour is gendrally not a

concern 1or cohesive solls.

8.5.3 Lateral soil resistance-displacement p-y curves for soft clay

Lateral soil resistance-displacement relationships for piles in soft clay are generally nonlinear. The p-y
curves for short-term static actions can be generated from the first column in Table 2. For the case
where equilibrium has been reached under cyclic actions, the p-y curves can be generated from Table 3.

8.5.4 Lateral capacity for stiff clay

For static lateral actions, the representative unit lateral capacity (force per unit length of pile, py) of stiff
clay (sy > 100 kPa or 2000 Ib/ft2) is similar to that for soft clay. However, due to rapid deterioration under
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cyclic actions, the representative lateral capacity shall be reduced for cyclic design considerations, in

accordance with acceptable best practice or available data.

8.5.5 Lateral soil resistance-displacement p-y curves for stiff clay

While stiff clays also have nonlinear stress-strain relationships, they are generally more brittle than
soft clays. In developing stress-strain curves and subsequent p-y curves for cyclic actions, consideration
should be given to the possible rapid deterioration of lateral capacity at large displacements for stiff

clays, in accordance with acceptable best practice or available data.

Table 2 +—Mobilized Iateral resistance — Dlsplacement data for short-term static actions. 1o

soft clay

p/pr Y/ye

0 0
0,23 0,1
0,33 0,3
0,50 1,0
0,72 3,0
1,00 8,0
1,00 0o

Key
Pr

p

y

Ye
D

Ec

is the representative lateral capacity (in stressunits);
is the mobilized lateral resistance (in stress\whits);

is the local pile lateral displacement;

equals 2,5 x gc x D;

is the outside pile diameter;

is the strain at one-half.thie maximum deviator stress in laboratory

undrained compression tests ef undisturbed soil samples.
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Table 3 — Mobilized lateral resistance — Displacement data for equilibrium conditions of cyclic
actions for soft clay

Z>7ZR Z<ZR
p/pr Y /ye p/pr Y/ye
0 0 0 0
0,23 0,1 0,23 0,1
0,33 0,3 0,33 0,3
0,50 1,0 0,50 1,0
0,72 5,0 0,72 5,0
0,72 e 0,72z / zr 15,0
0,72z / zr (o)

Key

z isthe depth below seafloor;
zr is the depth below seafloor to bottom of reduced capacity zone for uniform soils (see Formula (29);
pr isthe representative lateral capacity (in stress units;
p isthe mobilized lateral resistance (in stress units);

y isthelocal pile lateral displacement (mm);

yc equals 2,5 x g x D;

D isthe pile outside diameter;

gc is the strain at one-half the maximum deviator stress in laboratory undrained compression tefts of
undisturbed soil samples.

8.5]6 Lateral capacity for sand

For|static lateral actions, the representative unit lateral capacity, py, for sand has been foynd to vary
from a value at shallow depths determined by Formula (30) to a value at deep depths determined
by Formula (31). At a given depth, the-formula giving the smallest value of p, should be ysed as the
representative capacity. These formulae can be un-conservative for layered soil conditionf when the
sanf is overlain by soft clay.

prs = (C1z+ C2D) y'z (30)
pra=C3Dy'z (31)

whgre ‘s’ signifi¢s shallow and ‘d’ signifies deep, and

D is the pile outside diameter;

Jog is the representative lateral capacity (in force per unit length of pile);
Y’ is the submerged unit weight of soil (kN/m3);

z is the depth below original seafloor (m);

C1, C2, C3 are dimensionless coefficients as a function of the effective angle of internal friction in
sand, ¢’ (see Figure 5):

2
tanf) tana '« si
c, = ( ) K tan¢g xsinf

tan(B—¢) ° cosa x tan(B — ¢ )

+ tanf x (tanqﬁ' x sinff — tana) (32)
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c, =2 g )
tan(B —¢ )
C, =K, x[(tanB)S - 1} +K_ xtang x(tanﬂ)4 34)
with « =¢—; ﬂ :45+¢_; Ko :0,4_ and Ka _ 1—sin¢'
2 2 1+ sing¢
: 160
Y, / Yll
+ 140
5 // /
// / +120
L £~ |
7 / + 100
C, % '
)//
3 e 80

P G + 40
1 —
T 20
0 ' ' ' ' ' ' 0
30 32 34 36 38 40 42
X
Key
X pffective angle of ifternal friction (¢’ in degrees)
Y ralue of coefficients C1 and C2
Y” value of coefficient C3

C1, C2, C3  ¢oefficients’for lateral capacity

Fi 5] I . ffici . l

Guidance for scour conditions is given in A.8.5.6.

8.5.7 Lateral soil resistance - displacement p-y curves for sand

The lateral soil resistance-displacement p-y relationship for a pile in sand is also nonlinear and in the
absence of more definitive information can be approximated at any specific depth, z, by:

A-p,.
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where

A isafactor to account for static or cyclic actions, evaluated by

A= [3, 0- 0, i Z} >0,9 for static actions, and (36)

A =09 for cyclic actions;

peis the representative lateral capacity at depth z (force per unit length of pile);
k  isthe initial modulus of subgrade reaction (force per volume), see Table 4;
z  is the depth below original seafloor (m);

y  isthe lateral displacement at depth z.

The database for the lateral soil-pile behaviour in sands consists of free-head tests on piles in clean
sanfs, with effective angles of internal friction ranging from 34° to 42°/as determined byf shear box
testls, drained triaxial tests or correlations with in situ tests.

Extrapolation of these data to soils outside the limits of experience, particularly to those fands with
effdctive angles of internal friction less than 30°, should be done with caution. In particular,|laboratory
tesf results on such soils should be critically reviewed for evidence of anomalous behaviour and for the
presence of significant fractions of cohesive soils, either of which could require a different fprmulation
for the p-y relationships.

In the absence of more definitive information, thewalues of the initial modulus of subgrade feaction, k,
givén in Table 4 are recommended.

Table 4 — Initial modulus of subgrade reaction

¢ k
MN/m3 (Ib/in3)
25¢ 5,4 (20)
309 8,7 (32)
350 22 (80)
40° 45 (165)

8.6 Pile group behaviour

8.6J1 _General

Consideration should be given to the effects of closely spaced adjacent piles on the resistance-
displacement characteristics of the pile group. Generally, for pile spacing less than eight diameters,
group effects should be evaluated.

The pile group capacity shall conform to the requirements of 8.1.1. Where there is a non-uniform
distribution of actions into the piles, the partial resistance factors for individual piles in the group
can be less than those specified in 8.1.1, provided it can be demonstrated that the displacements
and corresponding deformations and stresses of the piles and associated structural members are
acceptable.

8.6.2 Axial behaviour

For piles embedded in clays, the group capacity can be less than the single isolated pile capacity
multiplied by the number of piles in the group; conversely, for piles embedded in sands, the group

© IS0 2016 - All rights reserved 49


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 19901-4:2016(E)

capacity can be higher than the sum of the capacities of the isolated piles. The group settlement in
either clay or sand is normally larger than that of a single pile subjected to the average action per pile of
the pile group.

8.6.3 Lateral behaviour

For piles with the same pile head fixity conditions and which are embedded in either cohesive or
cohesionless soils, the pile group normally experiences greater lateral displacements than those
undergone by a single pile subjected to the average action per pile of the corresponding group. The major
factors influencing the group displacements and distribution of actions over the piles are the pile spacing,
the ratio offthepHeperetratiotrtothepHe-diatretetthe pHe flexibthtyretative to-theseithe dinrersions
of the group, and the variations in the shear strength and stiffness modulus of the soil with depth.

Of the four| group analysis methods examined in Reference [A.8-8], the following methods were found
to be the nfost appropriate for use in designing group pile foundations for the given loading’conditi¢ns:

— for defjining initial group stiffness: Advanced methods, such as PILGP2R;[A-8-8]

— for depign event actions: the Focht-Koch method[A-8-9] as modified by, Reése et al.[A-8-10]| for
defini}g group displacements and average maximum pile moments. Displacements are probably

underpredicted at actions giving displacements of 20 % or more of the diameter of the indiviqual
piles in the group;

— for evgluating maximum pile loading at a given group displacement: largest value obtained from|the
origingl or modified Focht-Koch method.

9 Pile installation assessment

9.1 General

The types|of pile foundations used to suppornt offshore structures and considered in this parft of
ISO 19901 pre:

— Driven piles: Open-ended piles are normally used in foundations for offshore structures (see 9.2 to
9.7). These piles are usually driven-into the seabed with impact hammers, which use steam, dipsel
fuel orfhydraulic power as the source of energy;

— Drilled and grouted piles, which can be used in soils and rocks which will hold an open hole with or
withoyt drilling mud (see 9:8);

— Belled|piles: Bells eganvbe constructed at the tip of piles so as to give increased bearing and uplift
capacify through'direct bearing on the soil (see 9.9). The end bearing capacity of belled piles shall
be detgrmined.in/accordance with the principles given for the design of drilled and grouted pilgs;

— Vibro-friven piles: The capability of hydraulic vibratory driving hammers to install piles has been
demoristtated, in particular for the installation of small diameter piles in cohesionless soils. Owing
to the lack of data with respect to the effect of the installation method on the pile axial capacity, the
use of vibratory hammers for installing offshore piles subjected to significant axial actions is not
recommended.

The pile wall thickness shall be adequate to resist axial and lateral actions as well as the stresses during
pile installation. The pile stresses and, as a result thereof, the minimum pile wall thickness shall also
conform to the requirements from ISO 19902 where the pile strength shall be verified using the steel
tubular checking formulae given in ISO 19902 for conditions of combined axial force and bending.

Proper installation of piles, including conductor piles, is vital to the life and permanence of the
structure and requires each pile to be installed to or near design penetration without damage. All field-
made structural connections shall be compatible with the design requirements. Pile sections should
be marked in a manner to facilitate installing the pile sections in the proper sequence. The closure
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device on the lower end of the structure’s legs and pile sleeves, if required, shall be designed to avoid
interference with the installation of the piles.

9.2 Drivability studies

Computer analyses (based on the principles of one-dimensional elastic stress-wave theories and
commonly known as wave formula analyses) can be used to simulate the hammer-pile-soil system and
pile driving behaviour, with the objective of defining the range of blow counts necessary to reach the
target design pile penetration and assessing the stresses in the pile resulting from pile driving. The
predicted range of blow counts to reach a given penetration is governed by the estimated profile of
soil T Tvi - i et or driving
enefgy transferred to the pile and, to a lesser extent, by the quake and damping parametersijn the wave
formula model. Therefore, selection of these input parameters should be based on previous pile driving
experience and engineering judgment. For a given rated energy, the energy transferred tq the pile is
highly dependent on the type of hammer (i.e. diesel fuel, steam, or hydraulic hamer) and should be
basgd on pile driving experience with reliable measurements from pile instrumentation.

es, i.e. the
the SRD in

The definition of SRD is the main factor that governs the results of the“drivability stud
hammer type required to reach the target pile penetration. Several methods for calculating
different types of soils have been proposed in the literature (see A.9.2):

Gen
bac
rec
oth
inr

del:

eral procedures cannot be applied at all sites, as piling behaviour’is highly site dependent]Therefore,
k-analysis of previous pile driving experience at the site, Qrjat sites with similar soil copditions, is
mmended in order to calibrate SRD calculation procedures and improve drivability predictions for
br structures at the site. For cohesive soils, the SRD caleulation should take into account the increase
bsistance due to pore pressure dissipation (set-up).during driving interruptions, in partifular when
ys are necessary for welding pile add-on elements:

To ¢onfirm that the hammer performs in accordance with the specifications and with the agsumptions
madle in the drivability predictions, the pile~at hammer can be instrumented and monitored during
driying. Pile instrumentation is preferablé,)as hammer monitoring provides incomplete ihformation

aboput the driving energy actually transferred into the pile.

Pile Fansducers
by and soil
mation for
RD during
predicted

drivability

driving instrumentation data, based on measurements from strain and acceleration t
fixegd near the top of the pile, can‘be used for verifying the actual hammer driving ener
strdtification, assessing the actuial SRD during driving, as well as giving additional infor
estimating the pile capacity, particularly if re-strike test data are available. The actual §
driying, as back-calculated: from pile instrumentation data, should be compared with the
range in soil resistance-Such analyses can be used to improve the reliability of subsequent
preflictions at the site

9.3| Obtaining required pile penetration

Thd

pen

adequacy of the structure’s foundation depends upon each pile being driven to or nea
etration. Where applicable, the driving of each pile should be carried to completion w

int

[ its design
th as little

rruption as possible to minimize the increased driving resistance which often devel

pps during

delays. It is often necessary to work one pile at a time during the driving of the final one or two sections,
so as to minimize set-up time. Workable back-up hammers with leads should be available, especially
when critical pile set-up is anticipated.

The fact that a pile has met premature refusal does not ensure that it is capable of supporting the
design actions. Final blow count alone cannot be considered as assurance of piling adequacy. Continued
driving beyond the defined refusal (see 9.4 and A.9.4) can be justified if it offers a reasonable chance
of significantly improving the capacity of the foundation without risk of damaging the pile, hammer or
structure.

In some instances, when continued driving is not successful, the penetration and associated capacity of
a pile can be improved by the methods described in 9.5 (to be agreed with the design engineer).
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9.4 Driven pile refusal
Pile refusal requires defining, primarily in order to

— establish the point at which pile driving with a particular hammer should be stopped and other
methods instituted (see 9.5), and

— prevent damage to the pile or hammer.

The definition of refusal should be consistent with the soil characteristics anticipated at the specific
location. Refusal should be defined for all hammer sizes to be used and is contingent upon the hammer
being operptedattheemergy amd rate Tecommrended by the ramufacturet:

The exact definition of pile refusal for a particular installation should be defined in the installafion
specificatipn. Examples of refusal criteria, for use only in the event that no other requirements|are
included ir| the installation specification, are given in A.9.4.

If a pile refuses before it reaches design penetration, one or more of the measurés)given in 9.5 [can
be taken.

9.5 Pilerefusal remedial measures

9.5.1 Reyiew of hammer performance

A review (qf all aspects of hammer performance, possibly with<the aid of hammer and/or pile head
instrumentation, can identify problems that can be solved<by improved hammer operation pnd
maintenanice, or by the use of a more powerful hammer.

9.5.2 Retevaluation of design penetration

Reconsideration of actions, displacements and required capacities of individual piles, of other foundation
elements and of the foundation as a whole, can.identify available reserve capacity. An interpretagion
of driving|records in conjunction with instrimentation can allow the design soil parameters or
stratificatipn to be revised and the calculated pile capacity to be increased.

9.5.3 Madifications to piling procedures

9.5.3.1 (eneral

Modifying procedures, usually the last course of action, can permit the piles to be driven to the required
penetratioh. The modifications described in 9.5.3.2 to 9.5.3.4 can be considered.

9.5.3.2 Rlug removal

g inside the pile can be removed by jetting and air lifting, or by drilling, to reduce

If plug removal results in inadequate pile capacity, the removed soil plug shall be replaced by a grout
or concrete plug or a plug made from another suitable material to ensure that sufficient pile capacity
is regained. The minimum axial capacity of the plug shall be equal to the pile end bearing capacity in a
plugged condition. Attention shall be paid to the characteristics of shear transfer between plug and pile.
In some circumstances plug removal is not effective, particularly in cohesive soils.

9.5.3.3 Soil removal below the pile tip

Soil below the pile tip can be removed, either by drilling an undersized hole or by jetting and possibly air
liftting. The drilling or jetting equipment is lowered through the pile, which acts as the casing pipe for the
operation. Considering the resulting uncertainties with respect to the pile axial capacity, the soil below
the pile tip should not be removed to reduce the soil resistance during driving in uncemented soils.
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Under special circumstances, e.g. in the case of an intermediate layer of strong cemented material,
undersized drilling can be applied to partially remove the hard layer before pile driving can be resumed.
The depth of drilling should be restricted to the thickness of the hard cemented layer.

Undersized drilling should be restricted to relatively thin and not too hard layers. In thick and hard
rock layers under-reaming of the hole to at least the full pile size should be considered to avoid potential
risk of pile tip buckling.

Where soil removal below the pile tip has been performed by drilling (undersized or otherwise), the
contribution of the relevant zone of soil to the pile capacity should be ignored, unless this zone has been

grouted.
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ing below the pile tip should, in general, be avoided because of the unpredictability of\thé

3.4 Two-stage driven piles

Fst-stage or outer pile can be driven to a predetermined depth, after whichythe soil plug
a second-stage or inner pile is driven inside the first-stage pile. The'drninulus betwe
s is grouted to permit shear transfer between the first- and second-stage piles and

Selection of pile hammer and stresses during driving

influence of the hammers to be used shall be evaluated@as part of the design process in
h ISO 19902 for the definition of pile wall thickness ahd stresses generated by hammer
pile driving. A method of analysis based on wave prepagation theory should be used to
dynamic stresses generated by hammer impact,

wvings or specifications. Any change in thé iammers to be used for pile driving shall b
rder to ensure that the consequences,of) the change are acceptable, including pile driv

s more particularly relevant to(pile design and installation assessment are:

Stresses during driving: The unfactored dynamic stresses should not exceed 80 %
yield, depending on specific circumstances such as the location of the maximum stresse
length of pile, the number of blows, previous experience with the pile-hammer combinat
confidence level inthe’analyses.

consideration-shall be given to providing an extra length of heavy wall material in the
the seafloar-so that the pile will not be overstressed at this point if the design penetrg
reached."The amount of underdrive or overdrive allowance provided in the design will
the degree of uncertainty regarding the penetration that can be obtained.

hcity, pile and structure strength andifatigue. Detailed guidance is provided in ISO 19903.

results.

s removed
bn the two
to develop

hccordance
placement
determine

type(s) of pile hammer considered for pile driving shall be noted by the designer on the installation

b assessed,
hbility, pile

0 90 % of
s down the
on and the

Allowance for~umderdrive or overdrive: With piles having thickened sections at the seafloor,

vicinity of
ition is not
depend on

Driving shoe: The purpose of a driving shoe is to assist piles to penetrate through har

d layers or

to reduce driving resistance, thereby allowing greater penetrations to be achieved t

han would

otherwise be the case. If an internal driving shoe is provided for driving through a hard layer it
should be checked that the driving shoe does not reduce the end bearing capacity of the soil plug
below the value assumed in the design. If an internal driving shoe is used for reducing the internal

skin friction during driving in cohesive soils, the effect of the driving shoe should be
account when evaluating the total representative capacity of the pile. External driving sh

taken into
oes are not

normally used, as they tend to reduce the skin friction along the length of pile above them.

9.7 Use of hydraulic hammers

Hydraulic hammers are more efficient than steam hammers and the energy transferred to the pile for
a given rated energy tends to be greater. They can be used both above and below water for driving
battered or vertical piles, through legs or through sleeves and guides, as well as vertical piles through

© IS0 2016 - All rights reserved 53


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 19901-4:2016(E)

sleeves alone without lateral restraint. In calculating pile stresses, full account should be taken of
wave, current and wind actions, both during driving and during hammer stabbing (which can be either
above or below water). While for steam hammers the weight of the cage is generally held by a crane, for
hydraulic hammers the whole weight of the hammer is borne by the pile.

The energy output is generally varied by the installation contractor to maintain a fairly low blow count.
Therefore, blow counts do not give a direct guide to soil stratification and resistance. Since the ram is
encased, hammer performance cannot be judged visually. It is therefore important that measurements
be made to give a record of the hammer’s performance, including ram impact velocity, stroke, pressure
of accelerating medium, and blow rate. Reliable instrumentation of some piles should also be considered
to verify the energy transferred to the pile to aid interpretation of soil stratification and to limit pile
stresses.

Monitoring of underwater driving requires that easily identified, unambiguous datum points'be uped,
together with robust television cameras or remotely operated vehicles (ROV) capable of\maintaifing
station. Alternatively, for shallow water sites, it can be considered to extend the hammer casing or to
use followgrs so that blow counts can be monitored above water.

Because nd cushion block is used, there is no change in characteristics between ram'and anvil as driying
progresseqd and no requirement for cushion changes. However, because of the-steel-to-steel confact,
particular pttention should be paid to the design of the pile head.

In selecting hydraulic hammers for deeper water applications, accotnt should be taken of posgible
decrease ip driving efficiency due to increased friction betweensthe ram and its surrounding|air.
Sufficient air should be supplied to the hammer so that water ingress is prevented. Water in the |pile
should be gble to escape freely. It should be noted that hydraulichammer changes can take longer time
than stean] hammer changes.

9.8 Drilled and grouted piles
There are fwo types of drilled and grouted piles.

— Single{stage piles: For the single-stage drilled and grouted pile an oversized hole is drilled to|the
requirpd penetration, a pile is lowered(into the hole and the annulus between the pile and the sdil is
grouteld. This type of pile can be installed only in soils which will hold an open hole to the seaflpor.

— Two-stage piles: The two-stage drilled and grouted pile consists of two concentrically placed giles
grouted to become a compogsite-section. A pile is driven to a penetration which has been determined
to be gchievable with the-available equipment and below which an open hole can be maintained.
This ofiter pile becomes-the casing for the next operation, which is to drill through it to the required
penetrjation for the infier or ‘insert’ pile. The insert pile is then lowered into the drilled hole, and|the
annulilbetween thédnsert pile and the soil and between the two piles are grouted. The diametdr of
the drilled holesshould be atleast 150 mm (6 in) larger than the insert pile diameter.

The hole fof drilled'and grouted piles can be drilled with or without drilling mud to facilitate maintaifing
an open holle: Drilling mud can be detrimental to the surface of some soils. lfused consideration shquld
be given to£ly A s : >
remain open. Reverse c1rculat10n should normally be used to malntain suff1c1ent flow for removal of
cuttings. Drilling operations should be done carefully, in order to maintain proper hole alignment and
minimize the possibility of hole collapse.

Centralizers should be attached to the pile to provide a uniform annulus between the insert pile and
the hole. A grouting shoe can be installed near the bottom of the pile to permit grouting of the annulus
without grouting inside the pile. If a grouting shoe is used it can be necessary to tie the pile down to
prevent floatation in the grout. The time before grouting the hole should be minimized in soils which
can be affected by exposure to sea water. The quality of the grout should be tested at intervals during
the grouting of each pile. Means should be provided for determining that the annulus is filled. Holes for
closely positioned piles should not be open at the same time unless there is assurance that this will not
be detrimental to pile capacity and that grout will not migrate during placement to an adjacent hole.
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9.9 Belled piles

Drilling of the bell is carried out through the pile by under-reaming with an expander tool. A pilot hole
can be drilled below the bell to act as a sump for unrecoverable cuttings. The bell and the pile are filled
with concrete to a height sufficient to develop the necessary transfer of forces between the bell and
the pile. Bells are connected to the pile to transfer both full uplift and compressive forces using steel
reinforcing such as structural members with adequate shear lugs, deformed reinforcement bars or
prestressed tendons.

9.10 Grouting pile-to-sleeve connections

The grout-to-steel bond in the connection between pile and sleeve shall be checked in accovflance with
[S0[19902:2007, 15.1, addressing grouted connections.

9.111 Pile installation data

Thrjoughout the driving of main or skirt piles, comprehensive driving afid-associated data should
be tecorded and reviewed for conformance with the installation plan. If*significant devjations are
obsprved, it can be necessary to take appropriate measures. The recorded data can include:

— |structure and pile identification, water depth and reference eleyation of readings of pilg markings
for pile tip penetration;

— |relevant information on pile stabbing;

— |penetration of the pile under its own weight or undérthe weight of a new add-on;
— |additional penetration of the pile under the weight of the hammer;

— |data on followers used (where applicable);

— | blow counts throughout driving, with hammer identification and hammer blow rate (bloyws/minute)
after every few metres of penetration;

— |cumulative number of blows, at relevant penetrations;

— |driving energy observations and hammer monitoring data (if available);

— |pile instrumentation-data (if available);

— |date and time of starts and stops in driving, including set-up time;

— |elapsed timéfor driving each section, with actual length of pile sections and cut-offs;
— |unusualbehaviour of the hammer or the pile during driving;

— |elevations of soil plug and internal water surface after driving;

— pertinentdata of a similarmature covering driiiing, grouting or concreting ot grouted or belled piles.

9.12 Installation of conductors and shallow well drilling

The planning and execution of conductor installation and shallow well drilling should recognize the
potential for disturbance to foundation soils and the consequent risk of a reduction in stability of the
fixed structure or of adjacent conductors.

During drilling operations, soil disturbances can result from hydraulic fracture, from wash-out or from
encountering shallow gas pockets. Hydraulic fracture occurs where drilling fluid pressure is too high
and fluid is lost into the formation, possibly softening the surrounding soil. Wash-out (uncontrolled
enlargement of the drilled hole) generally occurs in granular soils and can, in part, be induced by high
drilling fluid circulation rates. Wash-out leads to stress relief in the surrounding soils. These incidents
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can be accompanied by loss of circulation of drilling fluids, by return of these fluids to the seafloor

other than

through the conductor, or by the creation of seafloor craters.

If piles are installed within the zone of influence of soil disturbance, reduction in axial or lateral capacity
and foundation stiffness can occur. Similarly, the stability of shallow foundations can be reduced and
settlements increased. It should be noted that these detrimental effects can occur whether the drilling
takes place either after installation of the structure or before, e.g. for a pre-installed template or for an
exploration well. The proximity of conductor slots to as-installed or future pile locations is critical and

risks are cl

early greater for narrow structures with vertical piles.

The following three recommendations should be considered for conductor installation and shallow well

drilling.
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The conductor setting depth should be selected taking due account of hydraulic fracture ‘press

Particyilar care should be exercised in the installation of conductors which arednstalled by dril

s. The depth should preferably be chosen at a cohesive stratum which is a sufficient' dist3
ne proposed pile tip penetration to minimize the risk of disturbance of foundation soils.

-drive techniques instead of by driving alone.

ductor or shallow well drilling operations, fluid pressures should be kept within
ted hydraulic fracture pressure profile. Flow rates should be controlled to minimize w
rticularly in granular soils.

conductor installation and shallow well drilling should be available to the structure’s de
he implications for foundation soils of any incidents, ofiexcessive loss of circulation, of ref
fluids to the seafloor other than through the conductor, or of creation of seafloor cra
assessed. The cuttings from the well drilling eperation, if allowed to accumulate on

Fiction capacity of conductors installedin cohesive soils by jetting is not covered by
bscribed in 8.1.3 and A.8.1.3. Additignal guidance is provided in A.9.12.
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11 Design of anchorsfor floating structures

Geotechnidal considerations for the design of anchors for stationkeeping systems for floating structures
are givenin A.11.
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Annex A
(informative)

Additional information and guidance

NOTE The clauses in this Annex provide additional information and guidance. The title of eac

h subclause

Corrncpnndc with the ﬂnllli‘lﬂlﬂhf subclause in the hndy of this part of IS0 19901
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A.2
No

A.3
No

A4

re is a large body of technical literature on offshore geoscience studies ahd foundat
re are also regular conferences on these topics. The most up-to-date publications can g
nd in:

the proceedings of the Offshore Technology Conference (OTC);

the proceedings of the international conferences on the Behavigur of Off-Shore Structures
Offshore and Polar Engineering (ISOPE), and on Offshore Methanics and Arctic Engineeri

the proceedings of the Society of Underwater Technelogy (SUT) conference on Of
Investigation and Geotechnics (OSIG);

the proceedings of the international symposiumcefn’ Frontiers in Offshore Geotechnics (I

eral guidance on the application of soil mechanics theory to foundation design can H
ous undergraduate and post-graduate textbooks.

example of foundation caissons applied-to a jacket platform is given in Reference [A.1-1
he design of intermediate foundations with 1 < L/D < 10 can be found in the literature, fq
erence [A.1-2].

Normative references

hdditional guidance-is offered.

Terms and-definitions

hdditional guidance is offered.

on design.
bnerally be

(BOSS), on
g (OMAE);

Fshore Site

SFOG).

e found in

. Guidance
r example,

Symbols and abbreviated terms

No additional guidance is offered.

A.5 General requirements

A5

.1 General

No additional guidance is offered.

A5

.2 Design cases and safety factors

No additional guidance is offered.

© ISO 2016 - All rights reserved

57


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 19901-4:2016(E)

A.5.3 Characteristic values of soil properties

Characteristic values of soil properties should be estimated for each soil stratum. Soil stratification for
a calculation model can differ from the actual stratification of the as-found soil.

Particular caution should be exercised in the utilization of a strength value that depends on the dilatancy
of the foundation soil, i.e. the tendency of a soil volume to increase (drained case) or the tendency of the
pore pressure to decrease or become negative (undrained case) with change in shear stress.

Multiple sets of characteristic values for soil properties can be required for a single calculation model,
for example because of assumptions made in the calculation model regarding direction, inclination or
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soil is the domain influencing the occurrence of the limit state under consideration,
potential failure zone or failure surface. The domainef influence is also a function of

magnitude, location and geometry) of the actigns*and of the characteristics of the
ity under consideration.

Cting a characteristic value, two factors should be considered, (i) the spatial averagin
over a potential failure surface which canireduce the uncertainty of a property value,
Hency for a failure surface to follow the path of least resistance which can cause an appa

reduction i

|
The use o

Statistical
natural va
methods f
available. §

A.5.4 Te

No additio}

A.6 Geo

technical data acquisition and identification of hazards

the property mean.

statistical methods should allow reducing subjectivity and quantifying uncertain
approaches form a rationalttool for handling uncertainties in soil data, both in term
Fability and of limited antounts of data.[A-5-1][A.5-2][A.5-3][A.5-4] The usefulness of statist
r the analysis and represéntation of soil data depends on the quantity and quality of g
pecialist advice should be sought by the designer when relevant.

sting and instr'umentation

nal guidancedis offered.

For
- as

i) a
[ion

ical fault, (iii) a lower value of angle of internal friction corresponding to constant voljime

D .

Cteristic value of a soil property for a soil stratum should~be estimated so that it is

fual
for
the
soil

o of
and
'ent

ies.
5 of
ical
lata

A.6.1 Ge

neral

Shallow seismic survey data can allow geotechnical data to be extrapolated from soil borings. However,
the degree of correlation between the geophysical and geotechnical data or the distance over which the
stratigraphy from a borehole using geophysical results can be extrapolated depends on the nature and
quality of the data, as well as on the geology of the site and the soil characteristics themselves.

Further information on using the results of integrated geoscience studies to perform a geotechnical
assessment can be found in References [A.6-1] and [A.6-2].

A.6.2 Shallow geophysical investigation

No additional guidance is offered.
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.3 Geological modelling and identification of hazards

3.1 General

No additional guidance is offered.

A.6.

3.2 Earthquakes

Additional guidance is provided in ISO 19901-2.
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3.3 Faultplanes

5 guidance addresses special considerations associated with the presence of non-seismog
he site of a platform, and how to account for their presence in foundation pile design.

3.3.1 Faultidentification and mapping

borings, soil sampling, and in situ testing (e.g. cone penetrometer)-typically are not ¢
ecting the presence of faults in predominantly clay strata, such as-are encountered in
ico and in deep waters worldwide.

most effective way to identify and define the extent of faultsds through the use of a high|
physical survey designed to define the details of the foundation-zone stratigraphy. Examj

ey in deepwater] or other single- or multi-channel, ultra high-resolution 2-D or 3-D seisny
enever feasible, a pair of survey cross-lines should’be run directly over each proposed
tion.

ults are identified within the foundation!Zone, their actual or projected intersectio
[loor should be accurately mapped in relation to the proposed foundation locations on|
bgraphic map or suitable seafloor image:

3.3.2 Relative locations of faults and foundations

bn the seafloor trace of a fault'(or projected trace of any fault in the foundation zone) co
m (500 ft) of a proposed feundation location, the fault should be defined in 3-D space b
angle and direction andtrace azimuth. At a minimum, the fault should be indicated on

bs-section(s) closesttothe foundation, and the projection of the foundation should also b
the seismic crossssection. The foundation should be positioned on the cross-section

et from the seéismic cross-section, geometric relationships between the fault plane and
bs-sectioni,and seismic velocity, as examples.

3.3:3" Design considerations
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A.6.

3.3.3.1 Exclusion zones

It is always good engineering practice to avoid geohazards, whenever possible. If the foundation
location can be moved easily so as to avoid the proximity of a fault, this should be the preferred solution.
Reference [A.6-3] describes an approach to define an ‘exclusion zone’ around each fault, in which
a foundation should not be located. This design approach is that of geohazard avoidance, as further
described in Reference [A.6-3] and consists of several steps:

— map the fault trace(s) or upward projection of the fault plane(s) on a seafloor map;

— quantify the uncertainty in the fault plane location due to survey positioning uncertainties,
geological interpretation uncertainty, and fault-dip angle uncertainty, and then define the zone in
3-D space (both in plain view and vertical cross-section below the seafloor) in which the fault plane
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could be located (the ‘fault-plane exclusion zone’). When defining the exclusion zone, the potential
for possible future lateral extension (growth) of the fault plane along trend for faults that currently
terminate in the area of interest should also be considered;

locate the foundation a safe distance outside the exclusion zone.

A.6.3.3.3.2 Fault-foundation intersections

In cases when the foundation location cannot be changed easily, it becomes necessary to investigate
and quantify the effect(s) the presence of a nearby fault might have on the performance of the

foundatio
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htion systems for several floating platforms for which some of the anchors werg loc:
or where the anchor/foundation piles were expected to intersect a fault plane,(have H
y designed and installed in the Gulf of Mexico, as documented in References [A.643]to [A.€

hpproach consists of several steps.

e fault trace(s) or upward projection of the fault plane(s) on a seafloor map and quantify
Qinty in the fault plane location, as per A.6.3.3.3.1.

hine the minimum offset range between the ‘fault-plane zone’ and the foundation.

hine if the fault is still moving (or ‘active’, but not seismically)'and if it is, the expected rat

foundation intersects the fault plane, perform the‘necessary soil-foundation interac
es (e.g. beam-column, finite element) to evaluate-the effects (if any) the maximum amc

ty and performance.

Effects on soil properties

of foundations in the immediate-viginity of faults should also consider the potential effed
have on the soil characteristics along the fault plane and in its direct vicinity.

bneral evidence that some~(but not all) faults or some points along some faults are cle
| and, sometimes, majof fluid migration pathways. In general, the larger (deeper) the f3
the potential that fluidymigration can occur or has occurred along the fault. The potentia
tion along fault pldnes, and the potential effects thereof, need to be considered on a case
with heavy relidgnee on geophysical and geological evidence.

hould consider the possible zone of disturbance around fault planes and the effect, if
ve on sdilyproperties. However, unless proven otherwise by in situ tests or the testin
trievedat or adjacent to the fault plane, there is no strong evidence that an inactive or a v
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g eompaction (or growth) fault would have a deleterious effect on the soil properties of]

surrounding-soils. Therefore, in general, no reduction in shear strength is recommended to evalyiate

the anchor/foundation capacity and behaviour.

A.6.3.4 Seafloor instability

No additional guidance is offered.

A.6.3.5 Scour and sediment mobility

No additional guidance is offered.

A.6.3.6 Shallow gas

No additional guidance is offered.
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A.6.3.7 Seabed subsidence

Guidance on how to assess the magnitude of possible seabed subsidence can be found in Reference [A.6-6].

A.6.4 Carbonate soils

A.6.4.1 General

Carbonate soils cover over 35 % of the ocean floor. For the most part, these soils are biogenic. That
is, carbonate soils are composed of large accumulatlons of the skeletal remains of plant and animal

life, - -
soilp also exist as non-skeletal material in the form of oolites, pellets, grape-stone, etc. Thess
depjosits are abundant in the warm, shallow water of the tropics, particularly betweéh, the
and| south latitudes. Deep-sea carbonate oozes have been reported at locations considera
the$e mid-latitudes. Since temperature and water conditions (water depth, salinity, etc.) i
thrpughout geological history, ancient deposits of carbonate material can be féund buried |
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rec¢nt terrestrial material outside the present zone of probable active deposition. Major
depjosits are known to exist in the Gulf of Mexico along the Florida coastline and in the Bay of]
as well as in the Arabo-Persian Gulf and the Red Sea, in the southern Mediterranean Sea, off
and|in the northwestern Australian shelf.

r soils with
5 generally
\pproaches
portant in

Thg comments in A.6.4.2 to A.6.4.5 are focused primarily on carbonate silts and sands. Clay
varying proportions of carbonate content are common offshore and a low plasticity index i
spefific to such carbonate clays, but there is little guidance'as to how conventional design :
for [clay soils should be modified for different carbonate*content. Local experience is in
making such assessments.

A.6|4.2 Characteristic features of carbonate soils

Carponate soils differ in many ways from gsilica-rich soils. An important distinction is that the major
congtituent of carbonate soils is calcium“carbonate, which has a low hardness value cogmpared to
qualrtz (the predominant constituent.gof the silica-rich sediments). Susceptibility of carbonpte soils to
disintegration (crushing) into smaller fractions at relatively low stress levels is partly atfributed to
thid condition. Typically, carbonate soils have large interparticle and intraparticle porosity, resulting
in Righ void ratio and low defisity and, hence, are more compressible than soils from a terrigenous
sili¢a deposit. Furthermore;-carbonate soils are prone to post deposition alterations by biojogical and
phyjsiochemical processes unider normal pressure and temperature conditions. This resplts in the
formation of irregularcand discontinuous layers and lenses of cemented material. These alt¢rations, in
rn, profoundly affectmechanical behaviour.

The fabric of carbonate soils is an important characteristic feature. Generally, particles |of skeletal
material willbe angular to subrounded in shape, with rough surfaces, and have intraparfticle voids.
Parficles of\non-skeletal material, on the other hand, are solid with smooth surfaces and without
intrjaparticle voids. It is generally understood that uncemented carbonate soils consisting pf rounded
nont-skeletal grams that are re51stant to crushing are stronger foundatlon materials than| carbonate
soil mation that
indicates the importance of Carbonate content as it relates to the behav10ur of carbonate sediments. A
soil matrix that is predominantly carbonate is more likely to undergo degradation due to crushing and
compressibility of the material than soil that has low carbonate fraction in the matrix. Other important
characteristic features that influence the behaviour of the material are grain angularity, initial void
ratio, compressibility, and grain crushing. These characteristic features are interrelated parameters
in the sense that carbonate soils with highly angular particles often have a high in situ void ratio due
to particle orientation. These soils are more susceptible to grain crushing due to angularity of the
particles and thus will be more apt to be compressed.
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This subclause gives a general overview of the mechanical behaviour of carbonate soils. For a more
detailed understanding of material characteristics, information can be found in

— the proceedings of the symposium on Performance and Behaviour of Calcareous Soils, sponsored by
ASTM committee D-18 on soil and rock, Ft. Lauderdale (1981);

— the proceedings of the specialized international conferences on Engineering of Calcareous
Sediments, held in Perth (1988) and in Bahrain (1998);

— References [A.6-7] to [A.6-35].

A.6.4.3 Properties of carbonate soils

Globally, it|is increasingly evident that there is no unique combination of laboratory and in sitwtesfing
programmg that is likely to provide all the appropriate parameters for design of foundation$ in
carbonate poils. Some laboratory and in situ tests have been found useful. As a minimum; a laboratory

— material composition, particularly carbonate content;
— material origin to differentiate between skeletal and non-skeletal sediments;

— grain ¢haracteristics, such as particle angularity, porosity, and initial void ratio;

— compressibility of the material;
— soil stength parameters and volume change characteristiés.on shearing, including effects of cyclic
actions;

1]

— formation cementation, at least in a qualitative sense:

For site chpracterization, maximum use of local experience is important, particularly in the selection
of an appr¢priate soil investigation and testing programme. In new unexplored territories, where|the
presence of carbonate soils is suspected, selection of an in situ test programme should draw upon fany

No univerpally recognized classificatien system is presently available for carbonate materjals.
Classification charts for carbonate so6ils and rocks have been tentatively developed,[A-6-11][A.6-30] bgsed
on grain size, carbonate content, and unconfined compressive strength of materials. It is recognjzed
today that[parameters such as.grain crushability or skeleton compressibility play an important role in
assessing the engineering preperties of carbonate materials. However, in the absence of a more defipite
classificatipn scheme, the-pfoposed charts can provide useful guidance.

A.6.4.4 pundations in carbonate soils

A.6.4.4.1 |Driven piles

Several case describe some o S UTTUSUA aracteristics of
foundations on carbonate soils and their often poor performance. It has been shown from numerous
pile loading tests that piles driven into weakly cemented and compressible carbonate sands and silts
mobilize only a fraction of the capacity (<15 %) predicted by conventional design and/or prediction

methods for siliceous material.

Piles installed by driving in carbonate soils can free-fall at stab-in, under hammer weight or during the
driving process. The possibility of pile free-fall should be assessed. The use of pile arrestor or other
method to reduce the speed of free-fall or to stop the pile should be considered where appropriate.

On the other hand, dense, strongly cemented carbonate deposits can be very competent foundation
material. Unfortunately, the difficulty in obtaining high-quality samples and the lack of generalized
design methods sometimes makes it difficult to predict where problems can occur. With clays,
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care should be taken when the carbonate content exceeds 50 % and where no pile test data or local
experience exists.

A.6.4.4.2 Other deep foundation alternatives

The current trend for deep foundations in carbonate sands and silts is a move away from driven piles.
However, because of lower installation costs, driven piles still receive consideration for support of lightly
loaded structures or where extensive local pile loading test data and experience exists to substantiate
the design premise. Furthermore, driven piles can be appropriate in moderately competent carbonate
soils. At present, the preferred alternative to the driven pile is the drilled and grouted pile. Drilled and
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A.6|4.5 Assessment

To dateygeneral design procedures for foundations in carbonate soils are not available. Accept
methods have evolved but remain hlghly site- spec1f1c and dependent on local experlence
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financial consequences of the remedial measures, there is a growing tendency to take a conservative
approach to design in carbonate soils, even if the carbonate content in the sediment fraction is relatively
low. This is not always warranted. As with other designs, the judgment of knowledgeable engineering
remains a critical link in economic design of offshore foundations in carbonate soil environments.

A.7 Design of shallow foundations

A.7.1 General

The formulae provided in this subclause are limited in nature and are not necessarily appropriate for
design in a number of situations. A common situation for which they cannot be applied is if a strong layer
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overlies a weak layer within the zone of influence of the foundation. Irregularly shaped foundations are
also difficult to analyse using the formulae provided.

In circumstances such as these, general guidance cannot be provided and reliance should be placed on
experience, published case histories, testing and numerical modelling.

The bearing capacity factors used herein are considered those most commonly used, but alternative
factors are available and can be applied at the discretion of the designer, subject to appropriate
documentation and justification.

A.7.2 Principles

A.7.2.1 (eneral principles

No additional guidance is offered.

A.7.2.2 Sjgn conventions, nomenclature and action reference point

No additional guidance is offered.

A.7.2.3 ction transfer

For an emHedded foundation, the actions on the top of the foundationare transferred to the foundagion
base level (tip of skirt for a skirted foundation). This is done by modifying the factored actions appllied
to the top ¢f the foundation to account for

— soil registance on the sides of the embedded foundation;
— submefrged foundation weight, and
— submejrged soil weight within skirts (if applicable).

Partial actjon factors should be applied to thé,foundation weight and soil weight. The factor for[soil
weight is denerally equal to unity, however higher or lower factors can be considered in some cases,
especially vhere there is uncertainty and the soil weight leads to improved foundation stability.

The soil registance on the sides of the émbedded foundation consists of
— horizoptal passive and acti{e)soil resistance, and
— frictiopal resistance on-the skirts.

Frictional [resistance.on the skirts can reduce the vertical and moment action transmitted to|the
underlying soil, andycan be considered in the design. Specific guidance is not provided here and
specialist ddvice should be sought.

A.7.2.4 Idealization of foundation area and the effective area method

A.7.2.4.1 Idealization of foundation area

Limiting equilibrium methods are generally based on a two-dimensional model (vertical slice) and
three-dimensional effects are included by defining the resistance of the vertical side areas. For irregular
foundation shapes, this requires a rectangular idealization of the foundation area. This idealized area
can be defined by a rectangle of width B and length L having the same area, A4, and the same areal
moments of inertia, Ix and Iy, as for the real area:

Aidealized = BL = Areal (A1)

Ix idealized = Ix,real for action effects in the y-direction (A.2)
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Iyidealized = Iy,real for action effects in the x-direction

(A.3)

The width, B, and length, L, of the idealized foundation area are determined by solving Formulae (A.1)
to (A.3).

A.7.

2.4.2 Effective area method

Action eccentricity decreases the ultimate vertical action that a shallow foundation can withstand. This
is accounted for in bearing capacity analysis by reducing the effective area of the foundation.

Figfite A.T 1llustrates shallow foundations with eccentric actions. The eccentricity, e, 1S-tf
froﬂf

plame of the soil-foundation contact. The point of action of the resultant is the centreid of t

are
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the centre of a shallow foundation to the point of action of the resultant, measured-paf

h. The distance e is M/Q, where M is the applied overturning moment and Q isithé vert
hd M should include appropriate partial action factors, being mindful that increasing t
on up to a value of 0,5Qy: will increase moment capacity. The partial @ction factors
19902 for beneficial effects of actions should be used to assess the design vertical a
ving the eccentricity due to moment loading.

bre a skirted foundation incorporates a sealed base plate and the.skirt compartment er
of sufficiently low permeability, the vertical action used to calculate the effective area cg
fribution due to soil trapped within the skirted area. The following is noted.

Drained foundation analysis based on the effective ared method should exclude the wg
soil plug (i.e. the soil trapped within the skirts).

Where it is considered appropriate to use the weight of the soil plug, the submerged
should be used. Specialist geotechnical advice\should be sought to ensure inclusion of tl
does not lead to less conservative foundation design. The latter comment relates spe
soft soil sites, where the design soil strength is insufficient to support the submerged
at the depth of the skirts, sufficient support is an implicit assumption in the use of a
area approach. In some cases, it might be necessary to adopt an alternative approach to
moment loading (such as the yield\surface method, see A.7.3.5).

The submerged unit weight iised in the analysis should be based on site investigation and

Generally, it is conservative to adopt a lower bound profile of submerged soil weight.

a rectangular base-area [Figure A.1 b)], eccentricity can occur with respect to either
hdation. Ideally, G conditions where eccentricity occurs in two directions specialist g¢
ice should be,'sought. A simplified means of addressing this is to reduce the dimens
ndation in beth directions:
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B"= B - 2e,

With B’ < L’ and where L and B are the foundation length and width, respectively, the prime denotes

effe

ctive dimensions, and e1 and e; are eccentricities along the length and width.
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b) Reduced area — Rectangular foundation

c¢)JReduced area — Circular foundation

Key
1 reduced area

Figure‘A)1 — Definition of effective area for various foundation geometry

Circular fopndations subject to eccentric actions can be idealized as rectangular foundations by solying
A AN L A DY Ale pia ol O : losals il 1; Dol 0 o 1.
Formulae (A tofA3Atter hrativery, ot a circurar oase-witn raattas; it errecttveareacainpoeasst med

as shown in Figure A.1 c). The centroid of the effective area is displaced a distance, e, from the centre of
the base. The effective area is then considered to be twice the area of the circular segment ADC.
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In addition, the effective area is considered to be rectangular with a length to width ratio equal to the
ratio of line lengths AC to BD. The effective dimensions are therefore:

A'=2s=B'L'
1/2
L,:{ZS R+€J (A.5)
R-e¢
Bl R-e
R+e
Wh\r\,

2
s = % — {e X (\/RZ _e? j + R%arcsin (%H

Exajmples of effective areas as a function of eccentricity are shown in Figure A.2\in a dimensionless form.

Y A
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0,2

Key
X |dimensionléss eccentricity 2e/B, e/R
Y |dimenSionless reduced area A’/A

(a) |rectangular - 1 Way loading, e1/L =0
(b) Leiréular

(c) rectangular - 2 Way loading, e1/L = 0,2

Figure A.2 — Area reduction factors for eccentrically loaded shallow foundations

No published data are available on other foundation shapes. If appropriate, intuitive approximations
can be made to find an equivalent rectangular or circular foundation when non-standard shapes are
encountered. For example, guidance for triangular shaped foundations is given in Reference [A.7-
1]. Alternatively, an idealized rectangular foundation can be determined by solving Formula (A.1) to

Formula (A.3).

Alternative methods exist for assessing the effect of eccentricity in multiple or non-orthogonal
directions[A.7-2] and these can be more applicable in more complex conditions.
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A.7.3 Acceptance criteria and design considerations

A.7.3.1 Action and material factors

No additional guidance is offered.

A.7.3.2 Use in design

No additional guidance is offered.

A.7.3.3 Special cases

No additional guidance is offered.
A.7.3.4 Additional design considerations

A.7.3.4.1 |Adjusting for soil plug weight in skirted foundations

No additional guidance is offered.

A.7.3.4.2 |Adjusting for horizontal seabed resistance above foundation level

Contributi¢pns to horizontal resistance of an embedded foundation{can come from (i) base shear,
soil resistgnce above skirt tip level due to the difference between active and passive resistance,
(iii) side sHear on members located parallel to the direction of.lateral loading. The amount of side s}
that can bg adopted in the design is a function of the shearifig on the interface between the embed,
member and the soil, and can be influenced by soil distutbance during installation and scour. Spe
guidance i$ not provided in relation to calculating side §hear.

In regards[to active and passive resistance, the following advice is provided:

a) Undralned conditions

(i)
and
ear
ded
rific

The undrained horizontal soil reaction.coefficient K., depends on several factors, such as roughnfess,

foundgdtion shape, side shear, depth of embedment, and possible side gap between foundation
soil dule to installation or fromrsceur.

and

A valug of Ky = 4 is recommended for cases in which both active and passive resistance can be

relied ppon and signifieant’scour is not expected.

A valug of Ky = 2 isrecommended for cases in which active soil pressures do not develop (suc
due to| cracking-orinstallation disturbance) and significant scour is not expected on the pas
side offthe foundation. In this case, it can be appropriate to also account for the weight of soil wi
the pagsive seil wedge, although in such cases it should be verified that the total lateral resistd
calculgted does not exceed that which would be calculated using Ky, = 4.

n as
sive
hin
nce

In some soils it might not be appropriate to include the full soil resistance above skirt tip level in
assessing overall sliding stability, due to strain compatibility issues, and specialist advice should be

sought in these cases.
b) Drained conditions

The drained horizontal soil reaction factor K.q depends on several factors, such as mobilized

soil

friction angle, roughness, foundation shape, side shear, depth of embedment, and possible side
gap between foundation and soil from installation or from scour. Provided that the installation

procedure and/or other foundation aspects do not require a more accurate assessment of
drained horizontal soil reaction factor, the following formula is recommended.

the
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1
K,=K —|—
rd p

Kp

where K, is the passive earth pressure coefficient and is given by:

2
K _=|tan £+O,5arctan fang”
p 4 Ym

A7

No additional guidance is offered.

A7

No additional guidance is offered.

A7
The

reasonable assessment of equivalent uniform properties can<¢requently be made. For ex
potential of a deep bearing failure depends on soil strengths,at.considerably greater depths t

asl

expected zone of influence.

Where foundation conditions are highly heterogeneous or anisotropic; where loading conditi
conkiderably from the simple conditions assumed:in the bearing capacity formulae; where lo
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highly irregular, the use of the standard stability formulae presented in this Annex are not
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3.4.4 Tensile stresses beneath foundations

3.4.5 Non-standard soils or soil profiles

methods outlined are strictly applicable to conditions of uniforinly varying soil strengt

ding failure. Hence careful attention should be given to.defining the soil parameters thrg

(A.6)

(A7)

n, although
ample, the
han that of
ughout the

bns deviate
hding rates

such that the conditions are not clearly drained or undrained; or where foundation geoinetries are

alternative procedures such as one or‘eombinations of the following should be selected:
use of conservative equivalent parameters along with the recommended formulae;

use of limit analysis to determine bounds on failure actions and to determine relative se
failure actions to parameters of interest;

use of numerical anatysis to solve the governing formulae directly;

use of properly scaled model tests to check and verify calculation models and procedurgs.

3.4.6 Interaction with other structures

itionakguidance is provided in ISO 19905-1 for interaction with jack-up spudcans and in
E 0£4S0719901 for interaction with conductors.

applicable

nsitivity of

[72)

0.12 of this

A.7.3.4.7 Multiple foundations

In many instances use of multiple shallow foundations can significantly increase overall foundation
capacity, as illustrated in References [A.7-3] and [A.7-4].

A.7.3.4.8 Consideration of surrounding seabed conditions

No additional guidance is offered.

A.7.3.4.9 Carbonate soils

Refer to A.6.4.4.3 for shallow foundations on carbonate soils.
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A.7.3.5 Alternative method of design based on yield surfaces

A.7.3.5.1 General

An alternative method of design to assess foundation stability under general loading makes use of yield
surfaces, as described in A.7.3.5.2 to A.7.3.5.7. Specialist geotechnical advice should be sought where
this method is to be used for offshore design.

A.7.3.5.2 Background
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Iso suggests that predicting bearing capacity of shallow foundations using the effective 4
h lead to considerable under-prediction of capacity for some loading situations, as illustrd
es [A.7-5] to [A.7-7].

[ive approach is to derive a fully encompassing yield surface’in'Q, H, M and T space. This
predict loading combinations to reach ultimate limit statg,)as well as an explicit indica
t of a change in individual action components on proximity to an ultimate limit state.
re method can also be extended to define the action-displacement response of a founda
onjunction with a flow rule. In undrained conditipns, when normality can be assumed,
hn be directly derived from the yield surface.

'he effects of torsion are currently excluded andspecific guidance on the impact of torsion loadin
fyield envelopes is not provided. The effect oftorsion is explicitly considered in References [A.7-

Application to design
1 procedure for developing a yield’surface for use in design involves the following.

g the ‘uniaxial’ ultimateimit states Quic (H = M = 0), Hyit (M = 0; and Q = 0 where ten
s are allowed beneath(the foundation, or Q = Quit/ 2 if no tensile stresses permitted)

stresses permitted)to define the apex points of the yield surface.

g the shape ofithe interaction diagram through an expression as a function of (Q/Qut, H/1

).

fude of-the’uniaxial capacity and the shape of the yield surface depend on the soil respong
drained or drained), the soil strength profile (uniform or heterogeneous), foundation sh
embedment, structural connection between adjacent foundations, and tension capacity
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When adopting a yield surface approach, material factor, yn, should be applied to the characteristic

value of sy

A.7.3.5.4

for undrained conditions and to tan¢’ for drained conditions (not to ¢").

Prediction of uniaxial capacity

Uniaxial capacity Quir, Huit and My for undrained conditions can be derived from existing
recommendations, although more accurate and rigorous solutions have become available in recent

years. Key

references include

— for Quit, References [A.7-8] to [A.7-13], and

— for Hyjr and My, References [A.7-14] to [A.7-19].
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Algebraic expressions are available to describe the shape of yield surface for a selection of cases. A
review of the current literature for these cases is discussed in A.7.3.5.5 to A.7.3.5.7.

A.7.3.5.5 Yield surfaces for selected cases

Historically, yield surfaces for undrained conditions have been based on analytical and numerical
studies while those for drained conditions have been derived from experimental studies. The latter is
due to the relative complexity of an analytical approach for drained soil conditions.

A.7.3.5.6 Undrained conditions

A.713.5.6.1 Surface foundations with zero-uplift capacity along the foundation-soil\interface

The general form of the three-dimensional yield surface in vertical, horizontal and "'mome¢nt loading
spafe for undrained failure of a surface foundation with zero-uplift resistance lalong the fpundation-
soillinterface is shown in Figure A.3 in terms of normalized actions, Q/Quit, H/H1: and M/Mj;; (vertical
action Q is denoted by V in the figure). The surface is symmetrical in the)H-M plane afd exhibits
dininishing moment capacity as vertical action (Q) falls below 0,5 Qyt as,the foundation begins to lift-
off from the seabed.

Reference [A.7-20] presents yield surfaces for rectangular sutface foundations and ghows the
normalized shape of the yield surface is unique for aspect ratiosi@ver the range 0 < B/L < 1, ajd presents
approximating expressions for the shape of the yield surfacesand the uniaxial capacities defining its
apeK points. References [A.7-21] presents a similar ‘scallop:shaped’ yield surface for circular foundation
geometry but does not present an approximating expréssion to enable direct comparison of the shape
of the yield surface.

Figure A.3 —Yield surface for undrained conditions for a surface foundation with zdro-uplift
capacity along the foundation-soil interfacelA.7-21]

A.713:.5.6.2 Surface foundations with unlimited-uplift capacity along the foundation-spil
interface

In some cases, uplift resistance can be mobilized beneath surface or skirted foundations due to suction
and can potentially be relied on for the duration over which undrained conditions prevail. Engineering
judgment is required to determine whether suctions will be generated and the duration over which
they can be maintained.

Uplift resistance provided by foundation skirts can be conceptually represented by modelling a surface
foundation with an unlimited tension interface. The general form of the yield surface for undrained
failure of a surface foundation with an unlimited tension interface is shown in Figure A.4 (vertical
load Q is denoted by V in the figure). The ‘walnut-shaped’ surface is asymmetric in the H-M plane,
with maximum moment capacity mobilized in conjunction with a horizontal action acting in the same
direction (i.e. clockwise and left-to-right or vice versa). Moment capacity continues to increase with
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diminishing vertical action, contrary to the zero-tension interface case, as a foundation with unlimited-
uplift capacity will not lift-off from the seabed.

Yield surfaces have been derived for strip, rectangular and circular foundations, and homogeneous and
heterogeneous soil strength, although not comprehensively for all combinations. Algebraic expressions
have been derived for the selected cases of strip and rectangular foundations and linearly increasing
shear strength[A.7-14][A.7-23] and a circular foundation and uniform shear strength.[A.7-22]
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with incre

homogenegus soil strength by uniaxial ultimate limit states appropriate to a heterogeneous

strength p

A.7.3.5.6.3

The coupli
embedded
obliquenes|
surface foq
denoted by

Vi S AN

uplift capacity along the foundation-soil interfacelA.7-15]

of the yield surface for foundations with unlimited-uplift capacity depends on founda

14 — Yield surface for undrained conditions for a surface foundation with unlimited-

fion

ind soil strength profile. In some cases the-normalized size of the yield surface decregses

hsing degree of soil strength heterogeneity; therefore scaling a yield surface derived

Fofile would be un-conservative.[A.7-6][A:7-20]

Embedded foundations

5 become more pronounced with increasing embedment ratio. The general form of a y

Vin the figure).
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Figure A.5 — Yield surface for undrained conditions for an embedded foundation|A-7-19]

References [A.7-17] to [A.7-19] present yield surfaces in general loading space (Q, H, M) fof strip and
cirdular shallow foundations with embedment ratios in the range zero to one for uniform saqil strength
and| linearly increasing strength with depth. Reference {A.7-23] presents uniaxial limit s§ates and a
yield surface for surface and shallowly embedded rectdngular foundations and linearly incfeasing soil
shepr strength profiles for embedment ratios up to 0,2:

Existing studies have generally considered embedment in terms of a solid plug, although the|capacity of
a sKirted foundation can be reduced because ofithe intrusion of the failure mechanism into the soil plug.
[A.725] Modelling a skirted foundation as a selid plug is based on the assumption that sufficignt internal
skifts are provided to ensure the soil plug diSplaces as a rigid body. Numerical studies for as§essment of
critjcal skirt spacing are presented in-References [A.7-26] and [A.7-27].

Key| references relating to yield surfaces in undrained conditions include References [A.7-5],[A.7-6] and
References [A.7-14] to [A.7-25].

A.713.5.7 Drained conditions

Yield surfaces fordrdined conditions incorporate isotropic strain-hardening to acdommodate
incteasing shear styehgth with increasing stress level. The shape of the yield surface is dssumed to
be yinique and the-isotropic expansion and contraction of the surface is defined by a hardening rule
(vertical resistance-displacement relationship). Under drained conditions tension cannot b¢ sustained
benleath afoundation and therefore the foundation will lift-off from the seabed under momegnt loading
in cpnjunetion with vertical actions, typically for Q < 0,5 Quit.

A.7.3.5.7.T Surlace foundations

The general form of the yield surface for drained failure of a surface foundation is shown in Figure A.6.
The ‘rugby ball-shaped’ surface is parabolic in planes of QH and QM and a rotated ellipse in the HM plane
(vertical action, @, is denoted by V in the figure). Maximum horizontal action and moment capacity are
mobilized in conjunction with a vertical action Q = 0,5 Qujr and maximum moment capacity is mobilized
in conjunction with horizontal action acting in opposition (i.e. clockwise and right-to-left or vice versa).

Reference [A.7-28] proposed the yield surface shown in Figure A.6 along with a closed-form expression
to describe its shape. The yield surface was based on results from various experimental studies on
rough, rigid, plane strain and rectangular shallow foundations on dense silica sand. A subsequent study
considering circular foundations on loose carbonate sand showed a similar form of yield surface and for
which a closed-form expression was proposed.[A.7-29]
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Figure A.6 — Yield surface for drained conditions for a surface foundationl[A.7-28]

A.7.3.5.7.2 Embedded foundations

The additi
[A.7-32]

Additional

A.7.3.6 Sglection of soil parameters for design

A.7.3.6.1

The follow|ng general practices are recommended.

M/B

s L TN\
4’//”‘;"///// W
LT

)
‘ Wit

Shear strength used in stability analysis

dpnal capacity available from foundation embedment is accounted for by scaling the envelope
for a surfafe foundation (as shown in Figure A.6) by its apex points Hpyax/Q,and Mpyax/Q.[A-7-30][A.

7-31]

information related to yield surfaces in drained conditions’is provided in References [A.7-
28] to [A.7{32].

— For strongly dilatant soils, high undrained shear strengths can be used in design only if the poterjtial

loss off dilatancy on shear surfaces has béen explicitly considered. Specialist geotechnical ad
should be sought in these situations.

— In soft and very soft clays, unconsglidated undrained triaxial tests and unconfined compres
tests 4

Vice

bion

re unreliable and should_not be used. Consolidated undrained triaxial tests with pore

pressure measurement, simple-shear tests, in situ vane, and penetrometer, ball or T-bar tests (where

the cofrelation between pehetration resistance and soil strength is known for a particular soil)
more 1feliable techniquesand should be used for determining undrained shear strength of soft

very s

— Soilsd

and simple sheatr strengths can be significantly different. Care should be taken to adopt
appropriate;strength in assessing foundation capacity, and any assumptions made in this regd
should| be clearly documented.

ft clays.

splay undrained shear strength anisotropy, and thus triaxial compression, triaxial exten

are
and

bion
an
ard

— For drained bearing capacity calculations for sands, the effective plane strain angle of friction
should be used, which is generally 10 % higher than that measured in a triaxial compression test.
This value should be determined at the appropriate stress level.

— Foundation stability under cyclic loading conditions can be assessed using pseudo-static analysis
provided appropriately derived cyclic shear strengths are used. One approach for deriving
appropriate cyclic soil strengths for use in pseudo-static stability analysis, taking account of action
history and average shear stress, is outlined in References [A.7-42].

— In many instances, cyclic performance of non-cohesive soils can be assessed using cyclic undrained
soil strengths derived in a manner similar to that used for cohesive soils. A procedure for how this
can be done is presented in References [A.7-43] and [A.7-52]. In undertaking such analyses, it is
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important to take due account of the effects of drainage with the potential for dissipatio
pore pressures to occur over the duration of cyclic loading.

n of excess

The strain rate at which testing is performed can impact the observed result, and rate effects should

be considered when assessing foundation response to rapid loading events.

Where applicable, the effect of soil consolidation on strength can be considered in design. This will

typically increase overall foundation capacity. However, in the case of preloaded found

ations, the

soil strength enhancement is generally limited to soils directly below the foundation base.

In soils that display strain softening behaviour, it can be important to consider the effects of strain

for skirted foundations, where contributions to stability come from a combination of\ba
skirt tip level) and passive resistance, which are typically mobilized at very different str

Where possible, assessment of appropriate soil parameters should involve statistical ty
the available data.

3.6.2 Parameters used in serviceability design

hdditional guidance is offered.

.4 Stability of shallow foundations

4.1 Assessment of bearing capacity

development of the bearing capacity formulae presented is predicated on the assumpti
is arigid, perfectly plastic material that obeys the:Mohr-Coulomb yield criterion with asso

following bearing capacity factors and coxrection factors primarily come from Refereng
A.7-39]. In general, the formulae and factors outlined in this part of ISO 19901 should be
e and their applicability should be checked in each case. Where appropriate, alternative

brous solutions of bearing capacity factors for perfectly plastic materials (with assoc
now be determined by selectsoftware programs. Notably, the freeware ABCIA.7-40] is b:
hod of stress characteristics that calculates lower bound solutions for the vertical beari
urface strip and circular foundations, with a smooth or rough foundation-soil interfa
hout a surface surcharge.

4.1.1 Undrdined conditions (constant shear strength with depth)

4.1.1.1- Bearing capacity factors

bearing capacity factor, N, for a rigid surface strip foundation with a horizontal base

the

compafllilllty when selectmg a value of soil sfrengtli. This 1S llREly To DE ol partlcular llmportance

be shear (at
ain levels.

eatment of

bn that the
Fiated flow.

es [A.7-33]
used with
methods of

ated flow)
ised on the
1g capacity
re, with or

resting on

surface of a horizontal seabed, idealized as a perfectly plastic material of uniform stre

hgth under

uniaxial vertical action in the absence of other actions is given by Reference [A.7-38].

NC =241 =5,14

(A.8)

Correction factors are applied to extend the basic bearing capacity solution to account for inclined
actions, foundation shape, depth of embedment, foundation base inclination and seafloor surface

incl

©IS

ination.
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A.7.4.1.1.2

Bearing capacity correction factors

For cases of constant isotropic undrained shear strength with depth, the following bearing capacity

(A9)

10)

11)

12)

13)

14)

oth.
the

"his
[ing
| by
ons
the

DI" A

correction factors are recommended:
K.=1+s.+d.-i.—b.-g,.

where s, d,, ic, be, and g¢ are correction factors related to foundation shape, embedment depth, action

inclination} base inclination and seafloor surface inclination respectively where:

. [ B'
S, :0,18(1—21c)(7j (A
(Al
(A
(A
LB
g = — ~ 07 4ﬁ (Al
CoAq+2

where

— The effective width or effective length istused for action eccentricity parallel to the width or len
The effective width and effective length are used for orthogonal eccentric actions parallel to
width pnd length. B" and L' are determined from Formulae (A.1) to (A.3).

— Hp refprs to the factored action applied to the effective area component of the base only.
corresponds to the total dateral action applied to the foundation minus any soil resistance ac
on the| foundation above skirt tip level, and minus any lateral resistance that can be carried
shearihg at skirt tip-level outside the effective area. The material factor for pure sliding condit
should be applied.to these two resistance components prior to them being subtracted from
total 1gteral action.

— v and |§ are\base and ground inclination angles in radians. Figure A.7 defines these angles fi
generdl foundation problem.
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Figure A.7 — Definitions for inclined base and seafloor surfacelA.7-33]

Thg recommended correction factors sg, ic, be, and g¢ are taken directly from Réference [A.7-

Thd

tha
eva
sco

levd

h specified by Reference [A.7-33]. The relevancy of using the above depth factor d.

leads to mobilization of significant passive earth pressure between seafloor and foundation

A7

For

4.1.2 Undrained conditions (linearly increasing:shear strength with depth)

factlors F and K. are recommended.

Fis

Ins

an empirical value taken as a function of kB"/syo and further discussed in Reference [A.7

F cdn be approximated using the relationship:

whére

83].

recommended depth factor d. is taken from Reference [A.7-37] and iS\slightly more cqnservative

should be

uated for individual cases. If the installation procedure and/or other foundation aspeqts, such as
i1, do not allow for the required mobilization of shear stresses\in the soil above foundation base
l, it is recommended that d. = 0. In addition, it is recommended that d. = 0 if the horizdntal action

base level.

cases of linearly increasing isotropic undrained:shear strength with depth, the following|correction

34].

election of F, rough conditions can génerally be adopted for unpainted skirted foundationjs. Values of

2 2
F~a+bx- (c+bx) +d (A.15)
x = kB'/syo andis-valid for 0 < x < 25;
a, b, c, and 'd-are constants that vary with roughness and are outlined in Table A.1.
Table A.1 — Modification factors for soil strength heterogeneity (see Figure A|8)
Constant Fn"y rn“gh infnrfnrn‘ F'l Fiilly smaoaoth infnrfnrn’ F'D
a 2,560 1,372
b 0,457 0,070
c 0,713 -0,128
d 1,380 0,342
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|
I

Key
Fs is for no friction at soil-foundation interface (“smooth” foustdation)
Fr is for friction equal to the shear strength of soil at the interface (“rough” foundation)
F bepring capacity factor

Figure A{8 — Bearing capacity correction factor F for linearly increasing isotropic undrained
shear strength with depthlA.7-34]

K.=U+s +d,—-i.—-b, g, (Af16)

where s, d, ic, be, and g¢ are caofrection factors related to foundation shape, embedment depth, action
inclination| base inclination ahd seafloor surface inclination respectively, as further detailed hereaffter:

o[ B
sczs(v(l—Zlc)[FJ (Al17)
where sy i takenas function of kB'/s, o and values of s¢y can be approximated using the relationshilp:
scvz(18—01'§'§x/;+0071x (Al18)

where x = kB'/sy0 and is valid for 0 < x < 10.
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Table A.2 — Shape factor coefficients for circular or square foundations under pure vertical

actions
KB'/suo Scv
0 0,18
2 0,00
4 -0,05
6 -0,07
8 -0,09
TO ~U,10
d,.=0,3 Su—l arctan[D—b] (A.19)
Su2 B'

whegre

su,1 is the average shear strength above base level;

su,2 is the equivalent shear strength below base level, given by:

kB'
Ns ,+——
[cuO 4j

2 =F

S, v (A.20)
C
H
i,=05-051-—2— (A.21)
2v
b. = A.22
C r+2 ( )
9. = 25 0,48 (A.23)
T+ 2

The effective width pieffective length is used for action eccentricity parallel to the width or Jength. The
effdctive width and-effective length are used for orthogonal eccentric actions parallel to thd width and
length. B’ and L¥ar€ determined from Formulae (A.1) to (A.3).

Hyp, p and Saxe as noted under A.7.4.1.1.

Theg recommended d. is based upon the correction factor for constant isotropic undrajned shear
strgngth, but modified to account for linearly increasing undrained shear strength with depjth as given
in [A.7-37].

The shape factor, scy, from Reference [A.7-36] for axial symmetry and pure vertical action is assumed to
be approximately valid for an equivalent square foundation (B’/L") = 1.

The relevancy of using the above depth factor, d., should be evaluated in each case. If the installation
procedure and/or other foundation aspects, such as scour, do not allow for the required mobilization
of shear stresses in the soil above foundation base level, it is recommended that d. = 0. In addition, it
is recommended that d. = 0 if the horizontal action leads to mobilization of significant passive earth
pressure between the seafloor and foundation base level.
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A.7.4.1.3

A.7.4.1.3.1

Drained conditions

Bearing capacity factors

The following bearing capacity factors given in Formulae (A.24) and (A.25) are recommended for pure
vertical action on a strip foundation with no embedment:

2

N

N
Y

Effective fj

[ - tand il / tan\,é'ﬂ
tan{ +0, Sarctan }/m H L JJ A
(N, - 1)[““%@ (A

iction angles, ¢', between 30° and 42° are considered reasonable limits.for general use v

24)

25)

vith

these formplae. Effective friction angles that fall outside of these limits can indicate non-standard doils
and should be considered by specialist geotechnical engineers only.
A.7.4.1.3.7) Bearing capacity correction factors
For drainefl conditions, the following bearing capacity correction factors are recommended:
qusqdqlqbng (A]26)
KY =5 dylybygy (Af27)
where s, d| i, b and g are correction factors related to foundation shape, embedment depth, action
inclination} base inclination and seafloor surface inclination respectively. The subscripts q and y
identify the bearing capacity factor, Nq or N7y, with which the correction term is associated.
The factorg given in Formulae (A.28) to{A.36) for seafloor surface inclination can be unconservative in
cases of logse to very loose sand, and specialist advice should be sought in these cases.
Recommer]ded expressions for the correction factors are:
s =1Qi 5 sinj;arctan tang (A[28)
q al %
m
2
D ’ ’
d, =1+ 1 2[-2} (MJ{1 _sin {tan_l [Mm al29)
B\ rm )| Ym /]
_Zv[tanq‘y’J
by =e m (A.30)
9q=9 (1-0,5tanp) (A.31)
5
iy = 1—0,5[—"] (A.32)
b
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BI
s, =1-0,40 | — (A.33)
14 YL
d, =1 (A.34)
5
, Hb
i =1-0,7]—2 (A.35)
14 Vb
/ T
_2’70Ltan¢J
b, =e 7m (A.36)

effective width or effective length is used in the bearing capacity correctioh.factors stpted above
hction eccentricity parallel to the width or length. The effective width andeffective length are used
brthogonal eccentric actions parallel to the width and length.

relevancy of using the above depth factor, dg, should be evalyated in each case. It should be
hasized that the effect of foundation embedment is very sensitive’to soil disturbance jat the soil-

strycture interface along the sides of the embedded base. If the installation procedure arjd/or other
foundation aspects, such as scour, do not allow for the required-idobilization of shear stressep in the soil

abo
the
and

Hy,

e foundation base level, it is recommended that dq = 1,@)I¢ds further recommended thaf dq = 1,0 if
horizontal action leads to mobilization of significant passive earth pressure between the seafloor
foundation base level.

v and f are as noted in A.7.4.1.1.

4.1.3.3 Exclusion of effective cohesion from bearing capacity formulae

effective strength envelope for a given soil is often quoted in terms of a ‘cohesion infercept’, c’,
effective friction angle, ¢', with:the envelope fitted to results of laboratory tests copducted at
prent levels of effective confinifig)stress. There has been much debate over whether the deduced
eflects a true cohesion (or cementation) or is merely an artefact resulting from fitting a tangent
vhat is, in reality, a curved.strength envelope. It has been well established that the frigtion angle
Koils increases as the mean effective stress level decreases, due to increasing dilation. |As such, in

y cases the effective~cementation is an artificial quantity arising from the interpretdtion of the
pratory tests rathef“than a true physical quantity. However, there is considerable debate over this

amples of whete inclusion of an effective cohesion in estimating bearing capacity might b¢ argued as

Naturally cemented soils (particularly sands). In this case, care is needed because of [potentially
different mobilization rates for the cemented and frictional components of soil strength, and the
bossibility-that progressivefailuresmig arith At j before the
full frictional strength is mobilized.

Medium to heavily overconsolidated clays. In this case, ignoring any effective cohesion (or dilation-
induced high friction angles atlow mean effective stresses) might prove over-conservative. However,
inclusion of an effective cohesion in estimating bearing capacity could also prove unduly optimistic,
partly because the mean effective stress levels associated with the (drained) bearing capacity might
be too high to justify any non-zero effective cohesion, and partly because the level of displacement
allowed in design might be too low to fully mobilize the effective cohesion (or dilation-induced high
friction angles at low mean effective stresses).

A.7.4.2 Assessment of sliding capacity

No additional guidance is offered.
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A.7.4.3 Assessment of torsional capacity

Methods that can be used for assessing torsional stability are provided in Reference [A.7-45] and
Reference [A.7-46].

A.7.5 Serviceability (displacements and rotations)

A.7.5.1 General

It should be noted that foundation displacement can be significant at the maximum soil stress levels

allowed in grispartetS0-19901suchaswhere foundationleading reachesthe soflyield-stress:
A.7.5.2 Displacement under static loading
A.7.5.2.1 |General

Static defo
the more d
deformatid
time and i
volume ch

creep can ¢ccur.

A.7.5.2.2

Because sdg
problem is
deformatid

Solutions f
mass itself

provided it Reference [A.7-48].

Considerak
moduli of s
is particul
selected fr

'mations are generally considered to be of two types, (i) immediate déformation, whic
r less instantaneous response of a foundation to loading and primarily results from sh
n (shear straining) of the soil; (ii) long-term deformation, whicl-occurs over a perio
b primarily associated with a gradual dissipation of excess pore ‘pressures and associg
hnges of the soil (i.e. primary consolidation). In addition, secondary displacement du

Immediate displacements

ils exhibit nonlinear, path dependent behaviourunder loading, the short-term deforma
quite complex. For monotonic, low level actions (with respect to failure actions) estimatsg
n can be made assuming the soil to be a homegeneous linearly elastic material.

br conditions other than those given in 7:5.2.2, including point displacements within the
can be found in Reference [A.7-47].Solutions for rigid, embedded circular foundations

le care should be exercised in'determining the elastic constants of the soil since the elg
oils depend strongly on théumagnitude of effective mean stress and the level of strain.
arly significant for highly“permeable granular soils where equivalent moduli should
bm some weighted average mean stress taken over the volume of soil subjected to signifi

stresses. H

in Referen

pr relatively imperineable soils such as clays a correlation of modulus with strength
idation ratio canclead to satisfactory results. Further discussion of these points is preser
e [A.7-49].

h is
ear
 of
ted
b to

fion
s of

soil
are

stic
Chis

be
ant
and
ted

Where thd foundatief base is flexible or the loading is sufficiently severe to create high stres
throughout a significant volume of soil, the expressions provided in this part of ISO 19901
inappropripte and-humerical analyses might be required. Finite element and finite difference technig
have the cgpability of including complex geometries and loadings and nonlinear, variable soil prof
Special corrst i i i i i i
modulus) under cyclic loading.

A.7.5.2.3 Primary consolidation settlement

Because of the finite extent of the foundation, the vertical stress imposed by the structure should be
attenuated with depth. An estimate of such attenuation can be determined from elastic solutions such
as those referenced by Reference [A.7-47]. This approximate method is particularly appropriate where
settlement is governed by thin, near-surface layers.

Rate of settlement is governed by rate of drainage and compressibility. Many soil mechanics
textbooks set out methods for one-dimensional consolidation solutions, but in many cases the one-
dimensional approximation for flow and strain is unrealistic. Elastic solutions for three-dimensional
consolidation settlement around embedded circular foundations are provided in Reference [A.7-50] and
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Reference [A.7-51]. If an accurate prediction of rate of settlement is required, 2D or 3D coupled analysis
supported by high quality field data are required.

A.7.

5.2.4 Secondary compression (creep)

No additional guidance is offered.

A.7.

5.2.5 Differential settlements induced by eccentricity

No additional guidance is offered.

A7

A7

Inn
half
cald

Not

5.3 Displacement under dynamic and cyclic actions

5.3.1 Foundation response to applied loading

hany cases, loading can be considered pseudo-static and the foundation can'be treated a
space subject to the restrictions outlined in 7.5. Consequently, the stiffness of the
ulated in a manner similar to that presented for static conditions.

e that half space solutions can be considerably in error where, non-uniform soil profil

addjition, for large amplitude environmental loading nonlinear soil behaviour can be signific

cas
sho

In 4
bec

As
fro
Refi

A7

No

A7

No

A.7

A.7
No

bs a numerical analysis might be required or at least a study, of a range of soil stiffness
11d be considered.

ome cases it is not appropriate to treat the foundatioh as an elastic half space, such {
bmes necessary to model the energy loss in the soil¢Specialist advice should be soughtin

ecial case of environmental loading is the response of offshore foundations to cyclic load
waves. The various displacement compofients and how they can be evaluated are d
erence [A.7-52] and Reference [A.7-53].

5.3.2 Settlement after the event

hdditional guidance is offered.

5.4 Other contributors-to foundation settlement
hdditional guidancesis-offered.
.6 Other design considerations

6.1 Hydraulic stability

hdditional guidance is offered.

5 an elastic
boil can be

bs exist. In
int. In such
properties

s where it

hese cases.

ing arising
scussed in

A.7.6.2 Installation, retrieval and removal

A.7.6.2.1 General

Shallow foundations are often placed on the seafloor from an installation vessel. The vertical heave
motions induced by the vessel’s motion characteristics and created by the environmental boundary
conditions cause the touchdown to be an impact between the seafloor and the structure. This impact is
normally controlled by limiting weather criteria and carefully planned and well controlled installation
operations. However, it is still the experience that many small structures suffer a foundation failure
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during installation, mainly in soft soil conditions. Many such incidents can be avoided by observing the
following recommendations.

— Ifthe installation is performed under controlled conditions by use of a heave compensator and low
rate of descent towards the seafloor (<0,2 m/s), no extra safety margin should be needed.

— Ifthe installation is performed without any control on the rate of descent (no heave compensation),
penetration in excess of the failure displacement can occur. The consequences of such additional
penetration should be investigated.

The use of relatively small capacity installation vessels can result in foundation failure; vessel heave
motions grgater
with the s¢afloor and multiple set-downs. As a result, the foundation can be pulled up after first|set-
down, thug generating a pullout failure in the soil (reverse bearing capacity failure). The soilcondifion
under the ptructure after such an event is close to a remoulded state and normal partial action pnd
material factors can be too small to prevent foundation failure during final set-down.

If there is ja risk of significant heave motions or impact on touchdown, higher material factors than
outlined in] 7.3 should be applied. Shallow foundations, such as those used for temporary supporft or
for subsea structures, are often designed for limited environmental actions. Sihce the main actions|are
permanent and due to gravity, the higher material factor in 7.3 should be applied.

A.7.6.2.2 |SKirt penetration resistance

Skirts can|provide a significant resistance to penetration. Thisxesistance, Qr can be estimated as a
function of depth by the following:

Qr=0Qff+ Qp=fAs+qAp (A]37)
where

Qr 1is the skirt friction resistance;
Qp 1is fhe total end bearing resistance from skirt tips;
[ isthe unit skirt friction;

As s the side surface areaof skirt embedded at a particular penetration depth (including Hoth
internal and externaliskirt faces);

q is the unit end béaving resistance on the skirt tip;
Ap is the projected area of skirt tip.

The end be¢aring>¢omponents can be estimated by bearing capacity formulae or alternatively by|the
direct use |of-cone penetrometer resistance q. corrected for shape difference. It is possible that|the

skirt penetration. This should be considered in selecting soil strength properties (or CPT g, values) for
use in analysis as low estimates of strength are non-conservative in this case.

General guidance on assessing skirt penetration based on cone penetrometer resistance can be found in
Reference [A.7-37] for North Sea soils and in Reference [A.11-46] for soft deepwater West Africa clays.
For non-standard soils, specialist advice can be required.

In general, water will be trapped within the skirt compartments. The penetration rate should be such
that removal of the water can be accomplished without forcing it under the skirts and damaging the
foundation. In some cases, a pressure drawdown (i.e. negative excess pore pressure or ‘suction’ relative
to ambient pressure) can be used to increase the penetration force, although analysis should be carried
out to ensure that it will not result in damage to the foundation soil.
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In assessing the penetration of skirts careful attention should be given to site conditions. An uneven
seafloor, lateral soil strength variability, existence of boulders, etc. can give rise to uneven penetration
or structural damage of skirts. In some cases, site improvements can be required such as levelling the
area by dredging or fill emplacement.

During removal or retrieval of a skirted shallow foundation, suction forces will tend to develop at the
foundation base and the tips of skirts. These forces can be substantial but can usually be overcome by
sustained uplift forces or by introducing water into the base compartments to relieve the suction.

Set-up effects can result in higher extraction resistance than installation resistance.

A.8 Pile foundation design

A.8.1 Pile capacity for axial compression

A.8|]1.1 General

No guidance is offered.

A.8]1.2 Axial pile capacity

In gonventional static capacity based design, the pile design actions (factored permanent and variable
actions plus factored extreme environmental actions) are compared against the factored pile capacity.
The factored actions are defined in ISO 19902. The pile capacity is defined as the integrated firiction and
tip Tesistance (see 8.1 and 8.2). This procedure ensures that the pile has an adequate reserve above the
desjgn actions in order to accommodate uncertaintjes:in actions and pile resistances.

It i not always correct to add the representatiye‘value of the end bearing to the representgtive value
of the skin friction to obtain the representative value of the axial capacity of a pile. Thig subject is
addressed in References [A.8-11], [A.8-12](and [A.8-13]. For the particular case of a belled pile, this
mafter is discussed in Reference [A.8-13]:

A.8{1.3 SKin friction and end bearing in cohesive soils

A.8/1.3.1 General

Estimating pile capacity-in clay soils requires considerable judgment in selecting design 1arameters
and in interpreting,calculated capacities. Some of the items that should receive design copsideration
areldetailed in A.87h3.2.

A.8]1.3.2 AXial pile capacity in clay

A.8]1,3:2:1 Loading test database for piles in clay

A number of studies, Reference [A.8-3] and References [A.8-14] to [A.8-18], have been carried out and
aimed at collecting and comparing axial capacities from relevant pile loading tests to those predicted by
traditional offshore pile design procedures. Studies such as these can be very useful in calibrating one’s
judgment in the design process. It is clear, for example, that there is considerable scatter in the various
plots of measured versus predicted capacities. The designer should be aware of the many limitations of
such comparisons when making use of these results. Limitations of particular importance include the
following.

— There is considerable uncertainty in the determination of both predicted capacities and measured
capacities. For example, determination of the predicted capacities is very sensitive to the selection
of the undrained shear strength profile, which itself is subject to considerable uncertainty. The
measured capacities are also subject to interpretation as well as possible measurement errors.
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— The conditions under which the pile loading tests are conducted generally vary significantly from
the design actions and field conditions. One clear limitation is the limited number of tests on deeply
embedded, large diameter, high capacity piles. Generally, pile loading tests have capacities that are
10 % or less of the prototype capacities. Another factor is that the rate of change and the cyclic
history of the actions are usually not well represented in the loading tests (see A.8.3.2). For practical
reasons, the pile loading tests are often conducted before full set-up occurs (see A.8.1.3.2.5).
Furthermore, the pile tip conditions (closed versus open-ended) can differ from offshore piles.

In most of the studies, an attempt has been made to eliminate those tests that are thought to be

significantly affected by extraneous conditions in the loading test, such as protrusions on the

exteri

plugs,
factors
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design for

Additional
[A.8-21].

A.8.1.3.2.2
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in all cases.
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considerations that apply to drilled and grouted.piles are discussed in References [A.8-2(
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38)

f(z) =sy / 2 for sy > 72 kPa (1,5 kips/ft2)

f(z) varies linearly for values of s, between the above limits.

For other methods, see References [A.8-4], [A.8-14], [A.8-15] and [A.8-17].

(A.

39)

It has been shown in Reference [A.8-18] that, on average, the above cited methods predict the available
but limited pile loading test database results with comparable accuracy. However, capacities for specific
situations computed by different methods can differ by a significant amount. In such cases, pile capacity
determination should be based on engineering judgment, which takes into account site-specific soils
information, available pile loading test data, and industry experience in similar soils.
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A.8.1.3.2.3 Establishing design strength and effective overburden stress profiles

The axial pile capacity in clay determined by these procedures is directly influenced by the undrained
shear strength and effective overburden stress profiles selected for use in analyses. The wide variety
of sampling techniques and the potentially large scatter in the strength data from the various types of
laboratory tests complicate appropriate selection. ISO 19901-8 provides additional information on the
sampling and laboratory testing techniques and on the quality of marine soil investigations.

UU triaxial compression tests on high quality samples, preferably taken by pushing a thin-walled
sampler with a diameter of 75 mm (3 in) or more into the soil, are recommended for establishing
strength profile variations because of their consistency and repeatability. In selecting the specific
shelrr strength values for design, however, consideration should be given to the sampling. and testing
techniques used to correlate the shear strength to any available relevant pile loading test data. The
experience with pile performance is another consideration that can play an importantjrele ih assessing
thefappropriate shear strength interpretation.

Minjiature vane tests on the pushed samples should correlate well with the-JU test resulks and will
be particularly beneficial in weak clays. In situ testing with a vane or pehétrometers (Juch as the
cong, ball and T-bar) will help in assessing sampling disturbance effects-in gassy or highly [structured
soils. Penetrometer data will furthermore help in determining a contintious design strength profile.
Approaches such as the SHANSEP technique (Stress History and Normalized Soil Engineering
Properties, see References [A.8-22] and [A.8-23]) can help provide a more consistent int¢rpretation
of dtandard laboratory tests and can provide history information used to determine the effective
ovefburden stress in normally or underconsolidated clays.

A.8]1.3.2.4 Pile length effect

Long piles driven in clay soils are typically axial flexible and can therefore experiende capacity
degradation due to:

— |progressive failure in the soil due, to strength reduction (strain softening) with| continued
displacement or shearing of a particulat soil horizon during pile installation;

— |lateral movement of soil away ffom the pile due to pile ‘whip’ during driving.

The occurrence of degradation«due to these effects depends on many factors related to both installation
confditions and soil behaviour. Methods of estimating the possible magnitude of reduction in|capacity of
long piles can be found in References [A.8-11] to [A.8-15] and Reference [A.8-17].

A.8{1.3.2.5 Changesin axial capacity in clay with time

Existing axial pile-capacity calculation procedures for piles in clay are based on experience pssisted by
thefresults ofaxial pile loading tests. In these tests, few of the piles were instrumented and in|most cases
little or ne-consideration was given to the effects of time after driving on the development|of pile-soil
shefr resiStance. Axial capacity of a driven pipe pile in clay computed in accordance with theg guidelines
giverCin"8.1.2 and 8.1.3 is intended to represent the long-term static capacity of piles in|undrained

e : : : oo o - pressure
caused by the installation process. Immediately after pile driving, pile capacity in a cohesive deposit
can be significantly lower than the ultimate static capacity. Field measurements have shown that the
time required for driven piles to reach ultimate capacity in a cohesive deposit can be relatively long, as
much as two to three years.[A-8-19][A.8-24][A.8-25] However, it should be noted that the rate of strength
gain is highest immediately after driving, and this rate decreases during the dissipation process. Thus,
a significant strength increase can occur in a relatively short time.

During pile driving in normally consolidated to lightly overconsolidated clays, the soil surrounding a pile
is significantly disturbed, the stress state is altered, and large excess pore pressures can be generated.
After installation, these excess pore pressures begin to dissipate, i.e. the surrounding soil mass begins
to consolidate and the pile capacity increases with time. This process is usually referred to as set-
up. The rate of excess pore pressure dissipation is a function of the coefficient of radial (horizontal)
consolidation, pile radius, plug characteristics (plugged versus unplugged pile), and soil layering.
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In the case of driven pipe piles supporting a structure where the design actions can be applied to the
piles shortly after installation, the time-consolidation characteristics should be considered in pile
design. In such cases, the capacity of piles immediately after driving and the expected increase in
capacity with time are important design variables that can impact the safety of the foundation system
during early stages of the consolidation process.

A number of investigators have proposed analytical models of pore pressure generation and the
subsequent dissipation process for piles in normal to lightly overconsolidated clays.[A-8-26][A.8-27] Since
excess pore pressures are generated by pile driving operations, any dissipation of the excess pore
pressures after 1nstallat10n should correspond to an mcrease in the shear strength of the surrounding
soil mass :

to secondalry processes. In some overconsolidated clays, pile capacity can decrease as pore pressures
dissipate, provided the rate of change of radial total stress decreases faster than the rate of change of
pore pressure. The analytical models account for the degree of plugging by assuming various degrees
of plug formation, ranging from closed- to open-ended pile penetration modes. Input necessary for{the
analysis infcludes the soil characteristics (compressibility, stress history, strength,-€tc.) and the injtial
site conditjons.

In Referenfe [A.8-24], the behaviour of piles subjected to significant axialCactions in highly plastic,
normally consolidated clays was studied using a large number of model pile*tests and some full-sfale
pile loading tests. From the study of pore pressure dissipation and loading test data at different tijnes
after pile driving, empirical correlations were obtained between thedegree of consolidation, degrege of
plugging, %nd pile shaft shear transfer capacity. The analysis is dependent on the shear strength of{the
surrounding soil mass. The method is presently limited to use, inthighly plastic, normally consolidated
clays of th¢ type encountered in the Gulf of Mexico, since validation data have been published onlyf for
those soils

In Referenge [A.8-25], in highly overconsolidated glacial till, capacity was shown to undergo signifi¢gant
short-term| reduction associated with pore pressure\redistribution and reduction in radial effective
stresses dEring the early stages of the equalization process. The capacity at the end of installafion

was never fully recovered. Test results for closed-ended steel piles in heavily overconsolidated London
clay indicake that there is no significant changé in capacity with time.[A-8-28] This is contrary to tgsts
on 0,273 m (10,75 in) diameter closed-ended steel piles in overconsolidated Beaumont clay, where
consideraTe and rapid set-up (in four days) was found.[A.8-29]

Caution sh¢uld be exercised in using this subclause to evaluate set-up, particularly for soils with diffefent
plasticity dharacteristics and under different states of consolidation (especially overconsolidated clys)
and piles with D/WT (pile outerydiameter/pile wall thickness) ratios greater than 40.

A.8.1.4 SKin friction.and end bearing in cohesionless soils

A.8.1.4.1 |General

Estimating axial plle capac1ty in cohesmnless soils requlres con51derable englneerlng ]udgme in
selecting aln 2
considered by geotechmcal engineers are detalled in A.8.1.4.2.

A.8.1.4.2 discusses four CPT-based methods for axial pile capacity that incorporate length effects and
friction fatigue. Some of these methods, with some offshore experience given in References [A.8-46] to
[A.8-49], have not yet been frequently compared for routine offshore pile projects. Hence, geotechnical
engineering judgment is needed to select the most appropriate method for the design case under
consideration. Additional care is required in cases of clay layers at or near pile tip level.

The piles are assumed to be open-ended steel piles of uniform outer diameter. Installation is by impact
driving into significant depths of clean siliceous sand. In general, such piles drive unplugged (i.e. they
core). However, when they are statically loaded in compression, sufficient inner friction is generally
mobilized to cause the pile to act as fully plugged (i.e. the soil plug does not undergo overall slip relative
to the pile wall during compression pile loading).
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The term sand is used hereafter for all cohesionless siliceous soils. Exceptions are addressed in A.6.4
(carbonate sands) and in A.8.1.4.2.7 (gravels).

The appropriate resistance factors to be used with the methods discussed in A.8.1.4.2 are not provided
in A.8.1.4. The designer should carefully evaluate, for each design case, whether the resistance factors
provided in ISO 19902 are appropriate or not.

Following installation, pile driving (instrumentation) data can be used to give more confidence in
predicted capacities. Additional guidance is given in Clause 9 and A.9.

A.8

1.4.2 CPT-based methods for pile capacity

A.8
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1.4.2.1 General
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cate that variability in capacity predictions using the simple method described in 8.1.4
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1.4.2.1 to A.8.1.4.2.5 present recent and more(reliable CPT-based methods for pred
hcity. These methods are all based on direct carrelations of pile unit friction and end b
h cone tip resistance values from cone penetration tests (CPT).

tion and end bearing contributions te(pile capacity are assumed to be uncoupled. He
hods, the representative value of thelaxial pile capacity in compression (Qr,c) and in tens
roed open-ended piles is determjied by:
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ion (Qrt) of

Qe = Qpe +Qy =7 D [ f{Z)dz+q- 4y, (A.40)
Quy =0y =7 D | f{{7)dz (A41)
whgre
Qrc isthe'representative value of the axial pile capacity in compression (in force units)
Qr IS the representative value of the axial pile capacity in tension (in force units);
Orc—istherepresentativevatueof thetotatskinfricttonrreststatreetrecompresstontinforce units);
Qft is the representative value of the total skin friction resistance in tension (in force units);
Qp is the representative value of the end bearing capacity (in force units);
fc(z) is the unit skin friction in compression, which is a function of depth, geometry and soil condi-
tions (in stress units);
ft(2) is the unit skin friction in tension, which is a function of depth, geometry and soil conditions
(in stress units);
z is the depth below the original seafloor (m);
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q is the unit end bearing at the pile tip (in stress units);

D s the pile outside diameter (m);

Apile is the gross end area of the pile, Apjle = m D2/4 (m2).

Since the friction component, Qf, involves numerical integration, results are sensitive to the depth
increment used, particularly for CPT-based methods. As guidance, depth increments for CPT-based
methods should be in the order of 1/100 of the pile length (or smaller). In any case, the depth increment

should not

exceed 0,2 m (0,5 ft).

The four re
— metho
— metho
— metho
— metho

Method 1
method 2
3 and 4 ar

commended CPT-based methods discussed herein are:

1 1 Simplified ICP-05 (as described in this part of ISO 19901);
] 2 Offshore UWA-05;[A.8-30][A.8-31]

d 3 Fugro-05;[A.8-30][A.8-32] and

d 4 NGI-05.[A-8-30][A.8-33]

s a simplified version of the design method recommended in Reference [A.8-34], whel
s a simplified version of the UWA-05 method applicable to,offshore pipe piles. Method
e summarized in Reference [A.8-30]. Friction and end-bearing contributions should no

eas
S 2,
L be

taken from different methods. A general description of methods<l, 2 and 3 is given hereafter, affter

which deta
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f(7)4

where, in gddition to prior definitions

f@)

qc(2)
o'vo(2)
Da
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ils of the various methods are presented separately.

red as being special cases of the general formulas

R L e [ (2| I

is the unit skin friction,which is a function of depth, geometry and soil conditions
stress units);

is the CPT cone-tipresistance at depth, z (in stress units);
is the effective)vertical stress of the soil at depth, z (in stress units);
is the atmospheric pressure, e.g. p, = 100 kPa;

is the-pile displacement ratio, Ay = Aw/Apile = 1 - (Di/D)? (-), where Ayy is the area of the
of the steel pile, Ay = (m/4)-(D2 - D;j2) (m?2), Dj is the pile inside diameter, Dj = D - 2 WT]

in friction formulae for open-ended steel pipe pile§’for CPT-based methods 1, 2 and 3 cap all

42)

(in

rim

(m),

and WTisthe pi]n wallthickness (m)’

L
Sev

is the embedded length of pile below original seafloor (m);

is the constant volume friction angle at the interface between the soil and the pile wall.

Recommended values for the parameters, g, b, ¢, d, e, u and v, for compression and tension are given in

Table A.3.

Additional recommendations for computing unit friction and end bearing of all four CPT-based methods
are presented in A.8.1.4.2.7.
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Table A.3 — Unit skin friction parameter values for driven open-ended steel piles for methods

1,2and 3
Parameter
Method
a b c d e u v
Method 1:
Compression 0,1 0,2 0,4 1 0 0,023 4 /Ar
[ension 0,1 0,2 0,4 1 0 0,016 4 /Ar
Method 2:
Compression 0 0,3 0,5 0 0,030
[ension 0 0,3 0,5 0 0,022
Method 3:
Compression 0,05 0,45 0,90 0 1 0,043 2 /Ar
[ension 0,15 0,42 0,85 Q 0 0,025 2 /Ar
A.8{1.4.2.2 Method 1
a) |Friction
Reference [A.8-34] presents a comprehensive overview of research work performed it Imperial
College on axial pile design criteria ofopen- and closed-ended piles in clay and sand. [[he design
formulae for unit friction in sand in.this reference include a soil dilatancy term, implying that unit
friction is favourably influenced-by’soil dilatancy. This influence diminishes with increasing pile
diameter. The unit skin friction\f(z) of open-ended pipe piles in method 1, given by Forrhula (A.42)
and the parameter values in Table A.3, are a conservative approximation of the full falculation
in method 1, since dilatancy'is ignored and some parameter values were conservatively rounded
up/down.
The original ‘full’ design formulae in Reference [A.8-34] can be used, particularly for smalll diameter
piles [D < 0,76 m(30 in)], provided that larger resistance factors are considered. See Reference [A.8-
34] and Reference [A.8-47] for a discussion on reliability-based design using the ‘full’ m¢thod 1.
b) [End bearing
The unit end bearing, g, for open-ended pipe piles follows the recommendations of Refefence [A.8-
34| These specify a unit end bearing for plugged piles given by:
D
9=9.av15p|0:5—0,25 log,, > 0,159, 15p (A.43)
s Depr s
where, in addition to the general definitions given in A.8.1.4.2.1,
qc,av,1,5D is the average value of g¢(z) between 1,5 D above the pile tip and 1,5 D below the pile tip.
L+1,5D
9cav,1,5D ~ q. (Z)dZ (3 D) (A.44)
L-1,5D
DcpT is the diameter of the CPT tool, Dcpt = 36 mm for a standard cone with a base area of
1 000 mm?2 (see ISO 19901-8).
© IS0 2016 - All rights reserved 91


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 19901-4:2016(E)

A.8.1.4.2.3 Method 2

a)

b)

92

Reference [A.8-34] specifies that plugged pile end bearing capacity applies, which means that the
unit end bearing, g, acts across the entire pile tip cross-section, provided both of the following
conditions are met:

Di<2 (Dr-0,3) (A.45)

q.(2)
Py

where D, is the relative density of the sand (0 < D, < 1.0)

D, / Depy < 0,083

CPT (A.46)

NOTE Formula (A.45) is the formula given in Reference [A.8-34]. It implies that the maximum pile infside
diametpr for plugged behaviour in method 1 is 1,4 m. However, experience indicates that offshore piles yith
appreclably larger inside diameters can still behave as plugged.

If eithgr of the above conditions is not met, then the pile will behave unplugged and\Formula (Al47)
should| be used for computing the end bearing capacity:

Qp=m[D~-WT) WT. qeyip (Al47)

where(qc tip is the cone resistance at the pile tip.

The full pile end bearing computed using Formula (A.43) for a plugged pile should not be less than
the endl bearing capacity of an unplugged pile computed in accordance with Formula (A.47).

Fricti

Referepnce [A.8-30] summarizes the results of reseéarch work at the University of Western Austrfalia
lopment of axial pile design criteria for-open- and closed-ended piles driven into silica sahds.
The full design method (described in References [A.8-30] and [A.8-31]) for unit friction on pipe
piles ipcludes a term allowing for favounable effects of soil dilatancy (similar to method 1) anﬂ an
empirical term allowing for partial soil plugging during pile driving. The authors of Reference [A.8-
31] redommend for offshore pile d&sign to ignore these two favourable effects (dilatancy and paytial
plugging), resulting in the recommended Formula (A.42) and associated Table A.3 parameter valpes.

The orjginal ‘full’ design fermulae in Reference [A.8-30] can be used, particularly for small diamgter
piles [P < 0,76 m (30 in)}, provided that larger resistance factors are considered. See Reference [jA.8-
30] forja discussion efreliability-based design using method 2.

End bgaring

References A.8-30] and [A.8-31] present design criteria for representative unit end bearing of
pluggeld open-ended pipe piles. Their ‘full’ design method for pipe piles includes an empirical term
allowingfor the favourable effect of partial plugging during pile driving. For offshore pile dedign,
References [A.8-30] and [A.8-31] recommend to ignore this effect, resulting in the recommended
design formulae for plugged piles in method 2:

q = qc,av,1,5D (0,15 + 0,45 Ay) (A.48)

where, again in addition to the general definitions given in A.8.1.4.2.1
qc,av,1,5D is the average value of g¢(z) between 1,5 D above the pile tip and 1,5 D below the pile tip.

L+1,5D

qc,av,l,SD = J‘ qZ (Z) dz (3 D)
L-1,5D
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Since method 2 considers non-plugging under static loading to be exceptional for typic
piles, the method does not provide criteria for unplugged piles. The unit end bearing g

al offshore
calculated

in Formula (A.40) is therefore acting across the entire tip cross-section. The use of qc,av1,5p in

Formula (A.48) is not recommended in sand profiles where the CPT gc values show

significant

variations in the vicinity of the pile tip or when penetration into a founding stratum is less than five
pile diameters. For these situations, Reference [A.8-31] provides guidance on the selection of an

appropriate average g value for use in place of qc,av,1,5D.

A.8.1.4.2.4 Method 3

a)

b)

| P
I ITICUIUIL

Method 3 is a modification of method 1.[A-8-35] The unit friction formulae were, tin
misprinted in References [A.8-32] and [A.8-35] and these references are not to.be usec
However, the correct formulae are presented both by Reference [A.8-30] and by‘Formula
the parameter values in Table A.3. Like the ‘full’ method 1 and the ‘full’ method*2, itisrec
that larger resistance factors are considered when using method 3. See-Reference [A.
discussion on reliability-based design using method 3.

End bearing

ortunately
| in design.
(A.42) and
bmmended
3-36] for a

The basis for the representative unit end bearing on pipe, piles in accordance with njethod 3 is

presented in Reference [A.8-35] and summarized in Reference [A.8-32]. The recommend
the unit end bearing for plugged piles is given by:
c,av,1,5D

0,5
q 0,25
q=8,5p, A
Pa

where, again in addition to the general definitions given in A.8.1.4.2.1,
Gc,av1,5p  is the average value of g¢(z)'bétween 1,5 D above the pile tip and 1,5 D below

Both method 2 and method 3-de not specify unplugged end bearing capacity beca
offshore piles behave in a plugged mode during static loading.[A-8-36] It can be shown tH
behaviour applies if either

— the cumulative thickness of sand layers within a soil plug is in excess of 8, or
— the total end Bearing, Qp, is limited as follows:

L./D
Qp < Qf,i,clay e’

ed value of

(A.49)

the pile tip.

ise typical
at plugged

(A.50)
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where

Qi clay is the representative value of the cumulative skin friction resistance of the clay layers within

the soil plug (in force units);

Lg is the length of the plug in the sand layers (m).

The cumulative frictional capacity of the clay layers within the soil plug, Qf;jclay, can be estimated

using similar procedures as for computing estimated pile friction in clay (see 8.1.3).

Formula (A.50) applies for fully drained behaviour of sand within the pile plug. Criteria for

undrained/partially drained sand plug behaviour are presented in Reference [A.8-37].

For th¢ exceptional case of unplugged end bearing behaviour in fully drained conditions; refere

is madg to References [A.8-36] and [A.8-38] for estimating end bearing capacity.

A.8.1.4.2.§ Method 4

a)

b)

94

Friction

nce

Repregentative unit skin friction values for tension fi(z) and compressien f.(z) for driven open-

ended [steel pipe piles in method 4 are given in Reference [A.8-33].

ft(2) = (z/L) pa Fsig Fpr > 0,100 (2)
fc(2) = 1,3 (2/L) pa Fsig Fpr > 0,10%0 (2)

where] again in addition to the general definitions given in A.8.1.4.2.1

Fsig = (¢vo (2)/pa)02>

Fpr = 2|1 (Dy - 0,1)17

q (z)
D =04xIn c 0,1

r , 0,5
22'(O-VO (Z) pa)
Values|of Dy > 1 should be.accepted and used.

Like fqr the ‘full’ miethods 1, 2 and 3, higher resistance factors should be considered when u

methof 4.

End bdaring

The rgcommended formula for the representative unit end bearing of plugged open-ended s

(A

(A

(A

(A

(A

51)

52)

53)

54)

55)

bing

teel

pipe piles in method 414-8-33]1s:

0’ 7 qc,av,1,5D
q =

2
1+3Dr

(A.56)
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where
Gc,av1,5D 1S the average value of g¢(z) between 1,5 D above the pile tip and 1,5 D below the pile tip;
Dy is the relative density of the sand and is derived as described in Formula (A.55).

Values of Dy > 1 should be accepted and used.

The resistance of non-plugging piles should be computed using a unit end bearing value for the
steel pile rim, qw(z), given by:

A.8

Thd
hor

For
resi
acc

values is given in items a) to d).

a)

qw(Z) = qc(Z) (A.57)

and unit friction, fp(z), between the soil plug and the inner pile wall given by:

fp(2) = 3 fc(2) (A.58)

The lower of the plugged resistance, g, of Formula (A.56) and the unplugged resistance determined

by Formulae (A.57) and (A.58) should be used in design.

1.4.2.6 Parameter value assessment

soil investigation should provide information that is adéquate to capture the spatial
zontally and vertically, of the boundaries and parameter values of all layers.

variability,

any CPT-based method, the computed pile capacity in sand is most sensitive to cone {
stance, qc, followed by tané.y and o'yo. Since an‘dccurate capacity assessment is a fung
iracy of both the model and the parameters,guidance regarding selecting appropriate

enetration
tion of the
parameter

Parameter, q.(2)

Hance with
f 500 mm?2

The CPT should measure q.(z) with-apparatus and procedures that are in general accor
ISO 19901-8. In particular, ISQ 19901-8 prescribes cones with a base area in the range d
to 2 000 mm2 and a penetration rate of 20 mm/s + 5 mm/s.

It should be noted that(the CPT-based design methods were established for cone resistance values,
qc, up to 100 MPa. Caution should be exercised when applying the enclosed methods to fands with
higher resistances-

Continuous
down-hole
resistance
verlapping

A measured, continuous profile of g¢(z) is preferable to an assumed/interpolated dis
profile, butis generally not achievable offshore at large depths below the seafloor with a
CPT appanatus. This is generally due to factors such as limited stroke and/or maximum
being<achieved. When (near) continuous q.(z) profiles are needed, one can consider @
CPT push strokes.

©IS

Withrdiscontinwous-EP T data;ablocked ge{z profitecarbeused;where-thesoitprofite is divided
into layers, in each of which q(z) is assumed to vary linearly with depth. ‘Blocked’ profiles should
be carefully assessed, particularly when they contain maximum q. values at the ends of CPT push
strokes. When the push strokes contain no maximum q.(z) data, a moving window can be used to
determine the average profile (and its standard deviation), through which a straight line can be
fitted. If present, thin layers of weaker material (e.g. silt or clay) need to be modelled conservatively.

For geotechnical investigations where several vertical CPT profiles have been made (e.g. one per
platform leg), it is suggested that at least two approaches be employed: pile capacity should first be
based on the combined averaged q.(z) profile and then based on individual g.(z) profiles. Judgment
is required to select the most appropriate q(z) profile and to determine the associated final axial
capacity.
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b)

d)

96

Parameter, 0'yo(2)

Usually, pore water pressures in sands are hydrostatic and in this case o',¢ equals (y’z), where y’is
the submerged soil unit weight. Offshore sands are generally very dense and often silty. In general,

design y’ values in sands should be based on measured laboratory values (corrected for samp
disturbance effects), which should be compatible with relative density, Dy, estimated from g(z)
maximum and minimum dry unit weight values determined in the laboratory.

Parameter, D,

ling
and

Common practice is to use the relationship for Ticino-Toyura-Hokksund sand between g, and Dy as

propoged by Reference [A.3-39]-

q.(z)
D = 1 In Pa (A
T 296 () 0,46
24,94 pm—
Pa

where

p'm(2) | is the effective mean in situ soil stress at depth z, p'm(z) =(1/3) [0'vo(2) + 2 0'ho(2)], WH
o’no(2) is the effective horizontal in situ stress at depth<z;

Da is the atmospheric pressure, in same units as p'y, (Z):and q¢(2), e.g. pa = 100 kPa.

Ticino|sand is a medium-grained silica sand with no fines. A reasonably comprehensive datak
is available for this sand.[A-8-40] However, D, assessment for method 4 should be in accorda
with Fprmula (A.55). Most g¢(z)-Dy relationships are not valid for silty sands. However, g¢(z) ca
adjusted for such materials to derive a ‘clean sand equivalent normalized cone resistance’ (see
examplle, References [A.8-41] and [A.8-42]).

Paramieter, tandcy

The c¢nstant volume interface friction angle, &¢y, should be measured directly in laboratf
interfdce shear tests. The recommended test method is by ring shear apparatus, but the di
shear box can also be used. Guidance on test procedures is provided in Reference [A.8-34] an
ISO 19p01-8.

If site{specific tests eabnot be performed, the constant volume interface friction angle carn
estimdted as a fumetion of mean effective particle diameter, Dsg, using Reference [A.8-34],
upper [limit of tandey = 0,55 (d¢cv = 28,8°) applies to all methods as shown in Figure A.9. Howd
for mdterials with unusually weak grains or compressible structures this method is not alw
appropriate;;0f particular importance are sands containing calcium carbonate, for which spe
advicel|is-given in A.6.4.

59)
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recommended upper limit tan Ocy = 0,55
mean particle diameter Ds5g (mm)

6CV (0)
is the sand constant volume friction angle at the intefface between the sand and the pile wall

1.4.2.7 Application of CPT-based methods

1.4.2.2 to A.8.1.4.2.5 provide.four methods for computing pile capacity in silica sands

dat

. Iltems a) to g) give guidance on the following aspects of pile design using CPT-based me
axial resistance-displacement behaviour;

application to sgils'other than silica sands;

applicationtopiles with different geometries than typical offshore piles;
effectsof.scour on pile capacity.

t-Z'data for axial shear transfer-displacement response

Figure A.9 — Interface friction angle insand, 6cv, from direct shear interface testsfA.8-34]

using CPT

thods:

b)

No strain softening 1s applicable. However, unlike tor the simplified method given in Formula (A.42),

the peak unit skin frictions in compression and tension at given depths, f:(z) and fi(z), are not
unique and both depend on pile geometry. They depend not only on the pile diameter and wall
thickness, but also on the total pile penetration. An increased pile penetration will decrease these

values at a given depth.

q-z data for end bearing-displacement response

Unit end bearing, g, is assumed to be fully mobilized at a pile tip displacement value of 0,1D. This
displacement is consistent with the manner in which pile loading test data are interpreted.
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<)

d)

f)

98

Application to sands other than siliceous sands

Sands other than siliceous sands include carbonate sands, micaceous sands, glauconitic
sands, volcanic sands, silts and clayey sands. Some cohesionless soils have unusually weak
structures/compressible grains, such as carbonate sands and silts. These generally require special
in situ and /or laboratory tests for selection of an appropriate design method with associated design
parameters. Consideration should be given to using a design method for clays for cases of low
permeability sands and silts. All former methods should be applied cautiously since limited data
are available to support their reliability in these sediments.[A.8-43][A.8-44][A.8-45]

Cone resistance g.(z) in gravel

The mpasured g¢(z) data should not be taken at face value in gravel and appropriate adjustnvliflts
should be made. For example, cone penetration tests made in (coarse) gravels, especially when
particle sizes are in excess of 10 % of the CPT cone diameter, are misleading and ehe” posdible
approdch could be to use the lower bound q¢(z) profile. Alternatively, one can“estimate an
appropriate design q.(z) profile from adjacent sand layers.

End bdaring Qp, in presence of weaker clay layers near pile tip

The q{(z) data used can have a substantial impact on the fully pluggedZunit end bearing g. [The
use of [g¢(z) data averaged between 1,5 D above the pile tip to 1,5 D helow the pile tip level shquld
generdlly be satisfactory, providing q.(z) does not vary significantly. This is not necessarily|the
case when clay layers occur. If significant g.(z) variations occur,then Figure 2.2 of Reference [A.8-
30] should be used to compute a suitable average qc,ay value. Alternatively, end bearing assessnjent
in laydred soils with adjacent weaker layers can be based on lower bound CPT traces as the |pile
base can ‘sense’ the presence of weaker layers for a considerable distance below the tip.

Thin clay layers (less than around 0,1 D thick) are problematic, particularly when CPT data|are
discontinuous vertically and/or not all pile logations have been investigated. Factors td be
considered include the variance of layer thickness and of strength and compression parametfers.
If no djrect data are available, a cautious interpretation should be made based on the engineering
geologly of the surrounding sand soil unit. Offshore piles usually develop only a small percentage of
end bearing under extreme conditions-Hence, capacity and settlement calculations, using a fipite
element model of a pile tip on sand containing weaker layers, should be considered to adequaltely
assess|axial pile response under such conditions.

For thick clay layers, shallow geophysical data can be useful to assess layer thickness and elevatfion.
The recommendation in 8.1(4)is to reduce the end bearing component if the pile tip is within a Zone
up to 43 D from such layefs. If averaging of q.(z) data are applied to this #3 D zone, the combined
effectd can be unduly-cautious and such results should be critically reviewed. Similarly, for Igrge
diameter piles (sayD>'2 m), the reduction method in 8.1.4 should be carefully reviewed.

Near-shore and.onshore piles

In genpral, for near-shore and onshore piles, the assumptions in A.8.1.4.1 and A.8.1.4.2 are|not
necessatily valid and should be checked.

Near-shore and onshore pipe piles can respond unplugged when loaded due to insufficient
mobilization of inner friction. Similarly, dilatancy effects (which are neglected for offshore piles)
can be considered for smaller diameter piles. Scour (especially general scour) can be significant for
near-shore pile foundations. In addition, driven closed-ended instead of open-ended steel piles are
sometimes used.

The original publications of References [A.8-30], [A.8-33], [A.8-34] and [A.8-36] should be consulted
for assumptions made and for further guidance; most of these references include methods to
provide the capacity of unplugged pipe piles and of closed-ended piles.
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Scour

Scour (seabed erosion due to wave and current action) can occur around offshore piles
types of scour are general scour (overall seabed erosion) and local scour (steep-sided

:2016(E)

. Common
scour pits

around single piles or pile groups). There is no generally accepted method to account for scour in
axial capacity for offshore piles. Publications such as Reference [A.8-50] give techniques for scour
depth assessment. In addition, general scour data can be obtained from national authorities.

In lieu of project specific data, A.8.5.6 gives advice on local scour depth.

Scour decreases axial pile capacity in sand. Both friction and end bearing components are usually

dc,f(2) =X qc,0(2)

where

X is the dimensionless scour reduction factor (y = o'g#/6"v0);
o've  isthe final vertical effective stress value, aftersscour (in stress units);

o'vo isthe original vertical effective stress valug; before scour (in stress units).

approach (Reference [A.8-52]) can be used.to determine y from:

1 Z'+2KO,IAZGS><Z'+Z'2

142K, Az + 12!

X

where

Azgs is the general scour depth (m);

’

z is the final depth below seafloor, after general scour, (z' = z - Azgs)(m);

Ko  isthecoefficient of lateral earth pressure at rest, the ratio of the effective horizonta
in sitersoil stresses, Ko = 6'h0(2)/0"vo0(2).

A.8.5-gives a method to reduce the effective stress, o'y, for both general and local scour.

D Skin fricti l end bearing of Lnilesi ]

No additional guidance is offered.

A.8.2 Pile capacity for axial tension

No additional guidance is offered.

A.8.3 Axial pile performance

A.8.

3.1 Static axial behaviour of piles

m ected. This 15 because Scour reduces both gc(z) and o0 y (vertical effective stress). Foxr gxcavations
(i.e. general scour), Reference [A.8-51] recommends that g¢(z) is simply proportional{6-¢'y(z), i.e.:

(A.60)

qcf(z) isthe final reduced CPT cone-tip resistance at depth z, after géneral scour (in strgss units);

qc,0(2) is the original CPT cone-tip resistance at depth z, before‘general scour (in stress pinits);

For large general scour depths and normally:consolidated sands, an alternative and cqnservative

(A.61)

to vertical

An analytical method for determining axial pile performance is provided in Reference [A.8-52]. This
method makes use of t-z curves of local transfer of axial pile shear, ¢, against local pile displacement,
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z, to model the axial support provided by the soil along the side of the pile. An additional Q-z curve is
used to model the tip end bearing, Q, against tip displacement, z. Methods for constructing t-z and Q-z
curves are given in 8.4.

In some circumstances, i.e. for soils that exhibit strain-softening behaviour and/or where the piles are
excessively axially flexible, the actual capacity of the pile can be less than the ultimate capacity given
by Formula (20). In these cases, an explicit consideration of these effects on axial capacity is warranted.

A83.2 C

yclic axial behaviour of piles

A.8.3.2.1

Modelling
cyclic char]
this appro:
Design me
where exp

A.8.3.2.2

Axial actions on piles are developed from a wide variety of operating, stsuctural and environme

sources. Pg
as static ag
ice floes. T
of change
thousand d
tens of cyc

A.8.3.2.3

Detailed c¢nsideration of cyclic effects can besxwarranted when there are unusual limitations on

penetratio
towers) ar¢

Compared

pile axial c
decred

increa

The resulf

Qualification

Cyclic effects explicitly can improve the designer’s insight into the relative importafice of
hcteristics of the actions. On the other hand, extreme care should be exercised in‘apply
ich. Historically, cyclic effects have been taken into account implicitly rather;thdan explic
thods developed and calibrated on an implicit basis generally need extensive modifica
icit algorithms are employed.

Actions

rmanent and variable actions are generally long duration.detions and are often referre
tions. Environmental actions are developed by winds, wayves and currents, earthquakes
hese actions can have both low and high frequency €¢yclic components in which the r
bf actions and action durations are measured in s€conds. Storm and ice can cause sev
ycles of (relatively speaking) low frequency actioiis, while earthquakes can induce sev
es of high frequency actions.[A.8-53]

Cyclic effects

ns or when certain soils, conditiens’related to actions or novel structures (e.g. compl
e involved.

with long-term static actiens, cyclic actions can have the following important influence
hpacity and stiffness:

se capacity and stiffhess due to repeated actions,[A-8-54] or

be capacity andstiffness due to high rates of change of actions.[A-8-55]

diameter,
and the ac
cause acc

ant effect fonr capacity is primarily influenced by the pile properties (stiffness, len
aterial}; the soil characteristics (type, stress history, strain rate and cyclic degradat
ion eharacteristics (numbers and magnitudes of repeated actions). Cyclic actions can
mulatlon of pile dlsplacements and either stlffenmg and strengthenmg or softenmg

the
ring
itly.
[ion

htal
i to
and
htes
eral
pral

pile
ant

e On

by the actions in the soil. For earthquakes the free-field ground motions (independent of the presence
of the piles and structure) can develop important cyclic straining effects in the soils; these effects can
influence pile capacity and stiffness.

Additional guidance on the effect of cyclic actions on pile axial capacity and stiffness can be found in
References [A.8-53] to [A.8-58].

A.8.3.2.4 Analytical models

A variety of analytical models have been developed and applied to determine the cyclic axial behaviour
of piles. These models can be grouped into two general categories, discrete element models and
continuum models.
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A.8.3.2.4.1 Discrete element models

The soil around the pile is idealized as a series of uncoupled ‘springs’ or elements attached between
the pile and the far field soil (usually assumed rigid). The material behaviour of these elements can
vary from linearly elastic to nonlinear, hysteretic and rate dependent. The soil elements are commonly
referred to as t-z (friction resistance-displacement) and Q-z (tip resistance-displacement) elements,
see Reference [A.8-59] to [A.8-61]. Linear or nonlinear dashpots (velocity dependent resistances) can
be placed in parallel and in series with the discrete elements to model radiation damping and rate of
change of loading effects.[A-8-62] The pile can also be modelled as a series of discrete elements, e.g. rigid
masses interconnected by springs, or modelled as a continuous rod, either linear or nonlinear. In these

models material properties (cnil and pilp) canvarv nlnng the pi]p

A.8]3.2.4.2 Continuum models

The soil around the pile is idealized as a continuum attached continuously to the*pile. The material
behfaviour can incorporate virtually any reasonable stress-strain rules the “analyst dan devise.

Dep
the
pro

Thd
cha

Ond

ending on the degree of nonlinearity and heterogeneity, this model can be quite complicz
pile is typically modelled as a continuous rod, either linear or nonlinear.’In these modsg
perties can vary in any direction.[A.8-63][A.8-64]

re is a wide range of assumptions that can be used regarding boundary condition

e the idealized model is established and the relevant formulae are developed, then

tec

nique should be selected. For simple models, a closed-form analytical approach is

ted. Again,
Is material

s, solution

Facteristics, etc., which lead to an unlimited number of variations for either of the two agproaches.

a solution
sometimes

numerical
1es are the
o both the
models are
bpecialized

poskible. Otherwise, a numerical procedure should be used. In some cases, a combination of
and| analytical approaches is helpful. The most frequently used numerical solution techniq
finite difference method and the finite element method. Either approach can be applied t
dis¢rete element and continuum element models,Discrete element and continuum element
occpsionally combined.[A-8-53][A.8-60] Classical finite element models have been used for
anallyses of piles subjected to monotonic axial actions.[A-8-63]

evaluation
to develop

rmation on pile accumulated displacements and on pile capacity following high intepsity cyclic
ons.[A.8-60][A.8-61]

For|[practical reasons, discrete elementiodels, solved numerically, have seen the most use in
of piles subjected to high intensity/cyclic action. Results from these models are used
infd
acti

Ela;
pro
or I
like
line

tic continuum models-solved analytically (similar to those used in machine vibration anaflyses) have
ven to be useful forsevaluations of piles subjected to low intensity, high frequency cycli¢ actions at
elow design working levels.[A-8-63][A.8-64] At higher intensity actions, where material bghaviour is
ly to be nonlinear, the continuum model solved analytically can still be used by employinglequivalent
ar properties.that approximate the nonlinear, hysteretic effects.[A.8-65]

A.8|3.2.5.Soil characterization

A Reyopart of developing realistic analytical models to evaluate cyclic effects on pjles is the
characterization of soil-pile interaction behaviour. High quality in situ, lTaboratory and model-prototype
pile loading tests are essential in such characterizations. In developing (soil) characterizations relevant
for soil-pile interaction, it is important that pile installation and relevant conditions of the actions on a
pile be integrated into the testing programmes.[A.8-53][A.8-61]

In situ tests (e.g. vane shear, cone penetrometer, Ball or T-bar penetrometer, pressuremeter) can
provide important insights into in-place soil behaviour and stress-strain properties.[A.8-42][A.8-66] Both
low and high amplitude stress-strain properties can be developed. Long-term (static, creep), short-term
(dynamic, impulsive) and cyclic (repeated) actions sometimes can be simulated with in situ testing
equipment.

Laboratory tests on representative soil samples permit a wide variety of stress-strain conditions to be
simulated and evaluated.[A-8-67] Soil samples can be modified to simulate pile installation effects (e.g.
remoulding and reconsolidating to estimated in situ stresses). The samples can be subjected to different
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boundary conditions (triaxial, simple-shear, interface shear) and to different levels of sustained and
cyclic shear time histories to simulate in-place conditions of applied actions.

Tests on model and prototype piles are another important source of data for developing soil
characterizations for cyclic analyses. Model piles can be highly instrumented and repeated tests can
be performed in soils and for a variety of actions.[A.8-61][A.8-68] Geometrical scale, time scale and other
modelling effects should be carefully considered in applying results from model tests to analyses of
prototype behaviour.

Data from loading tests on prototype piles are useful for calibrating analytical models.[A-8-69][A.8-70]
[A.8-71][A.8-72] Such tests, even if not highly instrumented, can provide data to guide development of

analytical
analytical
pile loadin,
provide an
actions.

A.8.3.2.6

A.8.3.2.6.1

The action
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models. These tests can also provide data for verifying results of soil characterizations
models, as shown in References [A.8-53], [A.8-61], [A.8-62], [A.8-73] and [A.8-74]. Pxotot]
b tests coupled with in situ and laboratory soil testing and realistic analytical models
essential framework for making realistic evaluations of the responses of piles to«cyclic a

Analysis procedure

Actions

5 on the pile head should be characterized in terms of their magnitudes, durations, sequg
rs of cycles. This includes both long-term actions and shortterm cyclic actions. Typically,
ic and cyclic actions expected during a design event are chosen.

Pile properties

is will require an initial estimate of the pile¢’penetration that is appropriate for the de
pirical, pseudo-static methods based on pile loading tests or soil tests can be used to m
htes.

Soil properties

nalytical approaches willtequire different soil parameters. For the continuum model,
damping properties of the-soil are required. In the discrete element model, soil resistar
nt relationships along,the pile shaft (t-z) and at its tip (Q-z) should be determined. In
tory soil tests andanodel and prototype pile loading tests can provide a basis for s
ions. These tests-should at least implicitly include the effects of pile installation, type
 time scales..In)addition, the test should be performed so as to provide insight regarc
of the characteristics of the actions on the pile. Most importantly, the soil behav
tics shodld'be appropriate for the analytical model(s) used, duly recognizing the empir
bse models.

A.8.3.2.6.4

and
ype
can
xial

nce
the

ties of the pile including its diameter, wall thickness, stiffness, weight and length should be

bign
ake

the
ce-
situ
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ical

Cyclic analyses

Analyses should be performed to determine the response (resistance and displacement) characteristics
of the pile subjected to its design static and cyclic actions. Recognizing the inherent uncertainties in
evaluations of pile actions and soil-pile behaviour, parametric analyses should be performed to evaluate
the sensitivity of the pile response to these uncertainties. The analytical results should develop realistic
predictions of pile resistance and accumulated displacements for design actions. In addition, following
the simulation of static and cyclic design actions, the pile should be further analysed so as to estimate
its reserve capacity.

A.8.3.2.7 Performance requirements

A primary objective of these analyses is to ensure that the pile and its penetration are adequate to meet
the structure’s requirements.
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The pile performance for explicit cyclic analyses should be evaluated separately. The pile should have
a capacity that provides an adequate margin of reserve above the design actions. In addition, the pile
should not settle or pull-out, nor accumulate displacements to the extent that could constitute failure of

the

A.8.

structure-foundation system.

3.3 Overall axial behaviour of piles

No additional guidance is offered.

A.8

A.8

Thd
bas
des

The

displacements which are important for serviceability limit states, especially in non-extreme

for
bel
she

modlels can be employed to investigate axial pile displacements under service limit state

HoV
equ
ulti

In spme circumstances, e.g. for soils that exhibit strain-softening behaviour or where long
axiglly flexible, the axial capacity of the pile shiould be derived explicitly accounting for the
degjradation of the unit skin friction at large-strain.

A.8/4.2 End bearing resistance-displacement Q-z curves

No pdditional guidance is offered.

A.8.5 Soil reaction for piles under lateral actions

A.8{5.1 General

Gerjerally, underlateral actions, clay soils behave as a plastic material which makes it
to relate pile-soil deformation to soil resistance. To facilitate this procedure, lateral soil 1
displacement p-y curves should be constructed using stress-strain data from laboratory sa

4 Soil reaction for piles under axial compression

4.1 Axial shear transfer t-z curves

oretical curves can be constructed in accordance with Reference [A.8-3]. Emipitical
bd on the results of model- and full-scale pile loading tests can follow the precedures fqg
Cribed in Reference [A.8-4].

representative pile capacity model in 8.1.2 does not provide any information abou

actions due to permanent, variable and operating environmental-actions that are gen
pw the design actions. In cases where the representative axial eapacity of 8.1.2 is adopte
hr transfer characteristics between pile and soil can be derived as described in 8.4 and

vever, using the axial shear transfer data derived using methods as presented in 8.4 (in
ating tmax with f(z) in cohesive soils) will not prediice the representative axial capa
mate loading conditions.

t-z curves
r clay soils

axial pile
conditions
erally well
d, the axial
analytical
conditions.
particular,
city under

iles can be
post-peak

necessary
esistance-
il samples.

The ordinate for these curves is soil resistance, p, and the abscissa is pile wall displacement, y. By

iterptive procedures, a compatible set of lateral resistance-displacement values for the pile-
can|be“developed.

boil system

For a more detailed study of the construction of p-y curves, see Reference [A.8-75] for soft clay,
References [A.8-76] and [A.8-77] for structured and relatively unstructured stiff clays, Reference [A.8-

78]

A.8

for sand, and Reference [A.8-79] for layered soils.

.5.2 Lateral capacity for soft clay

No additional guidance is offered.

A.8

.5.3 Lateral soil resistance-displacement p-y curves for soft clay

No additional guidance is offered.
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A.8.5.4 Lateral capacity for stiff clay

No additional guidance is offered.

A.8.5.5 Lateral soil resistance-displacement p-y curves for stiff clay

No additional guidance is offered.

A.8.5.6 Lateral capacity for sand

chore piles, leading to an increase in pile maximum bending stress. Scour is generally

Scour (i.e.
around off

concern fof cohesive soils, but should be considered for cohesionless soils.

In the absg¢nce of project specific data, for an isolated pile a local scour depth equal to 1;5 D and an
overburden reduction depth equal to 6 D may be adopted, D being the pile outside ‘diameter;|see
Figure A.1(.

Reduction |n lateral soil supportis due to two effects:

alowe

- ultimate lateral pressure caused by decreased vertical effective Stress, a'yo(2);

adecr

There is no
suggests o
general sc
linearly w
values, Es,

pased initial modulus of subgrade reaction, Es.

generally accepted method to allow for scour in the p-y carves for offshore piles.

pur reduces the o'yo(z) profile uniformly with depth, whereas local scour reduces o'y
th depth to a certain depth below the base ofthe scour pit. Subgrade modulus reac
ran be computed assuming the general scour eandition only.

Figure ﬁ.lo
he of the methods for evaluating ¢'y,(2) and Es as a funstion of scour depths. In this method,

b(2)

fion

Other methods, based upon local practice, model testing[A.10-14] and /or experience, can be used instgad.
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3
>
AZGS
z
pr
1
1 |original seafloor level Azgs global scour depth
2 |level after general scour Az1s local scour depth (1,5 D typical)
3 |level of local scour Azg  overburden reduction depth (6 D typigal)
4 |pile o'vo  vertical effective stress
5 [no scour case Es initial modulus of subgrade reaction
6 |local scour case zZ depth below original seafloor
7 |Es=KkZ (see Table 4 for k) z final depth below seafloor, after generpl scour
Figure A.10 — p-y lateral support — scour model
A.8]5.7 Lateral soil-résistance-displacement p-y curves for sand
No pdditional gaidance is provided.
A.8.6 Pilegroup behaviour
A.8{6:D General

Routine numerical analysis of pile groups can be divided into two main categories.

The first category, which is computationally the simplest, uses algebraic expressions to define the
elastic single pile resistance to general (axial, lateral and torsional) actions.[A-8-80] The group resistance
is determined by modifying the single pile expressions to account for elastic pile-soil-pile interaction.

The second analysis category, which is normally performed for offshore pile groups, is more rigorous.
Methods are usually hybrid, employing a mixture of discrete p-y curves (Winkler approach) and
continuum soil behaviour, first described in Reference [A.8-9] for lateral analysis. Since then, numerous
programs have been developed worldwide for general types of action. Typically, the nonlinear single
pile resistances to general actions are computed using axial t-z and lateral p-y curves and combined
with elastic interaction expressions similar to the first category. The resulting formula are solved for
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various pile head fixity conditions and/or pile cap restraint to determine the nonlinear group resistance
and individual pile forces and moments, plus the so-called ‘z- and y-modifiers’.

For more d

etailed discussions, see References [A.8-80] and [A.8-81].

A.8.6.2 Axial behaviour

In general, group effects depend considerably on pile group geometry and penetrations and thickness
of any bearing stratum underneath the pile tips.[A-8-80][A.8-81]

ataral XL

A.8.6.3

Experiencqg confirms that the available tools for analysis of pile groups subjected to laterahact
provide approximate answers that sometimes deviate significantly from observed .‘behavi
with regard to displacement calculations. Also, limitations in soil investigatiopyprocedyres

particularl
and in the
regarding
pile group
properties
the uncert
decisions 1
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required tq
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In order tg
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scenarios,

A

L 3
tCldl UlIliiavivul

ability to predict soil-pile interaction behaviour for a single pile produce uncerta
proper soil input to group analyses. Therefore, multiple analyses should-be performed
b using two or more methods of analysis and upper-bound and lowerthound values of
in the analyses. By performing such analyses, the designer will obtain an appreciation

egarding the structural design of the foundation and structure elements.

installation assessment

neral

studies are carried out in accordance with the principles given in 9.2 and A.9.2 in ord¢g
ype of hammer necessary to reach the targefdesign pile penetration. The design penetra
les should not be determined upon any correlation of pile capacity with the number of bl
drive the pile a certain distance into the’seabed.

ammers can be considered for installing well conductors, or piles which are predomina
horizontal actions, such as reaetion piles for start-up of pipelines or anchor piles. They

as complementary tools toyympact hammers, i.e. for initial driving.[A-9-1]

minimize delays in“installation, a pile acceptance procedure should be established.
should outline thé-measures to be taken on location for adjusting planned pile driy
in case of, for ekample, premature pile driving refusal or a significantly lower blow cc

than anticipated at desigh.target pile penetration.

A.9.2 Drjvability studies

Referenceq [A«9-2] to [A.9-21] provide relevant information on drivability analyses and the parame
used in thegseanalyses.

d where extraction and repositioning can be required. Vibratory hammers can furthef
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A.9.3 Obtaining required pile penetration

No additional guidance is offered.

A.9.4 Driven pile refusal

The following are two examples of driven refusal criteria.

a) Insoftsoils, pile driving refusal for a properly operating hammer is defined as the point where pile
driving resistance exceeds either 1 000 blows/m (330 blows/ft) for a consecutive 1,5 m (5 ft) of
penetration, or 800 blows for 300 mm (1 ft) of penetration. This definition applies when the weight
of the pile does not exceed four times the weight of the hammer ram. If the pile weight exceeds this,
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the above blow counts are increased proportionally, but in no case should they exceed
for 150 mm (6 in) of penetration.

800 blows

In hard clays and dense sands, pile driving refusal can be defined as the point where driving

resistance exceeds one of the following criteria:

in continuous driving, a minimum of 125 blows/250 mm (165 blows/ft) over 6 c
intervals of 250 mm, or aminimum of 200 blows/250 mm over 2 consecutive intervals

L1 VAo Nnila)

onsecutive
of 250 mm;

in the last interval of 250 mm at the end of driving, 325 blows/250 mm (400 blows/ft);

nsecutive

Ins
cen
the
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pils where hard driving conditions are anticipated, such as in the presence of boulders ¢
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intervals of 250 mm.

ented layers, the definition of pile refusal criteria cannot be based solely on a blew count
potentially high local driving stresses induced in the pile should also be taken into ac
ss level in the pile steel can be calculated from wave formula analyses, aind can be estiy
stress measurements from pile instrumentation. An example of refusal criteria for pilg
ngly cemented carbonate soils is given in References [A.9-22] and [A.9:23].

potential consequences of hard driving conditions in strong ¢emented layers (i.e. dan
hammer or structure) are highly dependent on the hammer_type and size, on the pile wa
W T ratio, presence of a driving shoe), and on possible defects‘and irregularities in the pi
as on the soil conditions (in particular, strength and thiekness of the rock layer, and soil
rock formation). Moreover, the reflected stress level (ratio of the maximum reflected st
al peak stress), as measured from pile instrumentation at the pile head, only gives an
average stress in the pile wall; more severe stresses can be experienced locally at the pile
ring. Therefore, the definition of driven pile refusal criteria in cemented soils should pr
ed on local piling experience at the site. Corfelation charts, similar to the one proposed
be developed as an aid in deciding whether pile driving through a cemented layer can be
[ drilling of the rock below the pile tip isHecessary.

.5 Driven pile refusal measures

hdditional guidance is offered:

.6 Selection of pile hammer and stresses during driving

designer should be’aware that pile buckling and pile refusal incidents in very dense
h associated with the use of external chamfers at the pile tip. Although factors other that

kling and/orrefusal.

.7 Use of hydraulic hammers

r of strong
value, and
count. The
hated from
driving in

nage of the
1 thickness
e shape, as
Ly pe below
ress to the
bstimate of
tip during
bferably be
in [A.9-13],
attempted,

tands have
1 the shape

he pile tip contribute to buckling, the use of an external chamfer can increase the p¢tential for

No

dditional guidance is offered

A9

.8 Drilled and grouted piles

No additional guidance is offered.

A9

.9 Belled piles

In general, drilling of bells for belled piles should employ only reverse circulation methods. Drilling
mud should be used where necessary to prevent caving and sloughing. The expander or under-reaming
tool used should have a positive indicating device to verify that the tool has opened to the full width
required. The shape of the bottom surface of the bell should be concave upward (sides higher than the
centre) to facilitate later filling of the bell with tremie concrete.
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To aid in concrete placement, longitudinal bars and spiral steel reinforcements should be well spaced.
Reinforcing steel can be bundled or grouped to provide larger openings for the flow of concrete. Special
care should be taken to prevent undue congestion at the throat between the pile and the bell, where
such congestion can trap laitance. Reinforcing steel cages or structural members should extend far
enough into the pile for an adequate transfer of forces to be developed.

Concrete should be placed as for tremie concrete, with the concrete being ejected from the lower end
of a pipe at the bottom of the bell, always discharging into fresh concrete. Concrete with aggregates
of 10 mm (3/8 in) and less in size can be placed by direct pumping. Because of the long drop down
along the pile and the p0551b111ty ofa vacuum formmg with subsequent clogglng, an air vent should be
provided inthe e

above the dlesign concrete level equal to 5 % of the total volume of concrete, placed so as to displace all
laitance abjove the design level. Suitable means should be provided to indicate the level of the concfete
in the pile.[Concrete placement in the bell and adjoining section of the pile should be @s‘continuoug as
possible.

A.9.10 Grputing pile-to-sleeve connections

The equipment should have sufficient capacity to achieve the grout filling in a single continfous
operation. |Grouting should not commence unless there are sufficient/naterials available, including a
contingendy, to complete the task. Grout slurry stored in a holding tank'should be continuously stifred
and should not be held for more than 30 min prior to pumping. In\Case of rapid hardening mixes,|the
storage dufration in a holding tank should be reduced to less than*30 min. Further details concerping
quality corntrol as well as requirements for conducting grout trials can be found in ISO 19902:2007, 19.6,
which addjfesses cement grout for connections and repairs;

the complgte grouting system to both remove any -deleterious matter and to prove its functionality.
A pressurd test can be appropriate for closed sysfems. The annulus should then be carefully filled by
maintainirlg a continuous grout flow through the-lowest practical point.

Prior to grouting and after activating any sealing .devVices, dyed water should be flushed thr;ﬁjgh
i

Grout returns to allow surface sampling\are preferable. If these are provided, grout samples| for
strength cpmpliance testing can be taken from the returns in addition to the slurry specific grayity
measurements. If surface returns @xe not provided, visual inspection to confirm that grout [has
completely| filled the annulus should be performed immediately after cessation of grout pumping and
again afterfinitial grout set, typically 12 hours.

A.9.11 Pile installation.data

No additional guidanece is offered.

A.9.12 Installation of conductors and shallow well drilling

In case of driving pre-curved conductors, special attention should be paid to the stresses genergted
into the conductor and the structure.[A.7-24]

In soft cohesive soils that are generally encountered in deep water, an alternative technique similar to
wash boring, called ‘jetting’, is often used for installing conductors. Insufficient short-term skin friction
capacity and excessive settlement can result from a poorly controlled jetting procedure. Additional
guidance is provided in References [A.9-25] and [A.9-26].
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A.10Soil-structure interaction for auxiliary subsea structures, risers and
flowlines

A.10.1 General

This Clause sets out criteria and recommendations for the design of foundations for subsea structures
and for the soil-risers or soil-flowlines interactions as part of a subsea production system. It provides
design criteria and methods for soil-risers and soil-flowlines or pipelines interactions that are not
addressed in other International Standards from the ISO 13623, ISO 13628 or ISO 19900- series. Other
methods, based upon local practice and/or experience, can be used with specialist geotechnical advice
and[Sound engineering judgment.

ctures and
r sites (i.e.
01 may be

The following sections address geotechnical design issues for foundations of subsed stru
for the soil-risers or soil-flowlines interactions in soft cohesive soils typical of deep/wate
with water depth typically >300 m). The design principles outlined in this part of ISO 199
applicable to cohesive soils without any limitation in water depth.

A.1|0.2 Geotechnical investigation

The scope of the geotechnical investigation should anticipate the ‘tequirements for opti
and| code compliance. It should include some combination of sampling and in situ testing
to genetrations as shallow as 2 m to 3 m for flowlines and steekeatenary risers and as deep

40 m for riser towers and top tension risers. Example geotechnical investigation techniques

mal design
techniques
as 30 m to
include:

drilled soil borings with downhole soil sampling and i situ testing;
continuous penetration tests, e.g. cone penetratiof’(CPTU), T-bar or ball tests;

large-diameter piston drop cores or push samples (core barrel length up to 20 m to 30 n);

Det

In

gravity drop cores (core barrel length yp to 5 m to 10 m) and box cores (for top 0,5 m of
hils about equipment and procedures for marine soil investigations are provided in ISO 1

q

iddition to identification tests (i.e. bulk density, Atterberg limits, moisture content,

ediments).
9901-8.

grain size

dist
und
and
san
con|
fall

ribution, specific gravity,.and carbonate content), accurate determination of an gppropriate
isturbed undrained sheat strength profile is fundamental to the geotechnical design df flowlines
risers. The only laboratory strength tests that can be performed on near-seafloor, very spft clay soil
ples are motorized.laboratory miniature vane, hand-operated device such as the torvape, and fall
e, In addition, the'remolded shear strength should also be measured using the miniaturfe vane and
cone to evaluate soil sensitivity.

Dep y tests can

alsd

ending on‘the intended application, pH, thermal conductivity and electrical resistivit
be performed to assess the insulating and corrosive properties of the soil.

An |undefstanding of in situ overconsolidation ratio (OCR) and expected dilatant or dontractant
behfaviour of the soil when sheared can prove useful for the design of flowlines. An understarnding of the
remolded strength conditions of the soil near the seafloor can also be useful for better understanding
the soil response.

Finalization of the site characterization may require the integration of the geotechnical data, geological
study and the shallow high-resolution data, depending on the uniformity of geologic units and soil
conditions. Such an integrated study can develop maps showing the areal extent of different soil or
geologic units and isopach maps showing the depth below seafloor for different soil or seismic horizons
and the thickness of different soil or geologic units. The results of the integrated study can be used
to assess restraints imposed on flowline and riser design by seafloor features, geohazards, and soil
conditions.
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A.10.3 Foundations for manifolds and subsea production structures

Foundation configurations that can be utilized include mudmats without or with skirts, driven piles,
suction piles, conductors or combinations of these. For well-supporting structures, a foundation system
based on support/anchoring on the well conductors housings can also be considered.

As part of the design and selection criteria, it is important to evaluate subsurface obstacles such as
boulders or concretions. Possibility of erosion/washout due to drilling should be accounted for in the
design, particularly if the distance between the foundation and the well is short and the soil conditions
are sensitive to erosion/washout.

hnd
fion

and 1nstallation of shallow foundations with or without skirts is addressed in Clause-/
pecific design cases to be considered for the foundations of manifolds or subsea produc
can comprise:

The design
A.7. More s
structures

action
betwe

5 from the tie-in flowlines, spool-pieces, pipelines and umbilicals, with possible coup
bn vertical and horizontal actions;

ling

impact of heat from produced hydrocarbons, particularly if gas hydrates are present;

install

htion tolerances and actions possibly due to re-positioning or levelling (if required).

nto
the

Contingeng
the seabed
skirt comp|

y methods should be established for situations where the foundation fails to penetrate
Contingency solutions can be to add weight to assist penetration or to fill grouting into|
artment.

Generally, subsea systems require equipment (templates, manifolds, etc.) to be reasonably level in their
final position for proper interface and mating of the various@womponents and subsystems. Depending
on the fouphdation method, levelling of the structure can be achieved by use of jacks or by pumping

water in/o
A.10.4 Ge

A104.1 G

The geoted
(SCRs)int

it of the skirt compartments.
ptechnical design for steel catenaryrisers

eneral

hnical properties of the seabed can influence the design conditions for steel catenary ri
Vo aspects:

bECI'S

an ulti

mate limit state associated with excessive bending and tensile stresses in the riser wall; pnd

— afatig
in ben

1e limit state associated with cumulative damage to the riser from motion-induced char
ling stress inthe region of the touchdown point.

ges

In an SCR,
seabed stif
essentially|

the
ave

the maximum static curvature occurs within the suspended part of the catenary and
fness hasva negligible effect on the maximum curvature. Thus, the seabed properties Hi
nodnfluence on the maximum static in-plane bending stresses within the riser. Howdver,
the seabed properties have a significant influence on the shear force in the riser, and hence changes
in bending-monrentdue-toenvironmentaty-imducedmotionsof the riser—Theseabedproperttesthus
affect fatigue calculations.

In addition, the seabed properties will affect local out-of-plane curvature of the riser during extreme
environmental events or large transverse or out-of-plane motions, particularly where the riser
has become partially embedded within the touchdown zone. They can also affect transient bending
moments induced during any position changes of the floating facility from which they are suspended.

A.10.4.2 Design for ultimate limit state

An ultimate limit state can arise under extreme environmental events that cause out-of-plane motion,
particularly when the riser becomes embedded or lies within a trench, thus giving rise to high lateral
soil resistance and locally high curvature of the riser. Specialist geotechnical advice should be sought to
quantify the lateral soil resistance which will usually exceed normal frictional resistance for pipelines
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lying on the seafloor (see A.10.7). During out-of-plane motion the riser will encounter resistance from
the sides of any trench that has formed or from soil berms lying to either side of the riser.

A.10.4.3 Design for fatigue

The stress ranges used in the fatigue analysis of SCRs are calculated from the changes in riser stress
caused by first- and second-order motions. Within the touchdown zone these motions can be simplified
to moving the touchdown point (TDP) in-line with the riser and assessing the resulting changes in
bending moment. A sketch of the change in maximum pipeline stresses arising from bending moments
in the touchdown zone due to example riser motions with both high and low values of soil stiffness is

h 3 I A 11 (1 A 11 L s s o)
S G vIiI Il 1 xsul Cii.1 1 \l ISUICT 1.1 1 SITUVVO olI'TooLS, 1TUL lllUlllCllLD}-

41

Key]

1 |simulated riser motion

2 |riser

3 |seafloor

4 |stress envelopes along the riser length, near the TDP
5 |Aoc - stiff soil

6 |Ao - soft soil

Figure A.11 — Example stress changes for fatigue calculations[A.10-1]

The cyclic stress range in.the touchdown zone depends on the rate of change of the bendihg moment
and, thus, the shear force~Analysis shows that the maximum shear force varies approximatgly linearly
with the logarithmof\the soil stiffness. Fatigue laws follow a power law relationship, with damage
proportional to atigh power (typically about five) of the cyclic stress amplitude.[A-10-2] Evenp relatively
minor differencesin the shear force can therefore have a significant effect on the estimated fatigue life,
and hence theyionlinear response of the soil needs to be considered.

Either simall or large waves can dominate the fatigue damage in the touchdown zone. THe majority
of fptigue damage can occur from either large waves (not necessarily the most extreme) with low

ro Aty of accireanen o o e st e £ o all Aoy 0 Aoy vazaunc
o Ey- 06 ccH T e Ree- oottt B SO oR S H o Scraay—+t0—6tay—wWaves:

A.10.4.4 Seabed-riser response in vertical plane

A.10.4.4.1 Background

Riser interaction with the seabed involves complex nonlinear processes including plastic penetration
during initial touchdown, softening during cycles of upward and downward motion and potential
suction-induced tensile resistance prior to breakaway. In most cases, design is undertaken using
simplified models where the riser-soil interaction is idealized by a series of linear springs with zero
tension capacity distributed along the riser throughout the touchdown zone. Ideally, the choice of
spring stiffness should consider the amplitude of vertical displacement and other effects such as the
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cyclic motion of the riser. While the soil response will also be affected by out-of-plane motion of the
riser, the discussion here is restricted to vertical stiffness of the seabed.

Reference [A.10-3] gives the conceptual description of the seabed resistance shown in Figure A.12 for a
robust action cycle involving soil-riser separation. Following initial riser penetration into the seabed,
unloading occurs as the pipe is uplifted. The soil response in the early stages of uplift is much stiffer
than that under conditions of virgin penetration as shown in the ‘unloading’ curve in Figure A.12.
With continued uplift the net resistance force goes into tension (‘pipe-soil suction’ in Figure A.12)
until maximum uplift resistance of the soil is reached and the pipe begins to detach from the soil.
Uplift resistance decreases until the pipe completely detaches from the soil. Upon re-penetration the
pipe come i i il, wi - i i i i the
unloading ptiffness. Upon completion of a full action cycle, the action path does not return to thednjtial

point of departure from the backbone curve; rather the pipe penetrates a small additional depth |nto
the soil.

NOTE he uplift resistance is referred to here as ‘suction’ although, strictly speaking, under submefged
conditions pore pressures normally remain positive. For consistency with much of the published literature| the
term ‘suctidn’ is retained, understanding that it refers to a net upward force acting on the,seabed.
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1  backbohe penetration curve
2 penetrdtion curve
3 unloading curve
4  pipe-sdjil suction€urve
5 re-pendtration eurve after breakout
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X  soil reststaneeG{perunittensthy
Y penetration, z

Figure A.12 — Conceptual diagram of seabed stiffness[A-10-3]

A.10.4.4.2 Plastic penetration resistance

The backbone penetration curve in Figure A.12 can be estimated by considering the seabed strength
profile and an appropriate bearing capacity factor for a given penetration. For conditions where the soil
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strength profile increases approximately linearly with depth, the limiting penetration resistance per
unit length of pipe can be expressed as shown by Formula (A.62):[A.10-4]

b
z
Q,=N._,D~= a[BJ s,D

where

sy is the undrained shear strength at the pipe invert;
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D 1s the pipe diameter;
z  is the depth to the pipe invert;

N¢ is abearing factor defining the backbone curve during virgin penetration;

b isaparameter fitted to results of finite element analyses, with dnjaverage value of
itional guidance about parameters a and b can be found in Refefence [A.10-5].
wance for buoyancy effects should also be included.

E sy refers to an average shear strength (between thatmeasured in triaxial compression, ex
ble shear) or that deduced from a field penetrometer testsuch as the CPT or the T-bar (see ISO 19

ertain regions of the world, a crust of higher stréngth soil exists in the upper 0,5 m to
strength profile reverts to a linear trend.[A.19-6] The potential for the SCR to punch t
5t and the consequences for fatigue studies.déserve careful consideration.

D.4.4.3 Secant stiffness

soil resistance behaviour depicted in Figure A.12 can be characterized in terms of
ngs having secant stiffness ky supporting the riser pipe; the secant stiffness, ky in the ver

pfined by:

AQ

k =—

V' Az
bre

AQ is the'change in vertical force per unit length of pipe;

Az« 18'the change in vertical displacement.

(A.62)

a isaparameter fitted to results of finite element analyses, with an average value of:tout 6,0;

out 0,25.

tension and
D01-8).

| m, before
hrough the

equivalent
tical plane,

(A.63)

Thé

nonlinaarity of tha vwicar cndl tntaractinn uall laad 0 4 yariation 10 caohad ctiffiac
;;;;;;;;;;;;;; Y Ot e o e T O O T e e T T etV Y i e Tt t OtV o o e r o T o ST o S e Ot T T e O

along the

length of the touchdown zone, which can be estimated based on the soil strength profile, sy(z), and the
predicted trench geometry (i.e. trench depth as a function of distance within the touchdown zone). The
spatial variation in seabed stiffness is also affected by the temporal variability of the actual point of
touchdown.

A hyperbolic model has been proposed for estimating the soil stiffness up to the point at which
maximum suction is mobilized.[A-10-3][A.10-7] The model can be expressed as:
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k

K_

\% fK max

NC

s, [f+K_ .Az/D

where, in addition to previous definitions

(A.

64)

Kmax 1s the maximum value of the normalized secant stiffness on initial unloading or reloading;
f is the asymptotic value of AQ/N.syD at large displacements.
(i.e. f= (Qinitial — Qlimit)/NcsuD, where Qlimit is Qmax for penetration or suction).

NOTE For soft clays, Reference [A.10-3] suggests a value of Kyax of about 250, which is consistent with the
first action ycle of small amplitude laboratory model tests in kaolin.[A.10-8]
A.10.4.4.4|Uplift and breakaway
When the fiser pipe is continuously uplifted, a maximum soil uplift resistance is reached, after which
uplift resistance declines and breakaway of the pipe from the seabed occurs. The resistance of thelsoil
to uplift cdn lead to bending stresses in uplift exceeding those in lay-down. An-contrast, separatiopn of
the pipe frpm the soil tends to relieve bending stresses in the pipe. Accordingly, realistic estimatgs of
the magnifude of maximum suction resistance and the displacement, levels associated with suction
mobilizatign and when breakaway occurs are important to chardcterize soil-riser interacfion
accurately,
Soil resistgnce to uplift of the riser pipe can arise from two mechanisms. The first is the ability of{the
soil to resist suction. The second is the resistance mobilized hy,backfill of soil above the pipe createdl by
processes $uch as deposition or collapse of the side walls of the trench.
The maximpum suction force per unit length of pipe, QsGiax, depends on a number of factors such as|the
effects of cyclic movement, the pipe velocity and thetime over which the uplift resistance is sustaihed.
These can|be expressed through factors applied\to the (compression) bearing capacity as showh in
Formula (A.65).[A.10-3]

Qsmax [~ fchfthSuD (A 65)
where

fc is pdimensionless cyelic factor;

fv is pdimensionlessvelocity factor;

ft is p dimengionless time factor.
Recommerdations for factors f, fy, and f; are given in Reference [A.10-3].
For conditlonsof r‘yr]ir and Fah'gnn ]nadihg’ Reference [A 1(\-'2] recommends the use of a remoullded

strength sy, rather than intact strength sy, in addition to a cyclic reduction factor f;, although it can
be more consistent to use the original intact shear strength as the benchmark, relying on the various
factors to quantify adjustments in estimating Qg max-

Video surveys have shown that risers often cut a trench of significant depth in the seabed, which is
considered further in A.10.4.5. Additional uplift resistance will occur where partial backfilling of the
trench occurs, leaving the pipe embedded. The trench backfill is likely to be a product of mixing with
water as well as remoulding; therefore, its strength is likely to be less than the remoulded strength of
the seabed soil.

For conditions of no trench backfill with uplift resistance being mobilized purely from suction,
Reference [A.10-3] proposed the relationship shown by Formula (A.66) for break-out displacement

114 © IS0 2016 - All rights reserved


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 19901-4:2016(E)

Azp, i.e. the uplift displacement at which the pipe completely detaches from the soil, measured from the
point at which the net force, Q, becomes negative.

Az, =& yC D (A.66)

where
¢ is a dimensionless velocity factor;
\%

is a dimensionless time factor

“

5t

Reference [A.10-3] provides recommendations for the factors {y and ¢ based~en STRIDE and

CARISMA data.

the case of a backfilled trench, general relationships analogous to Formula (A266) have ng
he published literature. However, relationships for uplift-displacement behaviour
eloped on an ad hoc basis for specific sites (e.g. Reference [A.10-9]).

t appeared
have been

For
in {
dev

A.1D.4.4.5 Stiffness adjustment for cyclic loading

s in kaolin,
fontrast to

bested that
[A.10-10]

Cyclic loading is recognized to degrade the soil stiffness. Basedien cyclic model pile-soil test
Ref¢rence [A.10-8] reported values of normalized cyclic stiffness, K, of less than 5, in
monmnotonic K values ranging from around 250 down to 40 at:Az/D = 0,025. Model tests also sug
the stiffness reduces by a factor of 10 to 20 where soil-riser'separation and re-contact occurs.

The will vary
. Table A4
ns for Spar
orrespond

Prse or out-

magnitude of the distance along the pipe over which soil-riser separation occurs
with water depth, riser properties, type of floating facility and environmental conditiong
sunpmarizes typical motions of the riser in the tguchdown region for different storm conditid
plzz{f)orms in the Gulf of Mexico. For typical riser diameters of 0,3 m to 0,4 m, these distances
to about +15 m for day-to-day wave loading-and +25 m for extreme storm conditions. Transv
of-glane vessel motions could lead to thejtrebling of the range of separation.

Table A.4 — Summary of distance and occurrence of SCR TDP motions[A.10-9]

Limit of transver
TDP motions

0,5D
1D
7D

Probability of
occurrence

95 %
2,5%
2,5%

Limit of in-plane be
TDP motions
+43 D
+70D

+200D-260D

Motion

Day-to-day

Extrenie storm

Second<grder vessel motions

On
larg
On

the catenary side of the mean TDP, the relevant soil stiffness can be taken as that asso
e displacements, and hence an order of magnitude lower than the maximum unload-relog
Fhe flowline side of the TDP, the gradual decay in magnitude and frequency of the motic

riated with
d stiffness.
ns suggest

tha

inthe zone hetween day-to-dav and extreme storm conditions in Table A 4 the ’nvpmgé

" operative

value of stiffness should be increased in steps towards the maximum value. Histograms of the vertical
SCR motion can assist in assessing the magnitude and spatial variation in stiffness decay.

In practice, software used for assessing fatigue damage can be limited in the extent to which a spatially
varying seabed stiffness can be implemented. An equivalent effect can be achieved with a suitable
nonlinear model for riser-seabed interaction incorporating a relatively soft backbone curve and higher
unload-reload stiffness, as indicated in Figure A.12. Such nonlinear models are now starting to become
available in commercial software packages for riser design.
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A.10.45 S

A.10.4.5.1

elf-trenching

Process and features

Riser movements at the touchdown zone produce seafloor trenching that affects stress analysis
and fatigue performance of the riser. Trenching is a process of soil scour and ploughing due to riser
responses to global motions of the floating system. The process generally takes a duration of months to
years of cumulative soil displacements to form trenches, but can be accelerated with greater incidence
of environmental events, heave-prone vessels or vortex-induced vibration.

Observati

ns of riser trenches rnpnrhnd hy Reference [A 10-1 1] reveal a ‘I'ypir‘n]’ ]:\rﬂn-chnppd aba

file

that tends
seafloor tag
touchdown
vessel side
shape is prj

Trench din]

— soil co

to be deepest near the nominal touchdown point and gradually slopes up to the nat
wards the flowline. The riser is often buried inside the trench in the region of the'm
point. In plan, trenches are generally shaped as a bell mouth, with the widest portien onl
of the touchdown and progressively narrowing towards the flowline. A generalized tre
pvided in Figure A.13.

lensions for a specific riser depends on several factors, including:

hditions;

— riser dtmensions and configuration (e.g. pipe-in-pipe);

iral
ean
the
nch

— envirohmental conditions;
— time after installation;
— vessel type.
2
—>F
lg———
- - T
F
Key
1  vessel 6 ladle shaped trench profile
2 flowline 7  approx. riser touchdown point (TDP)
3 profile view 8 planview
4  riser 9 centre line
5 seafloor 10 bell mouth shaped trench profile
Figure A.13 — Overview of generalized trench[A-10-11]
A.10.4.5.2 Influence on analysis

The impact of a trenched seafloor on SCR touchdown region fatigue performance is not well defined due
to competing factors related to trench geometry and soil conditions. In contrast, trenching can cause
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large bending stresses in the riser for transverse motions at or near the touchdown. The riser can be
overstressed in cases of abrupt interaction with a trench during extreme environmental events or large
transverse or out-of-plane motions. Also, persistent transverse motions inside a trench by prevailing
environmental conditions, second-order motions and vortex-induced vibration can adversely impact
the fatigue life at or near the riser touchdown.

A.10.4.5.3 Three-dimensional motion

Under extreme conditions, such as for broken mooring lines, transverse or out-of-plane motions of the
vessel or platform can lead to three-dimensional ‘break-out’
from Srprefttreter —Constderatio ot sretre—etv ann: WEEE re-rgminal SCR
toughdown point as the surface vessel translates through large horizontal distances, which can be in
the|range 5 % to 10 % of the water depth. This distance is likely to be larger than thélargest trench
width considered previously. The surface vessel can swing back and drag the riser large distances past
the|original SCR trench, before reaching equilibrium at a position that is not quantifiable |n a failure
scenario like this.

s, it is also
virgin soil
bly change

Under normal (i.e. with intact moorings) operations in major storms and ldrge current even
pospible for the floating support structure to lift an SCR out of its trench)and set it down in
many trench widths away as the surface and subsea environmental conditions build up, poss
dirgction and then ease off.

In €

life
can
bre

A1

A1l

Thd
rise

a)

b)

Thd
off
faci

The
con|

litate drilling operations or when the host temporarily loses stationkeeping capabilities.

ither of the above situations, a new trench can form at the fiew location, which will affect
of the riser. A more critical issue, however, is that the break-out resistance from the orig
result in high localized bending moments and a potential ultimate limit state. The effect

0.5 Geotechnical design for top tension risers

D.5.1 General

design of top tension risers near or below the blow-out preventer (BOP) stack is depen
r (conductor)-soil interaction. Thefollowing two design issues should be considered:

the reaction of the riser atthe ultimate limit state when the host facility has moved a cq
distance from the mean position;

the fatigue that occurs within the riser as a result of repeated cyclic motions with
amplitudes and frequencies.

first problenngccurs during a move-off condition or during environmental loading.
Case can be,an intentional static type of condition that occurs when the host facility i

fatigue problem is governed by cyclic actions that occur throughout the life cycle of

the fatigue
inal trench
of the high

hk-out resistance during three-dimensional motion, of a self-trenched riser should be quantified.

lent on the

nsiderable

a range of

The move-
E moved to

the riser-

daetor system. These actions can occur from:

environmental wave, wind and current actions on the host facility;
vortex induced vibrations (VIV) on the host facility or riser;

environmental actions (wave and current) mostly in the top portion of the riser.

Analyses have shown that peak actions are not the major contributor to the fatigue damage. Rather,
smaller more frequent actions are responsible for most fatigue damage. Therefore, characterization of
the soil response at small amplitude displacements is particularly important for the fatigue problem.
Previous work indicates that the criteria in ISO 19902 can underestimate the soils lateral stiffness,
especially at low amplitude displacements. It is often difficult to assess whether soft or stiffer soil
stiffness estimates are the more conservative. Stiffer estimates suggest that the critical cyclic bending
moments will occur above the seafloor while softer estimates would suggest the opposite.
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Finally, temperature effects will also have an impact on the conductor. Increased temperature can
resultin

— upheaval forces on the conductor,
— changes in the shear strength of the soil around the conductor, or
— dissociation of seafloor hydrates.

The impact of temperature changes on the soil properties along the conductor is likely to be more severe
for axial actions. However, the axial capac1ty is qulte robust due to the length of the conductor and

T 1 1 dd +1
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condition imposed by seawater at the seafloor.

A.10.5.2 Spil response

The respoise of the near seafloor portion of top tension riser-conductors to fatigueloading is highly
dependent|on soils about 15 m to 20 m below the seafloor. The overall challenge of assessing this latpral
response if analogous to that of a laterally loaded pile. Accordingly, lateral soil springs provided for
offshore pilles have often been used to assess the lateral response of a condugter! Despite the appafent
similarities, the following differences exist.

— The so|l springs for piles were originally developed for steel jackets§ubjected to large storm actipns.
As such, the primary intent was to characterize the soil near yield while less attention was paif to
the soill response at smaller displacements.

— The mpximum moments developed in a pile are relatively insensitive to the lateral soil respopse.
Differgnces in the soil springs will tend to change thedocation rather than the magnitude of|the
maxinum moment. Since the wall thickness for offshore piles is usually constant, inaccuracigs in
the p-¥ springs will have a lesser impact. Top tension risers-conductors, however, are assembleld in
sections with connectors. The connectors are critical locations for fatigue.[A.10-47]

— The recommendations from 8.5 and A.8.5 were based on tests with loading applied over a few days
while the loading that cause fatigue are-applied over a much shorter time period.

— The relationship between cyclic bending moment and fatigue life is highly nonlinear so that yith
many ¢ycles fatigue life is highlysensitive to soil stiffness.

A.10.5.3 Development of p-y §prings via finite element analysis

Instead of [relying exclusively 'on the method described in 8.5 for lateral soil resistance-displacenpent
analyses of riser-conductor systems, the p-y springs can alternatively be developed using the fipite
element (FE) methodsThis subclause provides guidelines for this approach.

An importfant aspect of developing p-y springs with the finite element method is developing a
representative soil model for riser-conductor problems. The small strain or initial shear modulys is
an importdrtpart of this soil model. The initial shear modulus, Gpax, can be determined from resojant
column testing on samples taken during the soil investigation (see ISO 19901-8]. Samples should be
taken from depths where the maximum fatigue damage might occur, for example the top 15 m of soil.
The resonant column test results should be adjusted for actual site conditions, for example using the
correlations proposed in Reference [A.10-12].

Values of Gpax obtained from resonant column tests should also be modified to account for:
— the increase in shear modulus that occurs after primary consolidation;

— the reduction in shear modulus due to the lower rate of loading expected for riser-conductor types
of loading, compared to the higher rate in the resonant column tests; and

— cyclicdegradation, with the influence on steel stress and fatigue behaviour being bracketed between
pre- and post-cyclic behaviour of the soil mass.
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The increase per log cycle in time due to secondary consolidation has been estimated as proportional to
the square root of the soil plasticity index.[A-10-12] This increase will be offset in part by the reduction
due to the lower rate of loading which, in absence of site-specific data, can be approximated as a 10 %
reduction in shear modulus per log difference in frequency relative to the resonant column tests.

Alternatively, Reference [A.10-13] presents the following for a normalized shear modulus (Gmax/SuDss)
for normally consolidated clays:

Omax 300
sipss  Ip /100

whére

(A.67)

supss is the undrained shear strength from direct simple shear tests;
Ip is the soil plasticity index.

Gerlerally, values of normalized shear modulus for overconsolidated clays lare lower than tHose for the
norjmally consolidated data.[A-10-13]

Figlire A.14 shows example p-y curves developed with the finitetelement approach compared with
8.53.[A.10-14] Also shown in the figure are centrifuge results fop tésts where the action wag applied in
lesq than one minute. The green and black curves show the direet comparison between the|centrifuge
restilts and finite element model. The blue curve represents®.5.3 recommendations for soft clay.

Additional details for developing p-y curves through nuinerical modelling procedures are described in
Reference [A.10-15].
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Figure A.14 — Comparison between p-y springs measured in centrifuge tests on kaolinite and
computed using the finite element method with 8.5.3[A.10-14]

A.10.5.4 Additional considerations
In addition to soil stiffness at small strains, the soil should also include effects of work hardening. This

work hardening results from either elasto-plastic isotropic hardening of the soil at larger strains, or
kinematic hardening from cyclic loading.
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Figure A.15[A.10-14] presents results that demonstrate this potential impact. This figure shows that
cyclic loading can degrade the soil stiffness. If the static p—y backbone curve is used in the analysis at
the mid-point for the cyclic action, the actual unload-reload secant stiffness (as is used in several riser
fatigue software products) is greater. Therefore, using the tangent stiffness from the backbone curve
can produce conservative results (more fatigue damage) when the critical fatigue point is below the
seafloor. However, if the critical fatigue point is above the seafloor, softer soil springs can result in a
non-conservative solution.

100
(
50
0
0 8 X

Key

X  prototype pile head displacement (in,1in=0,0254m) _==" test 2 - final monotonic push

Y prototype pile head load (kips, 1 kip = 4,448 kN) 2" backbone curve - test 1

— test2-10cycles
— test2-50cycles

Figure A.15 — Expanded view of pilethead displacement versus lateral pile head loading[A-10r14]

A.10.5.5 Summary and recommendations for top tension risers

A summary and recommendations for top tension risers are:

a) Top tension riser=cénductor design should consider both ultimate and fatigue limit state. Becduse
of varipble wallthickness and irregular geometries, the critical bending moment could occur either
above pr below'the seafloor.

b) The p{yceurves specified in 8.5.3 for piles provide a significantly softer response than p-y cugves
developetdvia fimite etenmment amatyses-Advanced soit modets should-beused -based o site=spetific
soils data that captures both small displacement soil behaviour and work hardening from cyclic
loading.

c) Although finite element modelling produces a stiffer soil response, model tests demonstrate cyclic
softening with repeated loading cycles.

d) Whenever the critical fatigue point is below the seafloor, the tangent stiffness from adjusted static
p-y curves based on finite element analyses can be conservative because the tangent stiffness at
the mid-point of cycling can be less than the unload-reload stiffness. If the critical fatigue point is
above the seafloor the p-y curves obtained from 8.5.3 for soft clay can be non-conservative. For
this case the amount of cyclic degradation should be conservatively estimated, i.e. less degradation.
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e) Developing p-y curves with finite element analysis requires expert skills and is time consuming.
If the critical bending moments are below the seafloor, the curves obtained from 8.5.3 for soft clay
can be initially used. If this initial attempt leads to unacceptable failure levels, then the site-specific
data can be used to determine the benefit from increasing soil stiffness.

f) For a drilling riser with heavier lower stacks (BOP), the soft soil (low soil stiffness) can cause the
system natural frequency to move into wave energy zone. So, using stiffer soil (or fixed at seafloor)
does not guarantee the results to be in the conservative side even if the critical fatigue point is
above the seafloor.

A.10.6 Foundation dpcign for riser towers

A.1D.6.1 General

The riser tower concept consists of a free-standing riser assembly, incorporating’several|risers in a
bundle configuration, tensioned from the top by a buoyancy tank and anchered to the sgabed. The
conpection to the surface vessel or platform is generally ensured by flexible)jumpers. A fiser tower
supports axial tension generated by buoyancy and by cyclic wave action, and should be secuyed into the
seabed. A significant part of the tension acts permanently during the life of the development

Thedre are a number of possible foundation options: gravity base,-Suction piles and driver] piles. The
congept selection for the foundation should take into account the soil data, the installation pspects, as
well as the in-place performance. A preliminary conceptualstudy should be performed tq select the
mogt appropriate foundation type.

A.1D.6.2 Actions and resistance factors

A.1D.6.2.1 Actions

Deslign actions should be evaluated for the following conditions:
— |foundation installation and retrieval;

— |normal operating conditions;

— |extreme conditions.

Actjon combinations shquld be selected so as to anticipate the most unfavourable result, forjeach of the
stability mechanisms and deformation analyses performed.

A.1D.6.2.2 Recommended resistance factors

Resjstance factors should be as recommended by API RP 2TI[5] for driven piles and by ISO 19901-7 (and
A.11.5.2)for other anchor types such as suction piles.

NOTE-1) The ISO 19901-7 resistance factors were developed without considering the permanent uplift actions
on s_ﬁ_R_f_m_rUTE]ﬁ_f_ﬁfrrrl_ﬁﬁ‘luc fon piles. Reference [A.10-16] provides information on the potential upliit response under sustained

actions.

API RP 2TI5] does not address the case of gravity actions explicitly. Also, Reference [5] states that “for
axial pile design where the weight of the foundation system is less than approximately 10 % of the
ultimate axial capacity, the underwater weight of the foundation system may be subtracted from the
applied loads in determining the safety factor of the foundations. For other weight-dominated systems,
the foundation system weight should be added to the resistance side of the equation”.

© IS0 2016 - All rights reserved 121


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 19901-4:2016(E)

A.10.6.3 Soil design parameters

High quality in situ measurements and/or soil borings should be obtained to select the soil design
parameters. It is critical to establish whether any high permeability layers are present within or above
the zone of influence for reverse end bearing under sustained loading.

The depth of the geotechnical borings should exceed the foundation depth by at least three anchors
diameters unless a more regional site characterization has shown that there are no major changes in
stratigraphy within that depth. If there are no major changes in stratigraphy, the depth beneath the
anchor tip can be reduced to one anchor diameter. Input of a geotechnical specialist is recommended if
the boring depth is reduced.

The numbér of geotechnical borings should be defined as a function of the soil variability. One\befing
should be |performed at each anchor location when unusually large lateral variability of\the |soil
properties|is expected. The main soil properties and design parameters that are needed are defined in
[SO 19901-8.

A.10.6.4 Design issues

A.10.6.4.1|General principles

The followjing are the general principles that should be considered in assessing the stability of rfiser
tower founfdations.

— Limit dquilibrium methods can generally be used to evaluate the capacity of riser tower foundatipns.
The shear strength used in the analysis should account“for the effects of creep and poterjtial
drainajge under sustained action and cyclic degradation:"The reduction in effective stresses pnd
shear gtrength due to potential drainage can be studiedby finite element analyses.

— Due consideration should be incorporated into the\design regarding displacement and deformation
duringthe life of the foundation. Where displacement and deformation are critical, complex analsis
methofs can be warranted. The displacement analysis should include contributions from undrained
shear ptrains due to application of thessustained action, undrained creep during the susta]iﬁ}-ed
actionf and permanent and cyclic compohents from the wave loading. Displacements due to shear
strain,|volumetric strains and flowtof water through the soil due to potential drainage during|the
sustaifed action should also be considered.

— The arlchors should be installed within specified tolerances of tilt and mis-orientation. The design
analyses should account forthe effect of the tolerance limits.

— Installption should b€ planned so as to ensure the foundation can be properly seated at the intended
site without excessive disturbance to the supporting soil. Where excessive disturbance does odcur,
this shjould be considered in the assessment of foundation capacity.

— Measufes should be taken to avoid erosion and scour of the soil beneath or near the foundation bpse.

I to

ensure that removal can be accomplished with the means available.

A.10.6.4.2 Geotechnical design methodology for the foundation

The design of driven piles and gravity base is covered by the methods described in this part of ISO 19901
and by the recommendations from Reference [5].

The design of suction caissons is covered by the recommendations in A.11.5.2, with more detailed
aspects considered in the literature (e.g. References [A.10-16] to [A.10-26] and Reference [A.11-22]).
The following aspects should be considered:

a) penetration and retrieval;
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b) holding capacity including long-term uplift capacity;

‘)
d)

long-term displacement;
soil reactions to be used for the structural design.

The capacity should be checked both for the permanent action and for the sum of permanent and
cyclic actions. If the cyclic actions (quick/short-term) are small compared to the permanent actions
(sustained/long term), the permanent action condition can be critical because the strength can be
smaller for this condition than for the condition where the cyclic actions are included. The following

should be considered.

The
sho

The undrained shear strength for the permanent action condition should be reduced

should also be considered since this can lead to reduction in effective stresses andiindr4
strengths, and hence reduce the capacity under transient wave loading.[A-10;19In cases

conditions might develop, and the extent to which full base suction (reverse end bearf}
maintained. The possibility of drainage channels between inside_skirt stiffeners, ah
stiffeners and extended skirt wall thicknesses, and along open cracks outside the an
active side of the anchor should be considered. References [A,10:16] and [A.10-28] shd
capacity of a typical suction caisson under sustained loading can be only 70 % of the g
rapid loading.

Drainage and pore pressure redistribution can also infldence the undrained shear stre
for the permanent action due to rate effects.[A.10-2Z]

potential of gapping along the wall above stiffeners or sections with increased wal
hld be evaluated. In cases with ring stiffenérs it is necessary to evaluate the potential

eff
wa

Thd

ct that such gaps can have on the drainage path and on resistance due to lack of contag
should be considered.

wa;ler between ring stiffeners (e.g. References [A.10-18]). If gapping or trapped water is p
|

capacity of suction caissons can-depend on passive under-pressure (i.e. reverse end bez:

inside the caisson. If passive under-pressure is relied upon, proper sealing can be critical, es

the
The
toe
the
des

A1l

An
pro

part of the under-pressure\generated by long period environmental actions such as loo
anchor top can be sealéd,but if the valve seals cannot be guaranteed, consideration shou
ither a back-up cap behind the valves or a monitoring program to ensure the desired int
lifetime of the suction caissons. If proper sealing is not ensured, the suction caissons
gned to resist sustained uplift action without taking passive under-pressure into accoun

D.6.5 Inspection and monitoring

nspection program should be considered as integral part of the foundation design. The
brdm 'should include the use of instrumentation to monitor critical aspects of the

to account

for creep effects (e.g. Reference [A.10-27]). The effect of pore pressure redistribution and swelling

ined shear
where the

permanent/sustained action lasts for months, it is also necessary to cofisider whether drained

ng) can be
ove inside
Chor at the
w that the
apacity for

hgth under

cyclicloading, but the shear strength for the sum of pegmanent and cyclic actions can be higher than

thickness
of trapped
pssible, the
t along the

ring, REB)
pecially for
b currents.
1d be given
Pgrity over

should be
t.

inspection
foundation

per

armance dllring bhoth installation and operation

If at any time during the service life of the structure, the inspection program reveals conditions or
behaviour which are detrimental to the integrity of the foundation or structure, then maintenance or
remedial measures should be carried out as necessary.

A1l

0.7 Geotechnical design for flowlines and pipelines

A.10.7.1 General

Pipeline design should consider ultimate and fatigue limit states related to the stresses in the pipeline
and the movements of the associated end connections including sections which transition into a
catenary riser. The response is influenced by the geotechnical interaction forces between the pipeline
and the seabed as well as other external actions on the pipeline and internal actions within the pipeline.
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Geotechnical advice should be sought to predict the as-laid pipeline embedment and the resulting force-
displacement response in the axial and lateral directions. The most basic forms of axial and lateral
pipe-soil model are linear elastic — perfectly plastic. More sophisticated designs require more complex
pipe-soil models. Either upper or lower bound values of the pipe-soil interaction forces can be critical
for a limit state. Each bound should be assessed as necessary.

A.10.7.2 Actions on pipelines

The actions and motions imposed during laying govern the pipeline embedment and any residual tension
at the start of operation and initial in-service performance Hydrodynamlc loadlng and subsequent

} life

scour and
of the pipe

After instdg
reaction fq
elements ¢
internal ay

pressure and temperature can lead to lateral buckling of the pipeline or the decumulation of a
movement

A pipeline
arise from

A10.7.3 S

A.10.7.3.1

The intera|

of a pipelife by attaching pipe-soil model elements at’intervals along the pipeline. This approag
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llation, the actions imposed on an individual element of pipeline should be balanced
rces from the soil. The actions on the pipeline element arise from adjacent et boung
f the pipeline, a connected steel catenary riser, hydrodynamic or thermal*loading,
|d external pressure. The compressive axial force created by operating-cycles of inte

(pipeline ‘walking’).

can also be susceptible to external loading from debris flows‘and turbidity currents
submarine slides and snag or impact loading from foreign objects.

pil reaction forces

Pipeline-soil interaction models

ction between the pipeline and the seabedsis incorporated into the structural anal

Lo the t-z and p-y action transfer methods of analysing pile response.

imple pipeline design functions, the pipe-soil response is represented by limiting value
eral pipe-soil resistance or bi-linear elastic - perfectly plastic behaviour in the axial
ctions. The pipe-soil resistance istypically expressed as an equivalent friction factor, lin}
b resistance to the effective-pipeline weight. However, the axial and lateral resistances
factors other than the pipeline weight, in particular the embedment. Therefore, a fric
t an intrinsic soil property.

the more complex-effects of interaction, particularly the large displacement behavioy
y to model othef-aspects of the response, including brittle break-out behaviour and cy
th during latéral movement.[A-10-29]

Drainedand undrained soil behaviour

ined cohesive sediments, plpehne laylng is usually an undralned process. Dissipation of]

lay-induce

by
ling
and
rnal
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and
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involve undrained deformatlon although consohdatlon between events can cause dlsturbed 5011 to
regain strength. Axial pipeline movements can be drained or undrained since the relevant drainage
distances are shorter than for lateral movement.

In coarse-grained cohesionless sediments, pipeline installation and operation will generally occur
under fully drained conditions. In a design analysis, the anticipated rates of axial and lateral pipeline
movement should be compared with the relevant rates of soil drainage and consolidation to establish
whether drained or undrained conditions will prevail.
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A.10.7.4 Analysis of pipeline-soil interaction
A.10.7.4.1 Vertical penetration

A.10.7.4.1.1 Lay effects

Observations show that the as-laid pipeline embedment is typically much greater than would be
expected from the static weight alone, due to over-stressing and dynamic motion in the touchdown
zone during laying.[A-10-30] The contact bearing stresses (or vertical force per unit length) between the
pipeline and the soil in the vicinity of the touchdown point exceeds the as-laid self-weight of the pipeline

duefto the catenary shape.

The degree of over-stress is dominated by the bending rigidity of the pipeline, the appare

of

applicable apparent stiffness of the seafloor is a secant stiffness for the anticipateéd degre
penetration and could be much lower than that customarily used for fatigué.assessment
tougthdown zone of a steel catenary riser. In deep water, the over-stress cam be negligible
soff seafloor conditions. If the pipeline is laid empty then the maximum static loading can oq

hy
eith
con,

Ves
ind
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cau

pip
A1l
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embedment. In most cases, however, the penetration resistance will be such that minimal e

of t
pip

For
the
Ref
equl

by heave canhg significant.[A.10-5]

A1l

e seafloor, and the tension in the pipeline in the vicinity of the touchdown pdint.l4

otesting, when the pipeline is heavier.[A-10-31] The as-laid embedment can therefore b
er by the as-laid weight (with a touchdown overstress and dynamic’lay effects) or by thg
dition.

el motion, changes in pipeline tension and hydrodynamic loading of the hanging
ice a combination of vertical and horizontal motion .ef the pipeline at the seafloor du
brences [A.10-30], [A.10-32], [A.10-33] and [A.10-34{..Even small lateral or vertical mov¢
ce disturbance, local softening and erosion of thesseafloor in the touchdown zone, incy
bline embedment.

).7.4.1.2 Static vertical penetration response

seabed sediments where drained conditions will prevail, conventional bearing capacity 3
be used to estimate the static .pipeline penetration. The pipeline can be treated as
p foundation of width equal to(the (nominal) chord length of pipe-soil contact at the

he pipeline will be predicted*based on static loading. Other processes such as cyclic mc
tline, scour and partial liquefaction of the seabed will determine the as-laid embedment

fine-grained cohesive sediments, where undrained conditions prevail during e
bretical solutionsifor estimating the pipe penetration resistance have been pi
brences [A.10-4]y-{A.10-35] and [A.10-36]. These solutions use the conventional bearir
ation, modified for the curved shape of a pipeline. In soft soils, the enhanced soil buoyar

).74.2 Axial soil resistance
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.10-31] The
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Axiatpipetinme movement invoives shear fatiure at or close to tie pipetine=soit imterface. The vertical
effective contact force can be used to calculate the effective stresses and forces at the pipeline-soil
interface. The integrated normal contact stresses around the pipeline periphery exceed the vertical
contact force due to the curved shape of the pipe surface.[A-10-31] Using the enhancement factor, £ , to

account for this effect, the drained axial resistance per unit length of pipeline, T, is given by:

T =uN=pulVv (A.68)
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where
u is the pipeline-soil friction coefficient, which can be alternatively expressed in terms of an in-
terface friction angle 6, where y = tan ¢;
¢ s the enhancement factor;
N isthe integrated normal contact force;
V'  isthe current vertical force (essentially pipeline weight).
Based on ap elastic solution, Reference [A.10-31] provides the following expression for & :
N 2sinfy,,
e . D (A}69)
Vi o, +(51n9D,COSQD.)
where
Op is the half-angle of the pipeline-soil contact perimeter, which varies withrnormalized embednjent
z/D, in accordance with:
2z
cosOp|=1-— (Al70)
D
Due to the stress-dependency of soil friction angle, this parameter should be assessed by tgests
conducted |at the correct stress level.[A-10-31][A.10-37] Duringzundrained axial pipeline movement,|the
apparent friction coefficient can increase or decrease depending on whether negative or positive ex¢ess
pore pressfire is generated by shearing at the interface,
Laboratory tests can be used to assess an appropriate friction coefficient, p, for drained sheafing
including 4eparate values for peak and residual“resistance. Tests can be conducted in a low stfess
shear box ¢r on a tilt table, using a sample of the pipeline surface coating. Alternatively, a model pipe

section ca

be tested in a larger test chamber. These tests should replicate the relevant lay-ind

c
consolidation history and the speeds and pause periods relevant to the design situation. It shoul‘i

established whether undrained or partially drained conditions can apply during pipeline motion. T}
conditions|can lead to a significant‘teduction in the apparent friction coefficient, y, compared to
drained cape.

A.10.7.4.3|Lateral soil resistance

Lateral pipe-soil resistatice during break-out and large amplitude cyclic movement is influenced by
initial pipelembedment and weight, the development of soil berms ahead of the laterally sweeping s
catenary riser orpipeline segment, and the soil properties. Two characteristic types of large amplit
lateral responseare typically observed (Figure A.16) depending on the ratio of the pipeline weigh

ed
be
ese
the

the
teel
ude
t to

the seabed|strength, V/syD, i.e.

the as-laid position. As the pipe rises, the lateral resistance reduces from the break-out value

For values of V/syD below about two (‘light’ pipe), the pipeline tends to rise after breaking out from

toa

residual resistance. The pipeline sweeps horizontally with a berm of soil being pushed ahead of the
pipe. This mechanism governs the residual resistance, Hres. Subsequent cycles of lateral movement
lead to a steady increase in the restraint provided by the soil berms [Figure A.16 a)]. The ‘light’ pipe

form of response is also typically observed in drained conditions.

For values of V/syD greater than about two (‘heavy’ pipe), the pipeline typically moves downwards

after the initial break-out resistance is mobilized. This downward movement, coupled with the growth

of a soil berm ahead of the pipe, leads to steady increase in the lateral resistance [Figure A.16 b)].

Empirical expressions exist for predicting lateral pipeline-soil resistance, which have evolved primarily

through calibration against model tests.[A.10-38][A.10-39][A.10-40][A.10-41] These expressions are sub

126

ject

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 19901-4:2016(E)

to significant uncertainty and their relevance should be established for a particular design situation. In
undrained conditions, the break-out resistance, Hyrk, is generally divided into two contributions:

a) acomponent proportional to the current vertical action, V (which is essentially the pipeline weight);
b) apassive resistance component linked to the embedment depth of the pipeline, z.

An alternative approach is to use yield envelopes (or interaction diagrams) in vertical and horizontal
action space that bound the allowable action combinations for a given pipeline embedment.[A-10-36]
[A.10-42]

Y 3 Y
1 2 " 1 = 7
- ==
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! e | /
|
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| -7
bz —==—=""""""7"1 ~
e
|4
a) ‘light’ pipe b) ‘heavy’ pipe
Key
breakout resistance, Hprk 4" accumulating passive resistance
residual resistance, Hyeg X horizontal displacement, u
berm resistance, Hperm Y horizontal resistance, H
Figure A.16 — Types of large amplitude cyclic lateral pipe-soil response in undrained
conditions
For|assessment of fatigue performance of a pipeline during large amplitude cyclic movement, the
sizg and strength of the gkowing berm formed ahead of the sweeping pipeline segments|and at the
extremities of the pipelihe)movement are significant.[A.10-29]
Exgressions for assessing lateral pipeline-soil resistance at break-out and during cydlic motion
can| be calibrated\and validated by laboratory models, centrifuge tests,[A-10-43][A.10-44] geabed test
sections[A.10-45J[A.10-46] or analytical methods.
Sperial care'should be taken where the local effective flowline weight (i.e. localized touchdqwn stress)
chapges, €.g. at touchdown points around sleepers, natural seafloor spans, and at the start of flistributed
buoyancy sections. Location-specific lateral resistance parameters might be required in thege zones.

A.11Design of anchors for floating structures

A.11.1 General

This Clause provides recommendations for the design of anchoring systems for floating offshore
structures and mobile offshore units. It is applicable to stationkeeping systems with catenary, semi-
taut-line or taut-line moorings.

The options that are available for anchoring floating structures include:

— drag embedment anchors;
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— anchor piles, comprising driven, suction, vibro-driven, jetted, or drilled and grouted piles;
— plate anchors, including drag-embedded, or direct-embedded plate anchors;
— otheranchortypes, suchasgravity anchors and gravity-embedded anchors (free-falling ‘torpedoes’).

Recommended design criteria and ultimate limit state (ULS) design safety factors for anchoring systems
are given in ISO 19901-7. In selecting anchor options, consideration should be given to soil conditions,
required system performance and reliability, installation and the test loading (where relevant). The
structural strength of anchors and mooring lines should be demonstrated to be adequate with respect

to the required anchoring capacities.

The desigr
fatigue in

installatio
maintenan

A number
embedded
A.11.7. The
testing.

of the anchoring system should ensure that allowable limits of stress, displacemgnt

. The anchoring system above the seafloor should include provisions for inspeetion
ce.

pbf design and installation issues for driven piles, suction piles, plate anchors, and grayv

se issues include anchor ultimate holding capacity (UHC) evaluation) installation, and

and

he anchor, and cyclic degradation in the surrounding soil are not exceeded during@nd affter

and

ity-

anchors, all of which are capable of resisting vertical forces, are addressed in A.11.5 through

pull

Some of thie technological aspects of the design of suction piles, plate,anchors and gravity-embedded

anchors ar
the extent
be given to

A.11.2 So

Seafloor a
anchoring

b still under development. Specific and detailed recommendations are given in this Anne
currently possible. General statements are also used to‘indicate that considerations shg
some particular aspects, and references are given for-further guidance.

l investigation

hd soil conditions should be investigated (for the intended site to provide data for
system design. Details about equipment and procedures for marine soil investigations

X to
uld

the
are

provided i ISO 19901-8.

It is recommended that a high quality, high-reselution geophysical survey be performed over the enftire
areal extent of the foundation system. The/survey should use geophysical equipment and practfces
appropriate to the water depth of interest'and provide high-resolution imaging of the seafloor as ell
as detailed stratigraphic informatiom\to a reasonable penetration below the zone of influence of|the
foundation| system. The survey should include the mapping and description of all seafloor and gub-
bottom fedtures that can affect the foundation system. This survey should be subjected to a realistic
geological [nterpretation so that it can then serve as a guide to develop a scope of work for the vertical
and horizontal extent of the'geotechnical investigation (i.e. number, depth, and location of soil borjngs
and/or in §itu tests sueh“as cone penetrometer tests, CPTU) and to aid in the interpretation of|the
acquired geotechnicaldata.

The stratig
or with ex

raphicdata thus obtained should be integrated with geotechnical data collected subsequently,
sting‘geotechnical data (if any), to assess constraints imposed on the design by geological
features, and-to allow for soil data interpolation and/or extrapolation in the event the anchor locatjons
are shifted due to changes in mooring line Iengths and/or headings, field layout, platform properties,
and mooring leg properties.

The sampling and in situ testing scope and intervals should ensure that each significant stratigraphic
layer is properly characterized. The minimum vertical extent of the site investigation should be related
to the expected zone of influence of the actions imposed by the base of the foundation and should exceed
the anticipated design penetration by at least the anchor diameter or anchor fluke width. If reverse end
bearing (REB) at the suction anchor pile tip is taken into account in the vertical capacity analysis, soil
characterization up to three diameters for suction piles or three fluke widths for plate anchors below
the design penetration depth is more appropriate. It is critical to ensure that no high-permeability
layers are present within the zone influenced by the mobilization of REB, particularly if the anchor is
expected to resist long-duration forces such as those imposed by loop currents.
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The content and scope of a deepwater soil investigation should always be tailored to the project-specific
conditions. If no previous experience is available for the site, the minimum scope should consist of one
boring with alternating sampling and CPTU testing at each anchor cluster. Increasing the number of
soil investigation points should be considered if these boreholes show great vertical and/or lateral
variability across the mooring pattern. However, if high quality geotechnical data already exist in the
general vicinity of the anchor pattern and little variation of soil properties is inferred over the areal
extent of the foundation, or if extensive experience with the chosen foundation concept in the area can
be drawn upon, the above recommendations can be modified as appropriate.

A.11.3 Anchor types

A.1I1.3.1 Drag embedment anchors

Traflitional drag embedment anchors (Figure A.17) were initially used for mobile (temporarly) mooring
operations. Drag anchor technology has advanced considerably in recent years. Engineering ind testing
ind{cate that the new generation of fixed fluke drag anchors develops high helding power gven in soft
soil| conditions. A high efficiency drag anchor is generally considered to, be,an attractive|option for
moIring applications because of its easy installation and proven performarce. The anchor §ection of a
mo¢ring line can be preinstalled and test loaded prior to floating strueture installation.

a) Detail view - 50° soft clay'seabed b) Detail view - 30° sand seabed

5

c) General view

Key

1 adapter block 5 stock

2 tripping palm 6  shank
3  crown padeye 7  shackle
4  crown 8  fluke

Figure A.17 — Traditional drag embedment anchor
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A.11.3.2 Driven anchor piles

The resistance of a driven anchor pile to uplift and lateral loading is primarily a function of pile
dimensions, the manner in which the pile is installed and loaded, and the type, stiffness, and strength
of the soil adjacent to the pile. Horizontal capacity can be increased considerably by adding special
elements such as skirts or wings to the pile top. Driven anchor piles can be designed to develop high

lateral and

vertical resistances, and be very stable over time.

Vibro-driving,[A-9-1] jetting,[A-9-25][A.9-26] or drilling and grouting techniques can be considered for other
types of anchor piles. However, disturbance of soil during vibro-driving, jetting or drilling operations
should be carefully evaluated.
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Chor piles can be used for large deepwater mooring systems and can be designed for ¥
ng line tensions. They are typically tall steel cylindrical structures with oravithout inte
stems. The cylinder unit is open at the bottom and closed at the top (seeFigure A.18
hor pile is installed by first lowering it into the soil to self-penetration depth (i.e. penetra
submerged pile weight). The remainder of the required penetration(syachieved by pum
 water from the inside of the pile. The differential pressure thus-created (generally c
Esure’ or ‘suction’) results in an additional driving force on the anchor top, which drives
e soil. As the penetration increases, the driving force needednormally increases, requiri
ncreasing differential pressure.
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top cover with installation aids, venting hatches and anodes

Figure A.18 — Suction anchor pile
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After reaching design penetration, the water outlet is closed, allowing the suction anchor pile to achieve
substantial capacity to resist horizontal forces, vertical uplift forces, moments and combinations of these.

For suction anchor piles embedded in clay and with a closed outlet, the capacity to resist mooring line
tensions is governed by the undrained shear strength of the soil around and beneath the anchor. The
capacity depends on depth of penetration, anchor diameter, shear strength of the clay, shear strength
at the clay- anchor wall interface, mooring line inclination, and the location of the attachment point. In
the case where the top part is left open or retrieved, or for long-term uplift components, pull-out of the
anchor can also be a possible failure mechanism.

The holding capacity is generally greater if the anchor pile is prevented from tilting. To avoid tilting,

the(line attachment point can be lowered from the top of the anchor to a point on the anc
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ptimal depth below the seafloor. The location of the optimal line attachment point.depsg
hr strength profile, the shear strength at the clay-anchor wall interface, the mooringline

submerged anchor weight, and the depth-to-diameter ratio of the anchor. The eoptimal
cally two-thirds to three-quarters of the length of the anchor pile downwards.from the 5

lired, but more detailed soil data are needed at shallow depths than for driven pil
hors have mainly been applied in cohesive clay type soils. Suction embedment penetrati
H or granular layers is feasible, provided the suction anchor desigh takes this into acc
-2] Penetration into non-cohesive granular type soils requires §pecial considerations wh
ered here.

Fion anchor length-to-diameter ratios can vary from 2:4 for stiff clay soils to as much as
clay soils. Suction anchors are often designed with large depth-to-diameter ratios in soft|
upper part of soft clay deposits provide limited bearing capacity and skin friction.

Il penetration. The submerged weight of\the suction caisson can make up a large }
hor’s vertical holding capacity. A multi-cell'concrete structure with a large footprint an
t penetration would be an example of suction caisson (see Figure A.19 and Reference [A
ical capacity is derived mainly fronits self-weight plus possibly some skin friction a
fion. Horizontal resistance is generated by skirt penetration and friction between the
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Key

1 seafloor 5 parapet wall

2 iron ore 6 stiffeners (beam)

3  tendon receptacle 7  anchor skirt

4  tendon 8 towing padeye
Figure A.19 — Suction caisson
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A.11.3.4 Plate anchors

A.11.3.4.1 General

Plate anchors were initially used by the US Navy for the anchoring of fleet mooring buoys. They are
installed at deep penetration beneath the seafloor where the generally higher soil strength allows the
use of relatively small plate anchors for high mooring actions. Plate anchors typically have significant
vertical holding capacity. This allows the use of taut-leg mooring systems where the anchor line can
intersect the seafloor at significant inclinations. Plate anchors can be placed in two broad categories:
drag-embedded and direct-embedded.

A.11.3.4.2|Drag-embedded plate anchors

Drag-embddded plate anchors are embedded to deep penetration in a manner similar to drag’anchpors.
During insfallation, the anchor is first placed on the seafloor, and as the anchor is pulleéd along|the
seafloor, it|penetrates the soil. Initially, the anchor dives more or less parallel to the fluke, progressiyely
rotating until that the target depth is achieved. Following embedment, the anchorfluke is oriented
such that it becomes nearly perpendicular to the mooring line and applied loading (a process called
‘keying’ or| ‘triggering’), providing high horizontal and/or vertical holding capacity depending on|the
orientatior} of the line.

These drag-embedded plate anchors are often referred to as verticdlly loaded anchors (VLA). Two
VLAs are ¢gommonly used by the offshore industry, StevmantalA-11¥4)Dand DENNLA (Drag-Embedded
Near Normally Loaded Anchor.[A-11-5] The Stevmanta anchor uses & bridle system to convert from its
installation configuration to its plate anchor operational orientation whereas the DENNLA anchor yses
an articulated shank (Figure A.20).

a) Dennla Mk4 b) Stevmanta

Key

1 normal{or near normal) loading mode

2 installation mode

NOTE These anchors are examples of suitable products available commercially. This information is given
for the convenience of users of this part of ISO 19901 and does not constitute an endorsement by ISO of these
products.

Figure A.20 — Drag-embedded plate anchors (VLA)
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A.11.3.4.3 Direct-embedded plate anchors

Direct embedment of plate anchors can be achieved by suction, impact or vibratory hammer, propellant,
or hydraulic ram.

Suction-embedded plate anchors have been used for major offshore mooring operations. As an example,
the suction-embedded plate anchor (SEPLA) uses a so-called ‘suction follower’ which is essentially
a reusable suction anchor with its tip slotted for insertion of a plate anchor. The suction follower is
retracted by reversing the pumping action once the plate anchor achieves its design depth, and can be
used to install additional plate anchors (Figure A.21). In the SEPLA concept, the fluke of the plate anchor
is embedded in vertical position, and adequate fluke rotation is achieved during a keying process by
pulling on the mooring line.[A-11-6]

a) Plate anchor b) Installation
Key)
1 |mooring line 6  SEPLA anchor
2 |fererunner chain 7  recovery of suction follower
3 suction follower 8  docking subsea connector
4  retainer/recovery lines 9  tensioning mooring line
5 subsea connector mudmat 10 Kkeying plate anchor
NOTE This anchor is an example of suitable product available commercially. This information is given for

the convenience of users of this part of ISO 19901 and does not constitute an endorsement by ISO of this product.

Figure A.21 — Suction-embedded plate anchor (SEPLA)
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A.11.3.5 Gravity anchors

Gravity anchors are deadweight anchors which commonly consist of concrete or steel blocks, scrap
metal or other materials of high density. Penetration results from self-weight and the uplift capacity
is dependent on the submerged weight of the anchor. Horizontal capacity is a function of the friction
between the anchor and the soil and of the shear strength of the soil beneath the anchor. Gravity anchors
can be used for small mooring systems but typically are not used for large deepwater mooring systems.

A.11.3.6 Gravity-embedded (free-falling) anchors

Gravity-en‘hpdﬂpﬂ anchors are rnmmnn]y chapnﬂ as 'fnrpndn' steel structures which penetrate the

seabed by
by means
the target
References

Gravity-en
resistance

free-falling and are used as anchoring solution in soft clayey soils. The anchors are lowdred
bf an installation line to a designated free-fall drop height above seabed and penetratg to
depth below seafloor by kinetic energy obtained during the free-fall (Figure |A.22 and
[A.11-7] to [A.11-9]).

bedded anchors obtain significant horizontal and inclined holding capacity by lateral|soil
against the wings and friction along the soil-steel interface.
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AN\
\

300-3 000 m

b) ‘Térpedo’ pile ([A.11-7])

¢)'OMNI-Max anchorl[A-11-8] d) Deep penetrating anchorlA.11-p]
Key
1 installation line [y anchor
2 release unit 6  drop height
3 lead line chain 7  seabed
4  permanent mooring line 8  penetration depth
NOTE These anchors are examples of suitable products available commercially. This information is given

for the convenience of users of this part of ISO 19901 and does not constitute an endorsement by ISO of these
products.

Figure A.22 — Gravity-embedded free-falling anchors
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A.11.4 Geotechnical design of drag anchors

A.11.4.1 General
Recommended safety factors for holding capacity of drag anchors are given in ISO 19901-7:2013, Table 6.

When used for mobile moorings, the design safety factors for drag anchors are substantially lower than
those for mooring line tensions. The rationale is to allow the anchor to move instead of the mooring
line breaking in the event of mooring over-loading. Anchor movements of the most heavily loaded lines
would normally cause favourable redistribution of the mooring line tensions. This is expected to help

the moorinesystem-survive enviranmental actions oveeadinathace fram the 111 S docion cituation
£-SySee-SHHAY Y H- o e cHBRSEex = H-H—+ -GS H-SHHa R

Evaluation|of the holding capacity of drag anchors is addressed here and in Reference [A.11-10}

The holding capacity of a drag anchor in a particular soil condition represents the maximum horizoptal
steady pul] that can be resisted by the anchor at continuous drag. This includes the résistance of|the
chain or wire line into the soil for an embedded anchor but excludes the friction of the\chain or wir¢ on
the seaflodr.

Drag anchdr holding capacity is a function of several factors, including:

— anchoy type: fluke area, fluke angle, fluke shape, anchor weight, tripping palms, stabilizer bars,|etc.
FigurelA.23 shows drag anchors commonly used by the offshore industry.

— anchoy behaviour during deployment: opening of the flukes, penetration of the flukes, depth of
burial jof the anchor, stability of the anchor during dragging, soil behaviour over the flukes, etc.

Furthermdre, a long drag distance can be required for an anchor to reach full penetration and dev¢lop
the ultimate holding capacity. This can be acceptable for.anchoring a drill rig in an open water location
but is likely to be unacceptable for a production location where the seafloor is congested with suljsea
installatioms.

Due to the|wide variation of these factors, predicting the holding capacity of a drag anchor is diffigult.
Exact holdng capacity can only be determined-after the anchor is deployed and test loaded.

Anchor pefformance data for the specific anchor type and soil condition should be obtained if possible.
In the abs¢nce of credible anchor performance data, Figures A.25 and A.26 can be used to estinpate
the holding power of drag anchors commmonly used to moor floating vessels, keeping in mind that|the
holding capacity curves in Figures A.25 and A.26 do not include a design safety factor.

Figures A.25 and A.26 are reproduced from Reference [5], except that the holding capacity curveq for
the Moorfdst (or Offdrill l)yand Stevpris anchors were upgraded, based on model and field test datafnd
field experfence. The désign curves presented in Figures A.25 and A.26 represent, in general, the lower
bounds of the test data. The tests used to develop the curves were performed at a limited numbdr of
sites. As a result, the'curves are for use in generic soil types such as soft clay (i.e. normally consolidgted
clay with undrainied shear strength increasing monotonically with depth) and sand.

Recent sltikddes—indicate—howaverthal several paramaela uveh—as—soi ensth—profileteadline
type (wire rope versus chain), cyclic actions, and anchor soaking can significantly influence anchor
performance in soft clay. Also, some high efficiency anchors have demonstrated substantial resistance
to vertical actions in soft clay. Furthermore, there are new versions of high efficiency anchors that are
not covered by Figures A.25 and A.26.

As Figures A.25 and A.26 only provide anchor holding capacity estimates, more detailed analyses are
needed if uncontrolled anchor drag cannot be tolerated in congested subsea locations where it might
cause damage to existing subsea installations. If it is impractical to apply an installation tension
required to completely avoid future anchor drag, it might be necessary to demonstrate that the extent
of anchor drag that can occur will not encroach on the existing subsea installations in the area.
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a) Stevpris MKk. 5 b) Stevpris MK. 6 c) Stevshark Mk. 5 d) Bruce FFTS Mk.4
m m
z@ | b,

E) Bruce FFTS PM f) Navmoor g) Stato h) Moorfast Offdrill I

—

q

=

i)LWT j) Stockless k). Danforth/GS (type 2) 1) Bruce, TS

N \

m) Bruce, cast n) Boss o) Stevdig p) Stevinud

q) Stevfix r) Hook s) Flipper delta

NOTE These anchors are examples of suitable products available commercially. This information is given
for the convenience of users of this part of ISO 19901 and does not constitute an endorsement by ISO of these
products.

Figure A.23 — Drag embedment anchors

A.11.4.2 Effect of shear strength gradient in clay

Centrifuge test data, as well as results from analytical studies using a calibrated drag embedment
anchor prediction tool, indicate that a more or less linear relationship exists between the anchor holding
capacity and the shear strength gradient of the clay.[A-11-12] However, significant deviations from this
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linear relationship are observed when the shear strength seafloor intercept and/or the sensitivity
of the clay are varied in addition to the shear strength gradient. In general, the effect of the various
parameters on the anchor holding capacity in clay accentuates with increasing degree of mobilization
of the anchor capacity. Of course, this relationship also varies with the anchor type and anchor size.

Due to the complexity of the problem, a reliable, calibrated prediction tool that can take all influencing
parameters into account should be used to establish a basis for design of drag embedment anchors.[A-11-13]
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hformation about the prediction of cyclic loading effects, see References [A.11-10], [A.11
5]. See also A.8.3.2.3 for more general considerations about the effects of cyclic loading in
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ted cases studied, an anchor connected to steel wire line provided 15 % to 40 % higherholdi
an the same anchor connected to chain. This is in good agreement with the results.from a f

Soft
fion

ave
est,

s higher loading rate leads to an increase in the undraihed shear strength and, consequently,

the

ory

-14]
lay.

urs

er installation, seefor example results from temporary stoppage during instrumented flield

pcts

Fe).

b, A
hor
the

pull availa

1 1 : 11 : - e nh] : 1 1 1 1
OIC ITOIIT LIIC TIISUAITdUUIN CQUIPITICIIL. TIIC COTISCYUCIICT 15 LidU LIIC TUIIg=LCT I alILIIOT Cdpd

ity

is no higher than that given by the installation tension of the initial step plus the increase due to post-
installation effects (thixotropy/consolidation and cyclic loading effects). On the other hand, once the
anchor starts to drag after a set-up period this effect disappears completely.

In a design situation in which the anchor installation tension is intended to ensure stationkeeping
of a floating structure without anchor drag, a safety factor should be applied to the predicted post-
installation effects (set-up and cyclic loading), and an adequate overall safety margin should be
considered to determine the installation tension meeting such design requirements. In this case,
the set-up effect can represent a significant contribution to the total holding capacity, which should,
however, be reduced for anchor penetration depths less than 2,5 fluke widths and be set to zero if the
fluke penetration depth is very shallow (see further discussion in Reference [A.11-10]).
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A.11.4.6 Capacity in clay under inclined line loading

For deeply embedded drag embedment anchors (>2 to 2,5 fluke widths) the allowable uplift angle at
the seafloor for ULS intact condition or redundancy checks can be as high as 20°, if proper anchor
installation analyses have shown that the uplift angle at the seafloor is significantly less than the uplift
angle at the anchor padeye.

It is not advisable to apply a high uplift angle at the seafloor during the initial shallow penetration of
the anchor; otherwise, full penetration depth of the anchor might not be achieved. After reaching a
penetration depth greater than 2 to 2,5 fluke widths, the mooring line uplift angle at the seafloor can be

gradually increased. This issue is discussed in some detail in Reference [A.11-10].

Sig]llificant evidence supports the use of a non-zero uplift angle at the seafloor on drag-¢
anchors that penetrate sufficiently deep into soft clay. The following additional guidelines ar
in this respect.

Uplift angles at the seafloor should not be accepted for certain operations with mobil
where the soil conditions have not been thoroughly investigated or the @nehor installat
is insufficient to ensure deep anchor penetration.

The maximum uplift angle at the seafloor should be assessed inzaccordance with the
outlined herein under the design situations for the ULS intact atid redundancy checks.

A zero uplift angle should be maintained until the recommended minimum anchor
depth has been reached.

The anchor holding capacity should be reduced by*‘a-factor R, which is a function of t
uplift angle, and accounts for the reduced frictiop-due to shorter embedded line length. T
in Table A.5 are applicable for Bruce FFTS Mk.IVand Stevpris Mk. V anchors.

Table A.5 — R values for Bruce'FFTS MK. IV and Stevpris MKk. V anchors

mbedment
e proposed

P moorings
on tension

principles

enetration

e seafloor
he R values

Seafloor angle (°) 0 5 10 15

20

R

1,0 0,98 0,95 0,89

D,81

For
sign
anc

taut-leg mooring systems, Where mooring lines with seafloor angle greater than j

hors for which design guidelines are provided in A.11.5 and A.11.6.

4.7 Drag distanee’and penetration depth in soft clay

A.1l[

Many factors affect the drag-penetration depth relationship, including site-specific soil

tigraphy,-seafloor shear strength, average shear strength gradient, soil sensitivity, et
and type‘of anchor. For screening-level analysis, drag distance and penetration depth
Reference [A.11-17] are presented in Figure A.24 and Table A.6, respectively. This infq

0° impose

ificant vertical forces on(the anchor at all times, a typical solution is to use anchor piles or plate

data (soil
), and the
estimates
rmation is
h from this

for-chain lead-lines and shear stren f 1,4 kPa/m to 2,0 kPa/m. Deviatio

If the anchor design relies on further penetration to reach holding capacity, the additional dr
the design intact actions should not over-load neighbouring lines.
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Key
stocklegs anchor (fixed)
Hook apchor

anchor|types Bruce, FFTS Mk. Il / Bruce TS / Danfoxth'/ GS (type 2)2 / LWTa / Moorfast / Navmoor / Offdrill
[1a / Stdto / Stevmud / Stevpris MKk. I11

4 anchorltypes Bossa / Flipper Delta2 / Stevdiga./.Stevina
X dragdiftance/ fluke length

Y1 percenfof maximum capacity

Y2 corresgonding safety factor

a  Assumgd based on geometric similarities.

Figure A.24,~Holding capacity versus drag distance in soft clays[A-11-17]
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Table A.6 — Estimated maximum fluke tip penetration[A.11-17]

Anchor type Normalized fluke tip penetration

(fluke lengths)
Sands/Stiff clays [Mud (e.g. soft silts and clays)
Stockless (fixed fluke) 1 3
Moorfast 1 4
Offdrill I
Boss 1 4,5

whére

Hy

Hs

Danforth
Flipper Delta
GS (type 2)
LWT

Stato

Stevfix
Stevpris Mk. 111 1 5
Bruce FFTS Mk. III
Bruce TS

Hook

Stevmud

[1.4.8 New anchor designs

is the holding capacity of new design;

is the holding capacity of reference design (e.g. Bruce FFTS Mk. III or Stevpris MK
ures A.25 and A.26) of the same weight;

U anchor designs and improvements to-existing anchors continue to be developedl However,
controlled instrumented tests and ‘field performance data are insufficient for pre
formance of many of these innovatiye high efficiency anchors, although results from sudh tests can
be used to calibrate anchor prediction tools (see A.11.4.9). Just as important as the ultim

licting the

hte holding

hcity is the ability to predict drag-penetration-tension relationships for mobilized loadJings which
much less than the ultimate*holding capacity. In the absence of better information, the holding
hcities of these new anchors can be conservatively estimated from

Hn = HS (An/Asjn (A71)

.11 in Fig-

An
As

n

is the fluke area of new design;
is the fluke area of reference design of same weight;

is the 1,4 factor commonly used for high efficiency drag anchors.

The fluke area ratio Ap/As can be obtained from anchor manufacturers.

© ISO 2016 - All rights reserved

141


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 19901-4:2016(E)

Y
5000
2 000 /;
'
AN
A
1000 // va
// / /’;'/ A
SV pd
500 3 //// /// //
Y, 74V AVt
S A
e /1
V. 8dNid
sl - /////
74V // 1
/// ’d / / //
100 s 7 y 7
7 Y g 7 7
/| i /| 7 1/
S A4 YV
o AT A
S ANAN A
/////// ,/ ,///'/éy
/1
7 ///
10 // d
1 2 3 5 10 20 30 50 100 X

Key
X anchorfweight (kips)

Y anchorfholding capacity (kips)

Fluke angleq set for soft clay seafloor condition as per manufacturer’s specification

a  Bruce HFTS MKk. 111, Stevpris Mk-lIl f  Danforth, GS, LWT
Navmogr, Stato, Boss g  Stockless, fixed fluke
Bruce TS, Hook, Stevfix h  Bruce, cast

Stockless, movable fluke

—

b
C
d Flipper|Delta, Stevin,Stevdig
e  Moorfapt, Offdrill-H

NOTE1 1kip=4,448KkN.

NOTE 2  This Figure was reproduced from Reference [A.11-17], except that the holding capacity curves for the
Moorfast (or Offdrill II) and the Stevpris anchors were upgraded. The design curves reflect data valid for anchor
designs as of 1987. New anchor designs have since been developed but the curves for these new designs were not
included. The design curves in this Figure do not include a design safety factor (see A.11.4.1).

NOTE3  These anchors are examples of suitable products available commercially. This information is given
for the convenience of users of this part of ISO 19901 and does not constitute an endorsement by ISO of these
products.

Figure A.25 — Anchor system holding capacity in soft clay
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Key
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Flulfe angles set for sand seafloof ¢ondition as per manufacturer’s specification.
a |Navmoor, Boss f  Stato, 30° pulse angle
b [Stevin g Danforth GS, LWT
c |Stevfix, Stevdig h  Moorfast, Offdrill II, 20° fluke angle, Hook
d |Stevpris, straightshank, Bruce TS i Stockless, 35° fluke angle
e |Bruce, cast j Stockless, 48° fluke angle
NOTE1 . IKip =4,448 kN
NOTE-2) This Figure was reproduced from Reference [A.11-17]. The design curves reflect data valid for anchor

designs as of 1987. New anchor designs have since been developed but the design curves for these new designs
were not included. The design curves in this Figure do not include a design safety factor (see A.11.4.1).

NOTE 3 These anchors are examples of suitable products available commercially. This information is given
for the convenience of users of this part of ISO 19901 and does not constitute an endorsement by ISO of these
products.

Figure A.26 — Anchor system holding capacity in sand
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A.11.4.9 Analytical tools for anchor performance evaluation

Analytical tools based on limit equilibrium principles for anchor embedment and capacity calculation
in soft clay are available. These tools allow modelling of different anchor designs and provide detailed
anchor performance information such as anchor movement trajectory, anchor rotation, mooring line
profile below the seafloor, ultimate anchor capacity, etc. However, there are certain requirements for

these tools

to yield reliable predictions, i.e.:

testing or centrifuge testing performed on the type of anchor of interest;

the so
install
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Contrary t

installation effects due to thixotropy, consolidation or cyclic loading effects. In this case, the in

anchor ins
anchors an|

In dense s
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evaluated yisingthe analytical method presented in Reference [A.11-18].

empirical formulae or field experience, if available, should be used tgsupport analytical predicti

the analytical tool should be calibrated against results from high quality instrumented tests by field

[ properties should be well known, which 1S not necessarily the case when designing
ng drag embedment anchors. Where the soil properties are uncertain, suitable uppeér
bound soil parameters should be established, and the anchor design should be based on
onservative prediction;

hould be aware of the tool’s limitations and be familiar with mooring operations. For exam
pols typically show that the anchor penetration increases continuously, léading to higher
anchor holding capacity. In such cases, the user should consider limiting the drag dist3
Culating the anchor holding capacity to a distance that does not resultin unacceptable ve
ions;

cal tools should be able to handle layered clay profiles. Setme can handle layered clay pro
ind layers of limited thickness while others cannot model layered soil profiles.

Anchor holding capacity in sand

ant study on the behaviour of drag embedmient anchors in sand has been carried out s
y’s study.[A-11-17] Anchors do not achieve deep penetration in sand and no uplift resistg

anchors installed in sand are still #isible at the seafloor.

o anchors in soft clay, anchers in sand do not gain any additional capacity from p

tallation tension should_be set high enough to provide the required safety factor for
d the mooring system accounting for the uncertainty in the loading calculation.[A-11-10)

nd, anchors that-are installed by a mobile offshore drilling unit (MODU) can in some c:
ble at the seafleor after installation due to the limited capacity of MODU winches. In 3
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ed upon from shallow penetration anchors in any soil conditions, i.e. the line uplift angle at
the seaflodr should be zero. Moreover, scour effécts on anchor embedment should be taken into accd
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shallow penetration anchors, it is not recommended to assume that the anchors conti
fe upon-overloading. The anchor holding capacity at the achieved penetration depth ca
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be

Anchor holding rapnrify in soils other than soft rlsly and sand
(=]

Predicting anchor holding capacity in hard clay, calcareous sand, coral or rock seafloor and layered soil
profiles is complex and is dependent upon the detailed soil/rock data for the location of each anchor
cluster. In these soils/rocks the anchor penetration is often very shallow, which means that the same

precaution

144

s as recommended for anchors in sand (see A.11.4.10) should be followed.
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1.4.12 Holding capacity generated by friction along the mooring line

The holding capacity generated by friction of chain and steel wire line on the seafloor can be estimated by:

Pcw =chw Wew

where

The
(std
coe

cald
ind

values for the sliding coefficient of friction have been encountered.

NOT

anchors with deeply embedded anchor line attachment padeye, not to drag anchors only.

If npore specific data are not available for chain and wire line, the ‘géneralized coefficie
TabI

Pew  is the chain or wire line holding capacity;

(A.72)
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Lew  isthelength of chain or wire line in contact with the seafloor;

‘w is the submerged unit weight of chain or wire line.

coefficient of friction depends upon the nature of the seafloor and on the type of mooring
rting) friction coefficients are normally used to compute the holding power of the line
ficients are normally used to compute the friction forces on the lineduring mooring dep

e A.7 can be used for various seafloor conditions such as soft mud, sand and clay. G
ulation of the seabed friction is also provided in Reference-[{A.11-10]. However, industry
cates that coefficients of friction can vary significantly) for different soil conditions,

Table A.7 — Mooring linefriction coefficients

Anchor type Coefficient of friction
f
Static Sliding
Chain 1,0 0,7
Wire line 0,6 0,25
E Considerations about™¢apacity generated by friction along the mooring line apply to

Dr
geo

A.IaEA.lS Installation of drag anchors

fechnical, structural, and installation design. Typical tolerances to be considered are:

allowable deviation from target heading of the mooring line attachment to limit padeye si
and rotational moments on the anchor padeye;

line. Static
hnd sliding
[oyment.

s given in
idance for
experience
hnd higher

all types of

anchor installation tolerances should be established and should be considered in the anchor’s

e loadings

- - = - - 2.1 £, b dul o b ) - el - 2.1 1l.
HTIIHIIITUIIT PpTIHCU AUIUITN TTUUITTU UDTIUTT LES U IUAUIIIS TU AUITITVE LT T TUUIT TU TTUIUIIT S LdpPd

city.

For drag anchors used in permanent moorings, the anchor design should incorporate adequate
installation information to ensure that the anchor has reached the target penetration depth, thereby
meeting the safety requirements of the mooring system for the actual soil and design situations. Typical
information to be monitored and recorded includes:

drag anchor installation line tension versus time;

catenary shape of installation line based on line tension and line length to verify that uplift at the

seafloor during embedment is within allowable ranges and to verify anchor position;
direction of anchor embedment;

drag distance;
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— final anchor penetration depth.

Acceptance criteria for drag anchors used in mobile (i.e. temporary) moorings should be established on
a case-by-case basis.

A.11.5Ge

otechnical design of anchor piles

A.11.5.1 Driven anchor piles

A.11.5.1.1

Basic considerations

Driven ang
design of d
properties
in the pre
[SO 19901
the differe

The design

a) pull-oyt due to axial forces;

b) overst

<)
d) fatigug

lateral

In most arj
seafloor to
at padeye

of the soil

hor piles can be designed to provide adequate capacity for taut-leg mooring systems.
iven anchor piles builds on the strong industry background in the evaluation of gegtechn
and the axial and lateral capacity prediction for driven piles, as developed anddocumer
bent standard. The recommended design criteria from ISO 19902 and frony this par

hces between mooring anchor piles and fixed platform piles.

of a driven anchor pile should consider four potential failure modes

Fess of the pile and mooring line attachment padeye due talateral bending;
rotation and/or translation;
due to environmental and installation actions.

chor pile designs, the mooring line is attached to a padeye located on the pile below
enhance the lateral capacity. As a result, the’design should consider the mooring line a1
fonnection resulting from the inverse catenary through the upper soil layers. Calcula
resistance above the padeye location“should also consider remoulding effects due to

trenching

Driven an

f the mooring line through the upper'soil layers.

or piles in soft clay typically have aspect ratios (penetration-to-diameter) of 25 to 30. H

The
ical
ted
t of

hould be applied for the design of driven anchor piles, but with some modifications to refflect

the
ngle
fion
this

iles

having su
deflect lat

aspect ratios behave as if horizontally fixed in position at the pile tip, and conseque
rally and fail in bending Before translating laterally as a rigid body.

htly

soil
the
ure
the
bral
ling
pile

As argued [in Reference [A.8-75(, static p-y curves can be considered for the calculation of lateral
resistance| Cyclic p-y curves.¢an be more appropriate for fatigue calculations. A modification to
current p—p curves (as desctibed in 8.5 and A.8.5) has been proposed in Reference [A.11-19] to ens
that laterafl displacements are not over-predicted. Consideration should be given to degrading
p-y curves| for lateral\displacements by more than 10 % of the pile diameter. In addition, when lat
displacemgnts assegiated with cyclic actions at or near the seafloor are relatively large (e.g. exceec
yc as defingd in8.5 for soft clay), consideration should be given to reducing or neglecting the soil-
skin frictign through this zone.

The design of driven anchor piles should consider typical installation tolerances, which can affect the
calculated soil resistance and the pile structure. Pile verticality affects the angle of the mooring line at
the padeye, which changes the components of horizontal and vertical mooring line forces that the pile is
expected to resist. Underdrive affects the axial pile capacity and can result in higher bending stresses
in the pile. Padeye orientation (azimuth) can affect the local stresses in the padeye and connecting
shackle. Horizontal positioning can affect the mooring scope and/or angle at the vessel fairlead and
should be considered when balancing mooring line pretensions.

A.11.5.1.2 Safety factors for driven anchor piles

Factors of safety for holding capacity of driven anchor piles are given in ISO 19901-7:2013, Table 7.
Information on coupling between vertical and horizontal capacities can be found in A.11.5.2.2.5. Axial
safety factors consider that the pile is primarily loaded in tension, and are therefore higher than for
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piles loaded in compression. As with other piled foundation systems, the calculated ultimate axial soil
resistance should be reduced if soil set-up, which is a function of time after installation, is not complete
before significant forces are imposed on the anchor pile.

As the lateral failure mode for piles is considered to be less catastrophic than the vertical mode, lower
factors of safety are recommended for lateral pile capacity. Use of separate safety factors for vertical
and lateral pile capacities can be straightforward for simple beam-column analysis [see A.11.5.2.2.3
item c)], but more complex methodologies do not differentiate between vertical and lateral pile
resistance. The safety factor should be in accordance with the ISO 19901-7 criteria and the guidelines of
A11.5.2.2.5.

A.1|1.5.1.3 Basic considerations for structural strength design

rovided in
under ULS

The
ISO
intg

structural strength design for driven anchor piles should be based on the guidance
19902 and ISO 19901-7. Pile stresses should be limited by the provisions of IS&* 19902
ct condition.

Andhor piles should be checked for fatigue caused by in-place mooring line forces. Fatig
due|to pile driving stresses should also be calculated and combined withyin-place fatigue d
typjcal mooring systems, fatigue damage due to pile driving is much higher than that caused

mo¢ring line forces.

lle damage
hmage. For
by in-place

Fur 0-2], [A.11-

20]

ther guidance on fatigue damage design for driven piles can‘be found in References [A.1
and [A.11-21].

A.1]1.5.1.4 Installation of driven anchor piles

Refer to 9.11.

A.1]1.5.2 Design of suction anchor piles

.5.2.1 Basic considerations

Gen
suc
har

A.1f
A suiction anchor can take many, forms, ranging from a gravity base with skirts to a no-ball
anc

hor that resists all applied aetions by soil friction, lateral resistance and reverse end beal

erally, a suction anchor.is technically feasible for soft to medium hard soils. For very
[ion anchor extends\deep into the soil in order to reach competent bearing materia
H soils, it is sometimes not possible for the suction anchors to penetrate deep enough

st suction
ing (REB).

oft soils, a
Il. For very
to provide

ade rovided in

Ref

guate in-placessteength. Some useful information for the design of suction anchors is
prences [A.1Q716] to [A.10-26] and in References [A.11-11] and [A.11-22].

The design-of suction anchors for floating systems includes the following aspects:

penetration and removal;

trotdimg capacity;
overstress of the pile and mooring line attachment padeye due to lateral bending;

soil reactions or soil-structure interaction analyses for structural design.

In areas such as the Gulf of Mexico, where action effects of tropical cyclonic storms can exceed the
capacity of the mobile mooring or mobile anchoring system, the design of suction piles should
consider an anchor failure mode that reduces the chance of anchor pull-out. For site conditions where
the presence of hard soil layers can limit suction anchor penetration, other anchor types should be
considered instead.

The calculation of the representative holding capacity of the anchor should be based on a characteristic
value of the soil properties. Anchor adequacy with respect to installation should be checked against
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high estimate soil strength properties. If faced with larger-than-usual scatter in soil data, the designer

should consider increasing the safety factors given in ISO 19901-7.

If the REB at the anchor tip is to be relied upon, it might not be correct to add the representative value of
the end bearing to the representative value of the skin friction to obtain the representative value of the

axial capacity of the suction pile as the mobilization of REB can require large pile pullout displacements.
[A.10-28][A.11-23]

The impact of the mooring line geometry in the soil on anchor forces should be considered since the
geometry can affect the relationship between the horizontal and vertical anchor forces. The inverse
catenary of the mooring line in the soil can make the mooring line angle steeper at the anchor padeye

than at thq
vertical for
to ensure

A.11.5.2.2

A.11.5.2.2

A typical
which are

— the pe

— thereq

he worst-case anchor loading is established.
Analysis methods

1 Penetration analysis

hetration resistance exerted on the anchor by the soil;

juired under-pressure to allow anchor embedment;

— thecri

ical pressure that can cause the soil plug to fail.

e seafloor. This steeper angle could result in a reduced horizontal force but an incredsed
ce at the anchor padeye. Both an upper and lower bound inverse catenary should be.chegked

enetration analysis includes the calculation of three quantities €01’ all penetration depiths,

It is of paramount importance to properly estimate the under-pressure (‘suction’) required for the [pile
to achieve [design penetration. Minimum under-pressufés are vital input parameters to the structpiral

design of the anchor. Furthermore, the pumps used-during installation should be capable of generaf

adequate under-pressure.

a) Penetrfation resistance

Thep

—

ng

etration resistance can becalculated as the sum of the side shear and end bearing on the pide
wall aipd any other protuberancés,)Protuberances include mooring and lifting padeyes, longitudjnal

or ring stiffeners, changes in wall thickness, mooring chain, launching skids, and others.
For an| anchor in clay without protuberances and with a flat tip, the installation resistance pt a
given flip penetration depth, z, can be calculated by:
Qtot = Qside + Qtip (Af73)
Qside = Awall (@ins SuDSS)AVE (AL74)
Qtip = (Nc Sutip AVE + ¥ '2) Atip (A.75)
where
Qtot is the total penetration resistance;
Qside is the resistance along the sides of the pile;
Qtip is the resistance at the pile tip;
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is the sum of inside and outside wall areas embedded in the soil;
is the pile tip cross-sectional area (excluding contained soil);

is the friction factor during installation [see item a)];

Qins SuDSS is the side friction;
(ains Supss)AvE  is the average side friction from seafloor to depth z;

N is the bearing capacity factor [see item b)];

1y

The
ove

be ¢letermined by various methods but fall cone, UU triaxial; ahd miniature vane (miniva

mof

The
tha
ofr
use
stre

is the average of triaxial compression, triaxial extension, and DSS undr3
strength at anchor tip level;

Sutip AVE

is the effective unit weight of soil;

is the tip penetration depth.
Friction factor during installation, ains

friction factor during installation, aiys, is usually defined as theratio of remoulded she
 undisturbed shear strength, which is as the inverse of thessoil sensitivity. The friction

t common. The typical range of ajys for soft clays is 0,2 te/0,5.

re can be uncertainty in the soil sensitivity since it is\influenced by the quality of the inta|

it is related to. Alternatively, the side friction, @ijas$iipss, can be equated to the direct mq
bmoulded shear strength, through fall cone, UU triaxial, or minivane tests. The remouldg
H in design should reflect both the directlygneasured value and the value derived fromn
ngth divided by the sensitivity.

ined shear

1 strength
factor can
he) are the

ct strength
asurement
d strength

the intact

Sonpe installation records have shown that'the interface shear strength mobilized during installation

can
can
sur
resi
be

2)

The
anc

width of the-protuberance over the embedment depth of the protuberance. Values of N ra

51

Bec|

at a given depth, be less than ajuesibss. In cases where the full interface shear strength
hot be mobilized along the ancher'wall, such as when the anchor is painted or subjected
face treatment, a correctionyfactor should be applied to ajys to properly predict the
stance.[A-10-19][A.10-24] Ring shear tests, with the actual wall surface modelled in the tes
|sed to measure the acttiatinterface shear strength.

Bearing capacity.factor, Nc

value of the bearing capacity factor, N, to be used to calculate the penetration resist
hor tip or ofa-given protuberance depends on the shape of the protuberance and the 1

Fo 9,0 forustrip and circular footings are recommended in Reference [A.11-24].

ausethe anchor wall thickness is usually small compared to the anchor diameter and the €

de

» AinsSuDSS,
to unusual
enetration
s, can also

hnce of the
atio of the
hging from

mbedment

in Table A.8.

associated

pththe pile tip is usually considered to he a deeply embedded strip footing with an|
bearing capacity factor, N, equal to 7,5. The values of N to be used in Formula (A.75) are summarized

A detailed example of the calculation of N is given in Reference [A.11-25]. Values of N, different from
those of Table A.8 are acceptable provided that they can be documented by appropriate modelling and
test results.
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Table A.8 — Recommended N, factor

Purpose Shape or area N¢
Calculation of pile tip penetration resistance Strip 7,5
Calculation of critical under-pressure causing soil Circular 6,2 to 9,0 depending on
plug failure [see A.11.5.2.2.1 item c)] embedment ratio (Refer-
ence [A.11-20])
Calculation of penetration resistance of protuber- Varies 5,0 to 13,5 (Reference [A.10-
ances [see A.11.5.2.2.1 item 3)] 17])

3) Ch llsCD ;ll PCllCtl Clt;Ull ) Ca;otauuc duc tU lJl Utubcx daliIttTo
Formulae (|A.73) to (A.75) should be modified if protuberances are present. The change in penetragion
resistance| due to the presence of mooring and lifting padeyes, longitudinal or ring.' stifferlers,
mooring c:[ain, launching skids, pile tip other than flat (i.e. bevelled) or any other internalor extefnal
protuberance should be considered carefully to assess the changes in friction and end bearing resistdnce
caused by the protuberances. Most protuberances cause an increase in penetration'resistance, ex¢ept
for internal ring stiffeners which can cause a decrease in internal side friction if they-are closely spafed.
[A.10-19]
b) Requirled under-pressure
The requirpd under-pressure, AUreq, to embed the anchor can be calculdted as follows:

AUreq 1 (Qtot - W’) / Ain (Al76)
where

Qtot 19 the total penetration resistance;

W’ i4 the submerged weight of the anchor during installation;

Aijn 14 the plan view inside area where-tthder-pressure is applied.
) CriticT and allowable under-pressuxes
The critical under-pressure at a given-depth, AUcrit, defined as the under-pressure that causes a gengral
reverse engl bearing failure at the.afichor tip and large soil heave within the anchor, can be calculate(d at
a given depth as follows:

AUcrit 7 Nc Sutip AVE +{Ainside (@ins Supss)AVE] / Ain (A[77)
where

Ainside|is the'inside lateral area of anchor wall.

In shallow water, the critical under-pressure should not exceed the water cavitation pressure.

The recommended allowable under-pressure, AUjjow, defined as the maximum under-pressure
that should be applied to the anchor, can be calculated as the critical under-pressure divided by an
appropriate safety factor. The minimum value of the safety factor is typically 1,5. Lower values can be
acceptable provided that the soil plug behaviour is monitored during installation and it is confirmed
that no plug failure occurred, and provided that the calculated allowable under-pressure is acceptable
for the pile steel structure (i.e. no risk of buckling).

d) Soil plug heave inside anchor

The soil heave inside the anchor during installation can be estimated by assuming that a percentage
of the soil volume displaced by the cross-sectional area of the anchor goes inside the anchor. This

150 © IS0 2016 - All rights reserved


https://standardsiso.com/api/?name=58616d7d8209d2b852663b848421665a

ISO 19901-4:2016(E)

percentage depends on anchor tip geometry and mode of penetration (i.e. self-weight penetration
versus penetration by under-pressure). It is commonly assumed that 50 % of the soil displaced by
the cross-sectional area of the anchor tip goes inside the anchor during self-weight penetration if the
anchor tip is flat.

The final elevation of the internal plug surface depends on the wall thickness variations, internal soil
plug stability, and spacing and type of any internal stiffeners.[A.11-26]

Soil heave should be accounted for in calculating the required pile stick-up and total length.

e) Presence of sand layers

Sanld layers, if present, should be given special attention. The penetration resistance in layexed profiles

con
the
lay§

Kisting of inter-bedded sands and clays can be significantly higher than through clay, de
density, degree of cementation, grain size distribution, and thickness, spacing and depth
rs. Penetration through sand layers is possible, provided the suction anchor,design tak

pending on
of the sand
bs this into

accunt.[A-11-27]

The penetration rate through sand layers should be high enough to prevent excessive floww of water

threugh the sand layers ahead of the anchor tip, as this can cause large plug heave.

A.1]1.5.2.2.2 Removal analysis

Theg geotechnical analysis should also consider anchor retrievalfor the following cases:

mobile (temporary) moorings where anchor removakis needed for reuse of the anchor
or to clear the seafloor. The suction pile retrieval procedure and analysis should acco
estimated maximum set-up time;

ing system
unt for the

ucture has
d be based

permanent moorings where local regulations ;require removal of the anchors after the stf
reached the end of its service life. The suction pile retrieval procedure and analysis shou
on full soil set-up;

mobile or permanent moorings<where installation tolerances are exceeded, a mooj
damaged during installation, orfor other contingencies.

ing line is

Thd extraction pressure required to retrieve the anchor, (AUreq)retr, can be calculated by:

(AUreq)retr = (Qtot (t =)+ W’) / Ain (A.78)
whére

Qtot (t = tr)ds'the total soil resistance at time of retrieval, t.. Time t = 0 is defined as the [time at the

end of penetration;

w? is the submerged weight of the anchor during retrieval;

Ain 1s the plan view inside area where extraction pressure is applied.

When calculating the total soil resistance during retrieval, Qtot (t = tr), Formula (A.73) can be used with
some modifications. It should be noted that the interface shear strength might be higher than its value
during installation due to soil set-up. A.11.5.2.2.4 gives guidance on assessing the increase in friction
factor with time.

The designer should also be mindful of possible differences between end bearing resistance in tension
and compression for protuberances. In addition, the maximum extraction pressure used should not be
higher than the pressure causing soil plug failure.

The vessel removing the anchor is often capable of applying a lifting force on the anchor with the
recovery line. This assistance can significantly reduce the required extraction pressure and should be
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included in the removal analysis. Therefore, any loading taken by the lifting line during retrieval can be
subtracted from the numerator in Formula (A.78).

The effect of the maximum extraction pressure on the steel structure of the suction pile should also be
considered (see A.11.5.2.3).

A.11.5.2.2.3 Holding capacity

Analysis and design tools to determine the capacity of suction anchors can be classified as one of three
general methods.[A10-19] These are, in order of decreasing detail:

the finjte element method (FEM) or other advanced numerical analysis;
limit equilibrium or plastic limit analysis methods (models involving soil failure mechanisms);

semi-gmpirical methods (highly simplified models of soil resistance including. béam-colymn
models).

For the anglysis and design of suction anchors for anchoring deepwater floaters, the central focus is{the

ultimate cgdpacity of the suction anchor and not the loading-displacement behat/iour.

It is recommended that suction pile designs for permanent moorings use FEM, limit equilibrjum
techniqued or plastic limit analysis. For mobile moorings with mainly horizental actions, semi-empiijical
methods spch as beam-column analysis using lateral loading or aXial shear transfer-displacenpent
curves (i.el p-y, t-z, Q-z curves described in 8.4 and 8.5), are also considered adequate, if suitably
modified. A method to modify p-y curves to account for the larger diameter of suction piles angd to
ensure latgral displacement is not overestimated can be found\in Reference [A.11-19]. The merits pnd

shortcomings of each method are discussed in the following;

a)

b)

152

Finite plement method (FEM)

As disgpussed in Reference [A.10-19], the FEMyis the most rigorous general method of analfsis
availalle for complex structural systems (including soil continua and soil-structure interaction).
The FEM identifies the critical failure meé¢hanism without prior user assumptions, provided an
appropriate constitutive model is usedv.The FEM also has many advantages including the abilitly to
includ¢ complex geometries, spatially varying soil properties, and nonlinear constitutive behav]our

(such as are requlred for flndlng the optlmum anchor 11ne attachment pomt for example)

However, FEM analysis can be warranted for complex loading and/or soil conditions where little
experience is available, or to gain insight on specific behavioural aspects of the foundation (i.e.
assessment of pore pressure changes and effective stress path at any point within the soil mass).

Limit equilibrium or plastic limit analysis methods

As discussed in Reference [A.10-19], these models are more approximate than FEM models but
are generally much easier to use than general FEM programs. The methods involve estimating
the ultimate capacity of plastic systems using assumed failure mechanisms. These mechanisms
are typically based on a combination of experimental observation, more rigorous numerical
or analytical studies, and engineering judgment. These methods can also include the ability to
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