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Foreword

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
elegtrotechnical standardization.

The| procedures used to develop this document and those intended for its further maintenance dre
des¢ribed in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed, for the
different types of ISO documents should be noted. This document was drafted in accordance'with the
editiorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attgntion is drawn to the possibility that some of the elements of this document may. be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Details of any
patent rights identified during the development of the document will be in the Introduction and/or on
the [SO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the conveniéence of users and does not
congtitute an endorsement.

For|[an explanation of the voluntary nature of standards, the meaning of ISO specific terms and
expressions related to conformity assessment, as well as information about ISO's adherence to the World
Tragde Organization (WTO) principles in the Technical Barriers to Trade (TBT), see
wwiw.iso.org/iso/foreword.html.

Thi§ document was prepared by Technical Committee 1SO/TC 67, Materials, equipment and offshore
structures for the petroleum, petrochemical and natural gas industries, Subcommittee SC 7, Offshore
strugctures.

Thig third edition cancels and replaces the\second edition (ISO 19901-4:2016), which has been
technically revised.

The|main changes compared to the previous edition are as follows:
— guidance extended on representative and design values for soil parameters (Clause 5);

— guidance added for geotechnical design of intermediate foundations for fixed structures and clause
renamed to ‘Design of shallow and intermediate foundations’ (Clause 7);

— requirements added-on installation resistance, yield envelope approaches for ultimate limit state, and
performance baséd,design for shallow skirted and intermediate foundations (Clause 7);

— niew unified EPT method for axial capacity in sands to replace the former main text method, new TZ
durve definition in sands, new unified CPT method for clays introduced into the annex, new PY curve
hethodelegy for clays to replace the existing method (Clause 8);

— niew clause for reassessment of pile capacity for existing structures (Clause 9);

— anew clause for pipelines, conductors and risers, previously only informative (Clause 10);
— references have been reviewed, updated and reduced where possible.
Alist of all parts in the ISO 19901 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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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 attended and unattended 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, quality of work, quality)corjtrol
procedures and national requirements, all of which are mutually dependent. The modification of|one
aspect of design in isolation can disturb the balance of reliability inherent in the overall concept or
structural system. The implications involved in modifications, therefore, need to be considered in relation
to the overall reliability of all offshore structural systems.

For geotechnical design, some additional considerations apply. These include.the time, frequency|and
rate at which actions are applied, the method of installation, the properties'of the surrounding soil] the
overall behaviour of the seabed, effects from adjacent structures and the’results of drilling into| the
seabed. All of these, and any other relevant information, need to be considered in relation to the ov¢rall
reliability of the structure.

These International Standards are intended to provide wideylatitude in the choice of structural
configurations, materials and techniques without hindering ihnovation. Geotechnical design practicg¢ for
offshore structures has proved to be an innovative and evolving process over the years. This evolutign is
expected to continue and is encouraged. Therefore,<circumstances can arise when the procedyires
described in this document or in ISO 19900 to ISO 19906 (or elsewhere) are insufficient on their own to
ensure that a safe and economical design is achieved:

Seabed soils vary. Experience gained at one location is not necessarily applicable at another. Extra cauftion
is necessary when dealing with unconventional soils or unfamiliar foundation concepts. Sound
engineering judgment is therefore necessary in the use of this document.

Some background to and guidance on-the use of this document is provided for information in Annex|A.

In this document, the following verbal forms are used, in accordance with the latest edition of the ISO f/IEC
Directives, Part 2:

— ‘shall’ and ‘shall not’ are.used to indicate requirements strictly to be followed in order to conform yith
the document and ffom which no deviation is permitted;

— ‘should’ and ‘sheuld not’ are used to indicate that among several possibilities one is recommended as
particularly Guitable, without mentioning or excluding others, or that a certain course of actign is
preferredbut not necessarily required, or that (in the negative form) a certain possibility or courge of
actionis deprecated but not prohibited;

— ‘may’ and ‘may 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

cansal

cororocts
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Petroleum and natural gas industries — Specific requirements for

offshore structures — Part 4: Geotechnical design consideration

1 Scope

S

This-decumenteontains-provisionsfor-geotechnical-engineering-design-that-are-applieabletoaby
range of offshore structures, rather than to a particular structure type. This document outlines meth
developed for the design of shallow foundations with an embedded length (L) to diameter (D)‘ratio
< 0,5, intermediate foundations, which typically have 0,5 < L/D < 10 (Clause 7), and long and flexible
foundations with L/D > 10 (Clauses 8 and 9).

This document also provides guidance on soil-structure interaction aspects for flewlines, risers
conductors (Clause 10) and anchors for floating facilities (Clause 11). This doCument contains &
guidance on site and soil characterization, and identification of hazards (Clause 6).

NOTE 1SO 19901-8 and 19901-10 provide requirements and detailed guidance omthese topics.

This document does not address aspects of soil mechanics and geotechnical engineering that aj
equally to offshore and onshore structures.

Figure 1 set outs a high level typical workflow for design of offshore foundations with reference to o
relevant [SO standards.

oad
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Typical design process for offshore foundations

Collection of site condition data, foundation requirements and input data:

Seabed conditions are known in detail and possible hazards identified,
Ref. ISO 19901-10.

Adequate geophysical/geotechnical data are collected and soil properties at the site
are sufficiently understood (e.g. strength, stiffness, permeability) - Ref. ISO 19901-8.

Nearby developments and potential for interaction are understood - Ref. [ISO 19900.

Determination of environmental conditions and metocean database -
Ref: ISO 19901-1

Seismic design requirements are considered
Ref. ISO 19901-2.

Loading regime acting on the foundation is understood
{e.g. weight, pipeline interface loads, snag loads, cyclic etc) -[Ref ISO 19901/ 19902/
19903

Foundation Design:

Detailed geotechnical data are available. Soil conditions are known in detail. Seabed
hazards are accounted for by avoidance, mitigation or appropriate allowance within
the design - Ref. ISO 19901-8 / ISO 19901-10:

‘sabnis

Relevant criteria are met for geotéchnical design under ULS, ALS and SLS and design
tolerances are included - Ref. [S0.19900/19901-4.

Relevant criteria are met for structural analyses under ULS, SLS, ALS, FLS (soil-reaction
curves included as appropriate within the analyses) - Ref. ISO 19900/19902/19903.

In-serviee, inspection or maintenance requirements are defined and implemented
(e.g. scout, settlement, seismic) - Ref. ISO 19901-4.

Installation of the foundation can be achieved within relevant constraints - Ref. ISO
19901-4

ubispp snoipA ay3 ul padinba. aap saA1323[qo pub s|ipIap
Jo 193] quaaaffiq “ubisap [pulf 01 21snq ‘(Apnis Apqoondde
pup 171q1svaf [pi3iul) 3dasuod wo.f ssasoad aaiapaaif
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NOTE Specific design and installation constraints can apply for structures in arctic regions (see ISO 19906), for
mobile offshore units, especially for jack-ups (see ISO 19905) and for anchors for floating units (see ISO 19901-7).

Figure 1 — Flowchart showing design process for offshore foundations
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2 Normative references

The following documents are referred to in the text in such a way that some or all of their con
constitutes requirements of this document. For dated references, only the edition cited applies.

tent
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 nnfurnlgnc industries — qlnprifir rpquirpmpnfcfnr nﬁfchnrﬂ structures —

Part

1: Metocean design and operating considerations

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

ISO 19901-3, Petroleum and natural gas industries — Specific requirements for offshorestructures —
3: Topsides structure

ISO 19901-5, Petroleum and natural gas industries — Specific requirements for offshore structures —
5: Weight control during engineering and construction

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

ISO 19901-7:2013, Petroleum and natural gas industries — Specifie\réquirements for offshore struct
— Part 7: Stationkeeping systems for floating offshore structures@nd mobile offshore units

ISO 19901-8, Petroleum and natural gas industries — Specificvequirements for offshore structures —
8: Marine soil investigations

IS0 19901-10, Petroleum and natural gas industries — Specific requirements for offshore structures —
10: Marine geophysical investigations

ISO 19902, Petroleum and natural gas industries>— Fixed steel offshore structures
ISO 19903, Petroleum and natural gas industries — Concrete offshore structures

[SO 19905 (all parts), Petroleum and natural gas industries — Site-specific assessment of mobile offs
units

ISO 19906, Petroleum and naturabgas industries — Arctic offshore structures

3 Terms and definitions

For the purposésyof this document, the terms and definitions given in ISO 19900, ISO 19901 (all p3
and the following apply.

ISO and IEE maintain terminological databases for use in standardization at the following addresses

— [SO_Online browsing platform: available at https://www.iso.org/obp

~—TEC Electropedia: available at http://www.electropedia.org/
3.1

Part

Part

Part

Part

lures

Part

Part

nore

rts)

action
external loading applied to the structure (direct action) or an imposed deformation or accelera
(indirect action)

tion

Note 1 to entry: An imposed deformation can be caused by fabrication tolerances, differential settlement,

temperature change or moisture variation. An earthquake typically generates imposed accelerations.
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[SOURCE: ISO 19900:2019, 3.3]

3.2
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on factor

partial safety factor applied to a design action
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1 to entry: Usually this entails people working in day and/or night shifts and in an offshore/onshore rota ef
k(s) on and week(s) off the facility.

2 to entry: In this document only L1 exposure level for attended structures is considered (see ISO 19900 and
19902).

jc variable
of a specified set of variables representing physical quantities which characterize actions,
ronmental influences, geometric quantities, or material properties including seil properties

JRCE: ISO 19900:2019, 3.7]

racteristic value
e assigned to a basic variable with a prescribed probability

1 to entry: In some design/assessment situations, a variable can have two characteristic values, an upper value
a lower value.

JRCE: I1SO 19900:2019, 3.9]

ived value of soil parameter
e assigned to a soil parameter for a speeific calculation model, reached by reasoning, theory,
uction, inference or empiricism, often considering various sources of data

ign actions
bination of representative actions and partial safety factors representing a design situation for use
hecking the acceptability of aidesign

ign value
e derived from therepresentative value for use in the design verification procedure

JRCE: 1SO 1990032019, 3.14]

jined condition
Hition.whereby the applied stresses and stress changes are supported by the soil skeleton and do not
se d'change in pore pressure

[SO

ORCE1S015501=87261%4,311]

3.10
effective foundation area
reduced foundation area having its geometric centre at the point where the resultant action vector

inte

rsects the foundation base level

3.11
limit state

stat

e beyond which the structure no longer satisfies the relevant design criteria
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[SOURCE: ISO 19900:2019, 3.31]

3.12

material factor

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

Note 1 to entry: See ISO 19900.

3.13
representative value
value assigned to a basic variable for verification of a limit state in a design/assessment situation

Note 1 to entry: Two types of representative value used in design verification are characteristic valie and nonginal
value.

[SOURCE: ISO 19900:2019, 3.40]

3.14
resistance
ability of a structure, or a structural component, to withstand action effects

[SOURCE: ISO 19900:2019, 3.41]

3.15

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

3.16
scour
removal of seabed material caused by currents and/or waves

[SOURCE: ISO 19900:2019, 3.45]

3.17
seabed
materials below the seafloor, whether soils such as sand, silt and clay, cemented materials or rock

Note 1 to entry: Offshore foundations are most commonly installed in soils, and the terminology in this docuthent
reflects this. However, the requirements equally apply to cemented seabed materials and rock. Thus, the term |soil'
does not exclude any othersmaterial at or below the seafloor.

3.18
seafloor
interface between the sea and the seabed

3.19

serviceability
ability of a structure or structural member to perform adequately for a normal use under all expefted
actiens

[SOURCE: ISO 2394:2015, 2.1.32]

3.20
settlement
permanent downward movement of a structure as a result of its own weight and other actions

3.21
strength
mechanical property of a material indicating its ability to resist actions, usually given in units of stress

Note 1 to entry: See ISO 19902.
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3.22
unattended/normally unattended
no personnel are expected to work and live on the facility 24 /7 during its operational life.

Note 1 to entry: As planned and/or unplanned maintenance will be required, usually reference is made to normally
unattended or not normally attended.

Note 2 to entry: Specific requirements can apply to unattended/normally unattended structures or to structures

bel g evacuatedin advance ofa storm
=3

3.238
undrained condition

conflition whereby the applied stresses and stress changes are supported by both the soil skeleten and
the pore fluid and do not cause a change in volume

[SOPRCE: ISO 19901-8:2014, 3.42]

4 |Symbols and abbreviated terms

4.1| General

Conmimonly used symbols are listed in 4.2 to 4.5; other symbols are defined in the text following the
applicable formula. Symbols can have different meanings between formulae.

4.2 Symbols for shallow and intermediate foundation design

A actual (cross-sectional plan) foundation area

A effective foundation area depending on eccentricity of actions

A vertical projected area of the foundation in the direction of sliding

Ap projected area of skirt tip

As side surface area of skirt embedded'at a particular penetration depth

Aidediized idealized rectangular foundationarea, for irregular foundation shapes

b, B¢, 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)
compression index of soil over loading range considered

d., dq, dy  bearing capacity correction factors related to foundation embedment depth

foundation diameter (for circular foundations)

Dy depth below seafloor to foundation base level

e eccentricity of action

€o initial void ratio of the soil

e eccentricity of action in coordinate direction 1

ez eccentricity of action in coordinate direction 2

f unit skin friction resistance along foundation skirts during installation

F bearing capacity correction factor to account for undrained shear strength heterogeneity

do9e gy  correction factors related to seafloor inclination

G elastic shear modulus of soil

6 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=aded27837a1e11dcf6078821c41c440a

ISO/DIS 19901-4:2022(E)

h soil layer thickness

H horizontal action

Hy horizontal action on effective area component of the base

Hq design value of resistance to pure sliding

AHq4 horizontal soil resistance due to active and passive earth pressures on foundation skirts

Huie ultimate horizontal capacity in yield surface design method

i, 1q, Iy bearing capacity correction factors related to foundation action inclination

K, Ko, K,  correction factors that account for inclined actions, foundation shape, depth of.embedn]ent,
inclination of base, and inclination of the seafloor

K, coefficient of passive earth pressure

K drained horizontal soil reaction coefficient

K undrained horizontal soil reaction coefficient

L maximum lateral foundation dimension (also foundation length)

L' maximum effective lateral foundation dimension (also foundation effective length)

M overturning moment

My moment capacity in yield surface design method

N undrained bearing capacity factor, equal to.5,14

Ng, Ny drained bearing capacity factors, as a funetion of ¢’

P'in in situ effective overburden stress atskirt tip level inside the skirts of a skirted foundation

P out in situ effective overburden stress‘at skirt tip level outside the skirts of a skirted foundatjon

q unit end bearing resistance on-foundation skirt tip; during penetration

qd design value of vertical bedring resistance in the absence of horizontal actions

Q vertical action

Q skirt friction resistance

Qp end bearingvesistance from skirt tips

Q- soil resistance during skirt penetration

Quit vertical capacity in yield surface design method

R radius of the base of a circular foundation

RP reference point for action transfer

Su undrained shear strength

Su0 undrained shear strength at foundation base level (skirt tip level for skirted foundations]

Suave average undrained shear strength from seafloor to foundation base level

Su2 equivalent undrained shear strength below foundation base

Sc, Sq, Sy bearing capacity correction factors related to foundation shape

T torsional moment

Ug, Uy vertical and horizontal displacements at foundation base level

B ground inclination angle in radians, in calculation of inclination factors
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1) interface friction angle between soil and foundation

Ac’,, increment of effective vertical stress in a given soil layer at the specified time due to the
increment of vertical action applied to foundation

! effective angle of internal friction angle of the soil for plane strain conditions

y’ submerged unit weight of soil

14)) deadactionfactor

YL live action factor

Ym material factor

K rate of increase of undrained shear strength with depth

00 in situ effective overburden stress at foundation base level (skirt tip level when skirts are
used)

oo effective overburden stress at level of a given soil layer

v Poisson’s ratio of the soil

U foundation base inclination angle in radians, in calculation of iniclination factors

Owm, Or displacements at foundation base level under overturning.and torsion loading

4.3| Symbols for pile foundation design

Apile gross end area of pile, Apile = #
2
A: pile displacement ratio, 4. = A—W =1% &
pile D
Aw cross-sectional area of pile anhnulus, A, = % . (D2 - Dlz)
As side surface area of pile in soil
C1, {2, Cs  dimensionless coefficients determined as function of ¢’, for p-y curves for sand
D pile outside diameter
D pile insiderdiameter, Di=D - 2 WT
Dso mean-$oil particle diameter
Dcpil diamieter of CPT tool, Dcpr = 36 mm for a standard cone penetrometer with a cone area of
1,000 mm?
D. relative density of sand, for CPT-based methods 1 and 4
Es imitial modutus of subgrade Teaction
f unit skin friction
flz) unit skin friction at depth z
fe(z) unit skin friction in compression at depth z
fo(z) unit skin friction between sand soil plug and inner pile wall, for CPT-based method 4
fi(z) unit skin friction in tension at depth z
8 © IS0 2022 - All rights reserved
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nips

and

and
S or

soil

ling

bile

h of

ngth

fiim limiting unit skin friction value

h distance above piletip=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

Nq dimensionless bearing capacity factor

p mobilised lateral resistance; for lateral soil resistance-displacement relations
(p-y curves)

Da atmospheric pressure (p. = 100 kPa)

Pge design value of axial action on the pile, determined from a coupled linear structure
nonlinear foundation model using the design actions for extreme conditions

Pap design value of axial action on the pile, determined front a coupled linear structure
nonlinear foundation model using the design actions for permanent and variable action|
the design axial action for operating situations

Dfa mobilised lateral soil resistance-displacement, relationships for fatigue analysis after the
unload-reload secant stiffness and hysteretie-damping have stabilized (pf.-ys curves)

P, pile outer perimeter = w D

Prmo mobilised lateral soil resistance-displacement relationships under monotonic lateral loa
(Pmo-Ymo curves)

Dr representative value of lateral.capacity, for p-y curves, in unit of force per unit length of |

Drd representative value of deeplateral capacity, for p-y curves, in unit of force per unit lengt
pile

Drs representative value.of shallow lateral capacity, for p-y curves, in unit of force per unit lej
of pile

P'm(z) in situ effective mean stress at depth z

q unit end bearing at pile tip

g (z) CPTleone resistance at depth, z, in stress units

qes (2) reduced CPT cone resistance at depth, z, to account for general scour

qcav,1,5D average value of q. (z) between 1,5 D above pile tip and 1,5 D below pile tip

qcip CPT cone resistance at pile tip

0 mobilised end bearing capacity in Q-z curves

Uic SKin friction capacity in compression

Qse skin friction capacity in tension

Qs clay cumulative skin friction capacity of clay layers within soil plug, for CPT-based method 3

Qiim limiting unit end bearing value

Qp end bearing capacity

Q- representative value of axial pile capacity
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Qr,c

Su

su(z)

wT

representative value of axial pile capacity in compression
representative value of axial pile capacity in tension
undrained shear strength

undrained shear strength at depth z

pile wall thickness

tmax

tres

ZR

Zpealf

Zres

6(: v

(z)

,HD.

mobilised skin friction for axial shear transfer t-z curves

maximum skin friction for axial shear transfer t-z curves

residual skin friction for t-z curves

lateral pile displacement, for p-y curves

depth below original seafloor

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

axial pile tip displacement, for Q-z curves

depth below seafloor to bottom of reduced resistance zone, for p=y curves for uniform clays
final depth below seafloor, after general scour

axial pile displacement at which maximum soil-pile skin friction, tmax, is reached, for t-z curves
axial pile displacement at which residual soil-pile skin friction, t.s, is reached, for t-z curves
dimensionless skin friction factor, for cohesive sails

dimensionless skin friction factor, for cohesionléess soils

constant volume friction angle at sand-pile.wall interface

strain at one-half maximum deviator stress, for p-y curves for soft clay

effective angle of internal friction ofisand, for drained triaxial conditions

submerged soil unit weight

unit weight of pile (steel/concrete, etc.)

unit weight of water

partial resistance factor for extreme conditions
partial resistance factor for permanent and variable actions for operating situations

parameter’to determine the dimensionless skin friction factor, for clays =su(z) / 0’vo (2) at
depthiz

in situ effective horizontal stress at depth z
in situ effective vertical stress at depth z

in situ effective vertical stress at pile tip

Azgs

Azis

In

10

global scour depth
local scour depth
base natural logarithms approximately 2,718

natural logarithm (base €)
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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
fe dimensionless time factor
v dimensionliess 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
Subss undrained shear strength in direct simple shear mode
Sur remoulded undrained shear strength
T drained axial resistance per unit length of pipeline
% vertical action on pipeline
z depth to flowline, or pipeling;invert
AQ change in vertical force, per unit length of pipeline
Az change in vertical.displacement
Azy uplift (break-oqut) displacement
) interface friction angle at soil-pipeline interface
u pipelime-soil friction coefficient
g dimensionless enhancement factor
¢ dimensionless time factor
Qv dimensionless velocity factor
O half-angle of pipeline-soil contact perimeter
4.5 Symbols for design of anchors for stationkeeping systems

a acceleration of a gravity embedded anchor

A fluke area of a drag anchor

Aett 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
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Ap projected area of a gravity embedded anchor/line

Avip tip cross-sectional area of an anchor pile

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

B fluke width of a drag anchor

Co drag coefficient of a gravity-embedded anchor/line

f coefficient of friction between chain or wire rope and the seafloor

Fy bearing resistance of a penetrating gravity-embedded anchor/line

Farag hydrodynamic drag force action on a gravity-embedded anchor/line

Ft frictional resistance of a penetrating gravity-embedded anchor/line

Frma ultimate holding capacity (UHC) of a plate anchor

FOShsial factor of safety with respect to axial loading of anchor

FOStombinea  factor of safety with respect to combined axial and lateral loading of.atichor

FOS)ateral 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&eafloor

m mass of a gravity-embedded anchor

n dimensionless holding capacity factor for@ drag anchor

N dimensionless bearing capacity factor

Pew holding capacity of mooring line-ehain or wire rope

Qrot total penetration resistanceof'an anchor pile

Qsid¢ resistance along the sides-of an anchor pile

Qtip resistance at the tipof-an anchor tip

Se soil strength strain rate factor

St soil sensitivity

Su undrained shear strength at the point in question

Su,AVE avepage undrained shear strength within the failure zone at the design penetration depth,
corrected for effects of cyclic loading

Su,tip|AVE average of triaxial compression, triaxial extension, and DSS undrained shear strength at
anchor tip penetration depth

Su,DSS mrdrainmed shear-strengthobtaimedfronrdirect simpteshear-tests

t time

tr time of anchor retrieval

1% free-fall velocity of a gravity-embedded anchor

%4 vertical action component

W submerged weight of a gravity-embedded anchor
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w’ submerged weight of anchor

W’ew submerged unit weight of chain or wire rope

z embedment or penetration depth

AUreq required underpressure to embed a suction anchor pile

AUcric critical underpressure causing failure of soil plug inside a suction anchor pile

Qins friction factor during installation of a suction anchor pile or of a gravity-embedded anchor
Y’ submerged unit weight of soil

n empirical reduction factor accounting for progressive failure of a plate anchor:

p fluid density

0 angle of mooring line at anchor padeye attachment point (measureddrom horizontal)

Oaxial angle of mooring line at anchor padeye attachment point (measured from horizontal) ahove

which the anchor ultimate capacity is controlled by axial capacity

Brateral angle of mooring line at anchor padeye attachment point (measured from horizontal) bglow
which the anchor ultimate capacity is controlled by lateral capacity

4.6 Abbreviated terms

ALS accidental limit state
BOP blow-out preventer

CPT cone penetration test
FEM finite element method
FLS fatigue limit state

FOS factor of safety

PFD partial factor design
REB reverse end bearing

SCR steel catenary riser

SLS serviceabilitylimit state
SRD soil resistance to driving
TDP touchzdown point

UHC ultimate holding capacity
ULS ultimate limit state

VLA vertically loaded anchor

[ Val 1 H =
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5.1General

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 and material factors (see 1SO 19900:2019,
Clause 9). Requirements regarding partial factors for actions and the combination of actions into design
situations are given in the relevant International Standards for offshore structures, i.e. ISO 19900 to
ISO 19906.
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In some design situations, two representative values can be defined, an upper and a lower value. By using
this approach in combination with specified action factors and material factors, geotechnical and
foundation designs will result in an offshore structure with a level of reliability in agreement with the
requirements of ISO 2394 and ISO 19900.

The material factor for soil can be expressed as the ratio of the representative value of the undrained
shear strength to the shear stress mobilised for equilibrium, or as the ratio of the representative value of

the tangent of the representative angle of internal friction to the tangent of the angle of internal friction
mobilised for equilibrium. The material factor shall not be lower than 1,25. It may be modified by
assessing:

a) the consequences of failure;

b) the accuracy of the applied calculation method and the model uncertainty;

c) How the representative strength of the soil material was determined;

d) whether the type of structure is new;

e) whether there is no or little experience with the soil conditions encountered.

The| PFD design methodology in this document involves the use of action factors and material factors,
which aim to result in comparable overall foundation reliability with thatachieved from the use of the
worlking stress design (WSD) methodology in API RP2GEO [22]. For shallow)foundations, this comparison
is outlined in References [191] and [95], which highlights that broadly comparable foundation size
sholild be obtained to resist a given set of representative values of actions from either method. Although
the design recommendations are largely aligned in this documentand API RP2GEO [22], the PFD or WSD
methods can lead to differences in the design outcome.

The| design shall account for static, cyclic, and dynamic actions without causing excessive deformations
or vibrations in the structure. The design shall address the'possibility of movement of the seabed and any
actipns resulting from such movements on the structiite. The potential for disturbance to foundation soils
by donductor installation or shallow well drilling shall be assessed (see 8.7.12).

The|guidance herein does not necessarily apply to unconventional soils such as carbonate material (see
6.3)], volcanic sands or highly sensitive clays:

5.2]Design cases and safety factors

The|design cases that shall be addréssed with the corresponding values of partial action factors are given
in:
— IS0 19902 for fixed steel‘offshore structures;

— IS0 19903 for fixed @oncrete offshore structures;

— IS0 19904 anddS0“19901-7 for floating offshore structures;
— IS0 19905 (all*parts) for jack-ups;

— IS0 19906 for arctic offshore structures.

The|resistance factors applicable to the design of pile foundations are given in 8.1.1. The material factors
app icable to the dpcign of shallow and intermediate foundations dpcignpd with the PED qpprnnr‘h are
given in 7.3.1 and 7.3.3. In assessing the stability of shallow and intermediate foundations with the PFD
approach, the design value of resistance is computed by applying a material factor to the representative
soil strength. This differs from the practice for design of piles, where a resistance factor is applied to the
representative foundation capacity.

Specific requirements, design procedures and criteria under dynamic actions from earthquakes are given
in ISO 19901-2.
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5.3 Representative and design values of soil parameters

5.3.1 Generic principles

This subclause provides generic principles and guidelines for selecting representative and design values

of soil parameters, in line with the partial factors format or partial factor design (PFD) approach.
term 'soil' is used as per ISO 2394 and ISO 19900. This term is equivalent to 'seabed’ defined in 3.17
in ISO 19901-8 and ISO 19901-10.

The
and

Estimation of the representative and design values for soil parameters typically considers the follow
— the extent and quality of soil investigation and possible environmental factors;
— a priori knowledge, such as geological information and physically credible values;

— the measurable physical quantities that correspond to the population of soil parameters considg¢
in the calculations;

— the appropriate factors or transformation functions, to convert the parameters obtained fi
laboratory and/or in situ tests or other methods to soil parameters;

— the assumptions in the calculation method(s);
— the uncertainties in the soil parameters.

Additional guidance on the selection of the representative value-and uncertainties is given in 5.3.2
A5.3.

5.3.2 Determination of representative and design.values of soil parameters

For soil parameters, the determination of the representative value and design value shall includ
relevant available data for a site, such as:

— geological information;
— study of depositional processes and stratigraphy;

— results of in situ tests, including geotechnical and geophysical investigations (refer to ISO 19901-8
[SO 19901-10);

— results of laboratory tests;

— results of physical model tests;

ing:

bred

rom

and

b all

and

— reliable correlations (general or regional) for similar soils under similar geological settings and sinilar

stress conditions;
— data from design tables;
— experierce-and expert opinions.

Figure 2;schematizes the steps for the selection of a representative value and the corresponding de
valuexThe columns in the figure present the sources of data or information, the measurements m|
obtaining derived values and obtaining the representative value and the design values. The uncertair
associated with the steps in the determination of the soil parameters are listed, although the list is
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7\ a N\ N 7 )
1. Geophysical surveys Geophysical surveys, in Derived value: Accounting for: Include material factor
2. Geology situ and laboratory Use all sources of - Limit state or resistance factor:
3. In situ tests tests, model tests: information in first - Local/global failure
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Figure 2 — Steps in selection of a representative value and design value forseil parameters

When there are enough data available, statistical analyses may be used to estimate the mean and standard

dev|
con]
asse

The|

ation (uncertainty) of the derived values for key soil parameters for a design or calculation. When
bining data from different sources, statistical methods, such as Bayesian updating, can be used to
ss the uncertainty in the derived values of the soil parameters.

representative value to use in the verification of a limit state in adesign situation:

— ip an estimate of the value(s) affecting the occurrence of the lithit state which accounts for uncertainty;

=

Q

N

[OTE 1 The uncertainty to be covered by the selection<of a representative value is that of the soil

arameters governing the limit state, where the uncertainty\is' due to both lack of knowledge and the natural
nd spatial variation of a parameter.

ccounts for the extent of the ground volume involved in the limit state, the effects of time, brittleness,
oil fabric and structure, and construction processes;

ccounts for transformation of data to.the reference scale of the soil parameter required for
erification of the limit state, where applicable;

— ip not one particular fractile of the-results of laboratory tests or in situ tests on soil specimens.

- =

[a»)

— €

As 4

[OTE 2 If statistical values in multiple parts of the volume of soil affecting the limit state are available, the
epresentative value can be selected with a 95 % degree of confidence.

onsiders both projectispecific information and a wider body of geotechnical knowledge and
Xperience;

ncapsulates the designer's expertise and experience.

n example, when the average value of the soil strength over a large soil volume governs the design of

a foundation-(efg. axial capacity of long friction piles), the representative value can be taken close to the

med

n shear-strength value because of the larger scale variations over the volume. When foundation

resistance involves a smaller volume of soil (e.g. end bearing of a pile), the representative value is usually
defined below the mean value.

The
and

following guidance is presented for selection of a representative value where estimates of the mean
standard deviation of a soil parameter are available for a uniform soil stratum [2051[206][224];

— When the representative value is based on laboratory or few discrete in situ data, the representative

value can be selected as a value close to the mean + 0,5 SD, where SD is the standard deviation, for
conditions where the limit state depends on the parameter value averaged over a large volume of
ground (i.e. a mean value). For a smaller volume of ground involved in the limit state, the
representative value can be selected at about the mean + 1 SD, where SD is the standard deviation.
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— When the representative value is based on nearly continuous CPT/CPTU data, and the cone resistance
is used directly to compute soil resistance (e.g. for the calculation of pile capacity in sand), the
representative value of the cone resistance can be taken close to the mean value, at a value of, for
example, mean * 0,15 SD. When the cone resistance is used through a transformation of the
measurement into (e.g. a shear strength), the transformation introduces additional uncertainty that
can be accounted for by the selection of a representative value with a larger standard deviation.

Local data, engineering experience and engineering judgment may support selection of values different

than those suggested by the above guidance.

The design value is obtained by applying the material factor or the resistance factor for the caleulatign in
question (see Figure 2). The selection of representative value does not require further adjustment of the
resistance factors and material factors that are given in 7.3.1, 7.3.3 and 8.1.1.

For soils, the representative value for stability is often different than the representative value for
installation (e.g. pile driving). In such cases, the representative value should be seleoted according td the
conditions that are critical for a limit state.

For spring stiffness, lower and higher values can lead to different stresses)in a structure. This implies
multiple design/assessment situations, each of which require selection of appropriate representdtive
values for soil spring stiffnesses. In many cases, a mean value, and-not a cautious value, is the rmost
appropriate as input for the structural analysis. For fatigue limit staté, a value lower or higher than the
mean is more appropriate.

5.3.3  Geotechnical reliability-based design

The documentation of appropriate levels of performance ¢an be achieved for geotechnical structures|and
foundation by the limit state verification described.inthis document. Appropriate levels of performance
can be alternatively documented with a reliability-based approach.

The goal of geotechnical reliability-based design’ (RBD) is to achieve a more uniform level of reliabjility
than that implied in existing limit state verification approaches. Reliability-based design is particularly
suitable for the representation of multiple conditions and failure modes and can account for|the
uncertainties found in geotechnical analysis and design. The process of using an RBD approach can give
a better overall understanding of the sensitivity of the outcome to different inputs, assumptions [and
uncertainties. The reliability approach is well suited for comparing the safety of similar structures|and
for assessments during the lifetime of an installation. Methods for geotechnical RBD analyses cafp be
found in References [21] and [37].

As a complement to the)limit state verification, reliability-based approaches can be used to estimgte a
reliability level, described with an annual reliability index and annual failure probability, to document a
margin of safety-

Reliability-based analyses should include an assessment of all the uncertainties in Figure 2. Additipnal
requiredsinputs for the reliability analysis are the probability distributions of the (1) soil paramgter
values, (2) loading cases, (3) geometry, and (4) method uncertainty. The identification of the appropifiate
probability distributions and their mean and standard deviation from limited data also introdyices
ufieertainties that need to be addressed.

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

5.4 Testing and instrumentation

Testing and instrumentation can be undertaken to resolve or narrow uncertainty in the behaviour of
structures. Stakeholders can conclude that testing and instrumentation are required, if conditions outside
industry experience are encountered and safety and economy are of particular concern.

Possible testing and instrumentation methods include the following:

a) Loading tests, model tests and field tests
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Loading tests, model tests and large-scale field tests can be performed to address particular
uncertainties in the geotechnical capacity and performance, for example where:

— the structure configuration differs significantly from earlier configurations where operational
experience exists;

— the soil conditions differ significantly from those where operational experience exists;

— new methods of installation or removal are envisaged;

— a high degree of uncertainty exists as to how the structure or its foundation will behave.

b) Temporary instrumentation

6

The structure can be fitted with temporary instrumentation where:

— the installation method presupposes the existence of measured data for control of the operation;

— an installation method is to be applied with which little or no experience has been gained.
Rermanent instrumentation

The structure can be fitted with permanent instrumentation where:

— the safety or behaviour of the structure is dependent on active operation;

— the structure configuration, the soil conditions, or the actions differsubstantially from those with
which experience has been gained;

— there is a need for monitoring the whole structure with regard to penetration, settlement, tilt, or
other behaviour;

— the method of removal presupposes the existence of.measured data for control of the operation.

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 desk study, geophysical and geotechnical
suryeys and interpretation.

Additional guidance is provided.in\A.6.1, detailed guidance is provided in ISO 19901-8 and ISO 19901-10.

6.2Geological modelling and identification of hazards

6.2.1 General

In gases where poOtentially active geological hazards are identified and future activity can impact
proposed facilities; the nature, magnitude and return intervals of these active geological processes shall
be gvaluated: Site investigation techniques, specialized laboratory testing and analytical modelling can

be

employed 'to provide input for quantification of the probability and effects of active geological

progesses’ on structures and foundations. Due to uncertainties associated with definition of these
progesses, a parametric approach to studies can be helpful in the development of design criteria.

6.2.2 Assessment of site geohazards

Most familiar geological hazards with potential design consequences for planned facilities comprise:

— Earthquakes: Areas are considered seismically active on the basis of the historical record of

earthquake activity, both in frequency of occurrence and in magnitude, or on the basis of a tectonic
review of the region. more details are provided in ISO 19901-2.

— Fault planes: In some offshore areas, fault planes can extend to the seafloor with the potential for
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— Seafloor instability: Movements of the seafloor can be caused by ocean wave pressures, earthquakes,
soil self-weight, hydrates, shallow gas, faults, salt tectonics and other geological processes.

— Scour and sediment mobility: Scour is the removal of seabed soils by currents, waves and ice. Such
erosion can be due to a natural geological process or caused by structural components disrupting the
natural flow regime above the seafloor. Scour can result in removal of vertical and lateral support for
foundations, causing undesirable settlements of shallow foundations and overstressing of attached
components. Where scour potential is identified, it shall be accounted for in design or through

mitigation [see A.8.1.4.1.2 item c) and A.8.5.6].

— Shallow gas: The presence of either biogenic or petrogenic gas in the pore water of shallow-soils|can
be an important consideration in geotechnical design.

— Seabed subsidence: The nature of the soil conditions and the reservoir and extraction procefses
should be investigated to establish whether subsidence of the seabed is likely to og¢ur during the field
life.

Additional guidance is provided in A.6.2 and in ISO 19901-10.
6.3 Carbonate soils

6.3.1 General

When performing site investigations in frontier areas or areas khown or suspected to contain carbopate
material, the investigation should include diagnostic methods to determine the existence of carbohate
soils. Particularly in sands and silts that contain in excess pf 15 % to 20 % carbonate material, foundaftion
or seabed structure behaviour can be adversely affectedjand a field and laboratory testing programme
shall characterise these specific sediments (see A.6.3'and ISO 19901-8). Additional guidance is provlded
in A.6.3.1.

6.3.2 Characteristic features and properties of carbonate soils

For site characterization, use of local experience is important, particularly in the selection of an
appropriate soil investigation and testing programme. In new unexplored waters, where the presenge of
carbonate soils is suspected, selection of an in situ test programme should draw upon any experi¢nce
with carbonate soils where geogrdphical and environmental conditions are similar. Additional guidance
is provided in A.6.3.2.

6.3.3 Foundations in carbonate soils

6.3.3.1 Driven piles’and other deep foundation alternatives

Several case histories describe some of the unusual characteristics of foundations on carbonate soilsland
their often peor-performance. Numerous pile loading tests have shown that piles driven into wepkly
cemented and-compressible carbonate sands and silts mobilise only a fraction of the capacity (<13 %)
predicteddy design and prediction methods for siliceous material.

Pilesinstalled by driving in carbonate soils have experienced free-fall at stab-in, under hammer welight
or-during the driving process. The possibility of pile free-fall shall be assessed and mitigation measyres,
such as the use of pile arrestor or other method to reduce the speed of or arrest free-fall, sha]ll be

addressed.

Dense, strongly cemented carbonate deposits can provide a very competent foundation material, but
difficulty in obtaining high-quality samples and the lack of generalized design methods can make it
difficult to predict where problems can occur. Clays where the carbonate content exceeds 50 % and for
which no pile test data or local experience exists can be challenging.

Additional guidance is provided in A.6.3.3.1.
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6.3.3.2 Shallow foundations

Shallow foundations are suitable for use on carbonate sediments. The important differences between
carbonate sediments and silica sands or non-carbonate clays shall be characterized and their effects shall
be addressed in design.

Shallow foundations can be attractive for carbonate sediments that exhibit a significant degree of
cementation, since they give high bearing capacities, good resistance to cyclic actions and low potential

fOI‘ bCLLlClIlUIlLb. HUWCVCI, ldyt![ Ud PI Uﬁlcb Ur vdl ldlUl_y Ltflllﬁlll,tfd dlld UII‘LCIIICIILEd deilllUIlLb Cdll
intrpduce the risk of a punch-through type of failure.

Additional guidance is provided in A.6.3.3.2.

6.33.3 Assessment

To date, general design procedures for foundations in carbonate soils are not available. Acceptable design
methods have evolved but remain site-specific and dependent on local experience. Additional guidance
is provided in A.6.3.3.3.

7 |Design of shallow and intermediate foundations

7.1(General

Shallow foundations in the context of this document include foundatiens placed directly on the seabed
Wir'lclout embedment and embedded foundations with a maximum €mbedment of half the shortest plan
dimlension, i.e. an embedment ratio of up to 0,5. Intermediate foundations in the context of this document
behpve essentially rigidly when laterally loaded such that plastic’hinges typically do not form in the steel
structure of the foundation; as can be the case for longer niore flexible piles that are addressed in Clause
8. Intermediate foundations are typically embedded into the seabed with an embedment between 0,5 and
10,0 times the shortest plan dimension, i.e. embedmentratios between 0,5 and 10,0.

The|limits on embedment ratios stated here are indicative and there is some overlap in the foundation
behpviour and design methodologies that can~”be applicable to shallow foundations, intermediate
foupdations and piles. More important is (the actual behaviour of the foundation, which should be
asséssed by considering aspects such as‘the foundation dimensions, soil conditions, installation method
and|applied loading. A shallow foundation is typically designed considering ‘surface’ failure mechanisms,
i.e. failure mechanisms that reach the-seafloor while an intermediate foundation can be designed against
medhanisms that involve both.surface and confined (below the seafloor) aspects. Idealized failure
medhanisms and action interaction for shallow foundations, intermediate foundations and pile
foundations are illustrated‘in Figure 3. The simplified shallow and intermediate design methodology
presented here typically-assumes rigid foundation behaviour. Where there is uncertainty over the
behpviour of the feundation, and the classification of foundation behaviour in terms of shallow,
integrmediate or pile)advanced analyses techniques, such as finite element analyses, should be used to
enslire that the feundation behaviour is understood.

Guidance inthis clause relates to foundations for fixed structures, whether subsea or surface piercing.
Example§yinclude shallow and intermediate foundations for surface piercing concrete gravity based
structures, steel jacket structures, minimum structures, monotowers; and shallow and intermediate

fOUudqtiuua fUl aubaca Dtl Lll,tbll <SS, iu\,}udius lllclllifu}db, UVTCI tl ClVV} Dtl u\,tux <S5, iu}iuc Dtl uutul S, PI}JC}IIIC
end termination structures and holdback anchors for subsea structures. Foundations are considered in
Clause 10 for riser towers and in Clause 11 for floating facilities. A range of structures for which the
shallow and intermediate foundations considered in this clause can apply are illustrated in Figure 4.
Foundations in this clause can be temporary (e.g. a construction aid during piling) or the main permanent
foundation.
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Figure 3 — Illustration of (a) failure mechanisms and (b) loading interaction of shallow
foundations, intermediate foundatiens and flexible piles

- l

Figure 4 — Illustration of foundation types and applications considered in Clause 7

The formulae presented for evaluating the installation resistance, ultimate limit state (stability) and
serviceability limit state (displacement) of shallow and intermediate foundations given are based on
solutions for simple soil profiles and idealized soil response, i.e. uniform or linearly increasing strength
or stiffness with depth and fully drained or undrained soil response. The formulae shall only be applied
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to conditions similar to those for which they were derived or for which they can be shown to be
applicable.

The methods presented are intended for combinations of dead action, variable live action and
environmental action (i.e. wind, wave, current and ice). Where these arise from transient or cyclic actions,
they are considered as quasi-static actions. Dynamic actions involve inertial effects (mass-acceleration)
and can be monotonic (e.g. ship 1mpact) or cycllc (e g. selsmlc) Other cyclic actlons involve repetltlve
loading i i .
In dome cases, cyclic actions can be considered as pseudo-static and assessed using the calculatlons
outlined in 7.4 (e.g. current loading is often considered as pseudo-static). However, the methods in this
clayse do not necessarily apply to more complex dynamic loading conditions, such as where the inertia
of the structure or foundation soils is important (e.g. seismic loading).

Thig clause considers verification of limit states governed by soil behaviour and excludes verification of
stryctural integrity of the foundation (steel jacket integrity is covered by ISO 19902),-More detailed
assgssment can be performed for structures sensitive to foundation stiffness.

For[large concrete gravity base structures and mobile offshore units, the requiremeritin this clause shall
be supplemented and modified by requirements given in ISO 19903, ISO 19905-T\and ISO/TR 19905-2.

7.2Principles

7.2/1 General principles
The|following general principles shall be adopted in assessing shallow and intermediate foundations:

a) Foundation stability shall be analysed by ensuring equilibfium between design actions and design
resistance. Where the possibilities of excessive displacenieént and deformation of the foundation soil
gre identified, and where these are critical, more complex analysis approaches than presented in this
dlause can be appropriate.

b) (alculations using alternative methods of analysis-shall be justified.
c) IPesign actions shall be determined with consideration of the design life of the foundation;.

d) 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
drise during loading. Analysis of foundations subject to partial soil drainage during the loading event
is not addressed in this clause.

design may be based on Serviceability (rather than stability) criteria, whereby the deformation of the
fpundation is assessed jagainst allowable movement criteria. The appropriateness of adopting this
gdpproach will depend on the type of structure. The selection of appropriate soil moduli (especially
donsidering strain-dependency) is essential in calculation of serviceability limit states.

7.22 Foundation embedment

Embedmentof shallow and intermediate foundations is typically provided by peripheral vertical ‘skirts’
thaf penietrate the seabed beneath the foundation top plate. The confined soil within the skirts is typically
called-the ‘soil plug’. The presence of the skirts will in most cases (i) increase foundation stability, (ii)

decrease foundation deformation, and (iii) reduce impact of seabed scour on the foundation. The term
‘skirts’ is used for both shallow and intermediate foundations.

Internal skirts may be provided to increase stiffness of the foundation plate and provide against a soil
failure mechanism developing within the soil plug. Stability assessment based on loading at skirt tip level
shall verify that an internal failure mechanisms does not form within the skirted compartment, which can
lower the overall capacity. Minimum skirt spacing is covered in 7.4.2. Stiffeners may be provided along
or around the skirt to increase stiffness of the embedded portion of the foundation and provide additional
resistance against buckling.
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The level of skirt penetration after installation shall be verified to be equal to the value assumed in design
and foundation performance shall be reassessed if it is different.

Design methods presented assume full skirt penetration. The extent of skirt penetration shall be assessed.
Installation resistance is covered in 7.87.8 and shall be assessed. Additional geotechnical/structural
assessment is required to verify foundation performance in the event full skirt penetration is
unachievable and no measure is taken to ensure full penetration.

hm] 1 sl 1 1 rall - £, h 1 1 1l I 1. £ 1 . =1l
EXdINIPICS O CIHIDCUIIICIIU COMMITgUTl dUOIT TO SKITLEW SIIdIIOW dIIU HTILCTIIIEUIdLC 1T0UIIUALIOILS aI'C IITUS LI 1ted
in Figure 5.

(i) without skirt (ii) with skirt
stiffeners stiffeners
(a) skirted shallow rectangular mudmat with (b) intermediate foundation

peripheral and internal skirts

Figure 5 — Example of embedment configuration

Embedment of shallow foundations has.historically been idealised by considering a surface foundaltion
at foundation level (i.e. the level of the base of the foundation which is taken as the level of the tip of the
skirts) as shown in Figure 6. Soil material properties relevant to foundation level are adopted,
overburden stress is considered|.and factors are applied to account for additional resistance due tq the
embedment. This is the case\for the formulae presented in 7.5. Seafloor actions shall be transferred to
skirt tip level, as described in A.7.2.3.

K] T
_ | |
PR
Y-¥
Key

X undrained soil strength, su sw undrained strength at skirt tip

Y depth below seafloor, z k  gradient of undrained strength increase with depth
Sum undrained strength at the seafloor

Figure 6 — Idealization of embedded shallow foundation for conventional design approach
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7.2.3 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 as illustrated in Figure . This is the
point of structural action transfer. H and M can be co-planar.

a Ug Mg
dbl 07 | 30; DA
At LI RP
A% = R 7 ’T‘NR 3
Qg
Q Ug Me
HM/:%)T lFH_M/:‘,L\)eT RP_ e
I & F = I 1 7 A, P
Qg
(a) (b) (c)

Figure 7 — Sign conventions, nomenclature and reference point for analysis of shallow and
intermediate foundation (a) actions, (b) displacements and rotations, (c) seabed resistance

7.3/Acceptance criteria

7.3.1 Material and action factors

When assessing accidental limit state, the design soikstrength may be determined using a material factor
Ym 3 1,0 in accordance with ISO 19900.

When assessing ultimate limit state (stability);the following provisions apply:

a) The design soil strength shall be determined using a minimum material factor ym = 1,25 except as
indicated in Clause A.7. Increasingthe' material factor can be warranted where geotechnical data are
dparse or site conditions are uncertain, or where uncertainty exists in relation to potential failure
hechanisms or methods of analysis.

b) Rartial action factors, yishall be determined based on guidance from the relevant standard of the
ISO 19900 series. The~weight of the soil, including the soil plug within skirts, should normally be
dalculated with factérsequal to unity (see 7.4.1) if it contributes to the total action. In some situations,
gn action factor below or above 1,0 may be justified;

c) Action factorsdor subsea and flowline related structures shall follow the same requirements as those
df fixed steel offshore structures, unless specified otherwise. Performance based design approaches
hay bewuséed to justify specification of lower action factors. Further advice is provided in 7.7.2.

d) Action factors and material factors shall be applied with consistency throughout the design process,

nespvecting the physics of the loading scenario
r l=) P J ls)

When assessing serviceability limit state (displacements), the following provisions apply:

a) All action and material factors may be set to unity when calculating displacements as part of a
serviceability assessment. However, where foundation displacement can lead to unacceptable
consequences or governs design, factors other than unity may be used.

b) Imposed deformations from external connected objects can impose or induce high actions on the
foundation, or vice versa, deformation of the foundation can induce high actions because of the
infrastructure it is connected to. It can be acceptable to select reduced partial action factors to
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characterize the imposed loading, if the incremental deformations are small and have been robustly
characterized. Further guidance is provided in 7.7.2.

7.3.2 Use of partial factors in design

A soil resistance envelope, incorporating material factors can be developed with the formulae presented
in 7.5 or with numerical methods. Examples of failure envelopes for undrained and drained conditions
are presented in Figure 8. Once an envelope is derived, the design actions incorporating partial action

factors can be transposed onto this envelope to verity conformance with this document.

Y Y
Qg= Q=
Quit/ 7m Qy/ ¥l
5
Hxy
~—@
.#.0‘\3 6
Qxy Qxyy
a . 2
Hg=Hut/ym X X
(a) undrained (b) drained
Key
1  envelope of design resistance under 5 . envelope of design resistance under drained bearing
undrained bearing/sliding
design value of action 6  envelope of design resistance under drained sliding
applied action X  horizontal action
4  allowable design actions Y  vertical action

Figure 8 — Soil resistance envelopes and definition of design actions under (a) undrained and
(b) drained conditions

7.3.3 Special cases

For assessment of foundation stability during set-down on the seabed, stability may be assessed based
on the applied vertical actions. In this case, the ultimate limit state shall be calculated using a matgrial
factor of ym = 1,5. The.increased material factor in this case leads to an increased margin of safety agginst
bearing failure during set-down and reduces the settlement and embedment of the foundation intq the
seabed.

7.4 Design considerations

7.4.1/Adjusting for soil plug weight

The general formulae presented to calculate ultimate limit state (stability) of shallow and intermediate
foundations assume there is no difference in the depth of soil inside and outside foundation skirts. In|this

condition, the soil plug weight is offset by the pressure supplied by the external soil and does not
contribute to the total action. However, in some cases the soil height above skirt tip level can be higher
inside the skirt than outside the skirt, such as where significant scour has occurred or where significant
plug heave has occurred, or lower inside the skirt than outside the skirt, such as where the foundation
(base plate and skirts) has penetrated deeper than the depth of the skirts.

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

A
TQ = (p Iin' plout) [1)
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where

AQ is the change in design vertical action to account for differences in vertical effective stress at
skirt tip level, in which the factor for soil weight is generally equal to unity;

p'in  is the in situ effective overburden stress at skirt tip level inside the skirts (taken as y'zi,, where
' is the submerged unit weight of soil and zi, is the depth of soil inside the skirts);

p'out is the in situ effective overburden stress at skirt tip level outside the skirts (taken as y'zou

where z,, is the depth of soil outside the skirts);
A is the actual cross-sectional plan foundation area.

A simmilar method can be used for embedded shallow foundations without skirts.

7.42 SKkirt spacing
Skints can be used on subsea foundations to:

— Hfevelop sufficient sliding capacity (especially as seafloor strengths are often low, and difficult to
measure);

— protect foundation performance against undermining due to scour.
When skirts are used to develop sufficient sliding capacity, the designer may‘consider two options:

1) Use of internal and external skirts to the extent that the sliding failure mechanism is that of skirt tip
dliding;

2) Acceptance of failure mechanism rising above skirt tip level,if the combination of sliding resistance
inside the compartment and flow around the embedded members is sufficient to satisfy overall sliding
dapacity requirements.

When sliding is at skirt tip level, the number of internakskirts required will depend on the soil condition
(e.g| seafloor strength, strength variation with depth;-effects of soil consolidation), boundary conditions
(e.g| drainage state of foundation underside) @nd loading condition (e.g. time between foundation
instpllation, and design loading application,~time-varying characteristics of the applied operational
actipn).

Guiglance on skirt spacing is provided-n-A.7.4.2.

When stiffeners are adopted, their effect on penetration resistance shall be assessed.

7.4.3 Foundation base perforations
Permmanent or temporaryperforations, in the foundation base plate are often used to:

— 3gssist in loading eut-the structure through the splash zone without dynamically overloading of the
dssociated load<out rigging;

— gssist the approach of the structure to the seabed without hydraulic/hydrodynamic instability;
— Jssist inpreventing the seabed from being unduly impacted by scour or local bearing failure.

Perforations can also be used to increase the rate of soil consolidation and settlement, and to facilitate

removal of the annd:\h'nn, eithertoallows rnpnciﬁnning orforendoflife decommissioning.
o

Specific guidance is not provided on the ratio or distribution of top plate perforations. However, effects
of perforations on stability shall be addressed in cases where the total area of permanent perforations
exceeds 5 % of the base plate area.

References for guidance on foundation base perforations are provided in A.7.4.3.

7.4.4 Skirtless foundations penetrating into soft soils

In soft soils (e.g. normally consolidated clays), shallow skirtless foundations can penetrate into the
seabed to the depth at which the soil bearing resistance is in equilibrium with the applied action, which
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implies no additional margin of safety. Incremental settlements under additional permanent actions, if
any, should be addressed. Allowable differential settlement of the structure will depend upon the type of
structure and its installation, and should be subject of a risk assessment. Adequate precautions should be
taken to minimize differential settlements between foundations. Good practice should ensure that there
is an acceptable limit to the penetration.

If the foundation is required to provide permanent support, normal practice is either to 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.

7.4.5 Tensile stresses beneath foundations

Reliance on tensile stresses (relative to ambient water pressure) beneath foundations that rest on| the
seafloor without embedment shall 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 shallow foundations (except those with perforated mudmats) can resisttransient tension thrqugh
generation of negative excess pore pressures between the confined seil’plug and underside of]| the
foundation top cover. Cyclic tensile stresses (relative to ambient watergpressure) from waves with a|few
seconds duration may be demonstrated as acceptable in design, while longer duration tensile strefses
can be carried by skirted foundations on clays with low permeability,'Reliance on tensile stresses beng¢ath
a shallow foundation shall be validated with advanced methodelggies, which are not explicitly addregsed
in this subclause.

The design shall address the level of contact between the Soil and the underside of the top plate and the
value of any post installation measures (e.g. groutirig)*to establish contact. The design shall addfress
whether or not the foundation top cover will remain sealed for the service life of the foundation, which
can influence the mobilization of reverse end bearing.

Uplift capacity may be analysed as a reversé.bearing capacity, if the permeability of the soil, draifage
paths, duration of action and geometry of;thee foundation have been demonstrated not to jeopardize the
negative excess pore pressures developed during the mobilization of reverse end bearing.

7.4.6 Omni-directional actions

A single loading condition can)consist of combined vertical action (Q), lateral action (H), overturhing
moment (M) and torsion (T), i-e. in all six degrees of freedom, when H and M are co-planar. The defign
can include many loading.combinations.

Under such complex leading conditions, the applicability of effective area approaches, if used, shall be
addressed. Yield surface approaches (see 7.7.1) and numerical analyses may be used instead.

7.4.7 Interaction with other structures

Influencé.of adjacent structures, such as jack-up spudcans or conductors, shall be addressed.

7.4.8.Multiple foundations

For foundations comprising several connected foundations, redistribution of loading between indiviflual
foundations generally leads to an improved system performance and may be included. The interaction

between foundations can affect foundation capacity, settlement, and rotation and any detrimental effects
shall be addressed in the design. Further guidance is provided in A.7.4.8.

7.4.9 Hydraulic stability
7.4.9.1 Scour

Measures to minimize erosion and undercutting of the soil beneath or near the foundation base due to
scour shall be addressed where the potential for detrimental impact of scour on the foundation
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performance has been identified or the effects of erosion are not otherwise accounted for. Possible
measures include:

a) using skirts penetrating through erodible layers into scour-resistant soils or to such depths that scour
does not reach the foundation base level;

b) placing scour-resistant materials around the edges of the foundation.

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

For|foundations designed to tolerate erosion of part of or all of the soil above foundation base level, the
effeft of such erosion on foundation performance and the passive soil resistance along the skirts shallbe
addfessed.

7.4.9.2 Piping

The| foundation shall be designed to prevent the creation of excessive hydraulic gradients (piping
conflitions) in the soil due to environmental actions or operations performed during er Subsequent to
strycture installation.

7.4/10 Unconventional soils or soil profiles

The|analysis methods outlined in this document were developed primarily{for use in seabed conditions
conjprising uniform all drained (sand) or all undrained (clay) profiles*and shall not be used for
uncpnventional soil conditions, such as:

a) partially drained conditions;

b) demented material;

c) hedrock;

d) domplex soil profiles (e.g.layered and laterally variable);
e) darbonate soils.

The]effect of seafloor unevenness shall be addressed.

Surficial crusts of stronger soil overlying weaker soil can be encountered. In such cases, accounting for
the [surficial crust typically reduces the foundation size. Methods to account for a surficial crust are
presented in 7.5.1.5 and A.7.5.1.5.

7.4[11 Selection of soil parameter values for design

7.4/11.1 Shear strength used in stability analysis

Foundation design is _stsongly dependent on the quality of the site investigation performed and the
methods used for detéermining strength and deformation properties of soils, both in situ and in the
labgratory. I1SO 19901-8 and ISO 19901-10 provide additional information on the requirements and
quality of marine'soil investigations.

Undertainty~inh determining the representative value of shear strength can be significant. These
uncprtainties are relevant for both drained and undrained shear strengths. The uncertainties shall be
addpéssed in the selection of representative values of parameters (see 5.3, A.5.3 and A.7.5.1.5).

7.4.11.2 Parameters used in serviceability design

Parameter selection for serviceability design should consider the displacement condition being
considered. For example, if calculating an upper estimate of settlements, a consistent set of soil
parameters should be obtained for the most compressible soil at the site.

If linear elasticity-based calculation methods are used, selection of equivalent linear elastic soil
parameters should consider the strain levels that are induced in the seabed as a result of the applied
actions.
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7.5 Ultimate limit state (stability)
7.5.1 Assessment of bearing capacity of shallow foundations

7.5.1.1 Failure mechanisms

For shallow foundations, bearing failure constitutes any failure mode that can result in exces

sive

combinations of vertical displacement, lateral displacement, or overturning rotation of the foundation;

white pure stiding ortorsiomat faiture corresponds toa faiture mode wiere the founmdation transtat
twists only in a horizontal plane.

7.5.1.2 Action transfer

For an embedded shallow foundation action transfer from seafloor to base level (typically skirt tip 1
for a foundation equipped with skirts) shall be applied in design as described in A.7.2:3:

7.5.1.3 Idealization of foundation area and the effective area concept

The formulae presented in 7.5 for shallow foundations are based on the effective area concept, defing

S Oor

evel

din

A.7.5.1.3, which also deals with idealization of the foundation area for use with limit equilibrium methlods.

The effective area method is not intended for use with highly conipressible or layered soils, o
foundations subject to high overturning moments.

With this method, actions are assumed as acting on the effectivefoundation area only.

7.5.1.4 Undrained conditions with constant shear strength with depth

In the absence of more definitive criteria, Formula {2)vshall be used for determining the design
bearing capacity for undrained conditions:

S.
qc =Nc_u K.

m

where

qa s the design vertical bearing resistance, and note that Q4 = qq4 4;
N is the undrained bearing capacity factor, equal to 5,14;
su  isthe representative value of undrained shear strength of the soil;

Ym is the material factor (see 7.3);

for

unit

2)

L

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

embedment, foundation base inclination and seafloor surface inclination.
Details forcaletulation of K. are provided in A.7.

Formula,(2) applies to situations with approximately constant undrained shear strength to a depth e
to atleast 2/3 of the foundation width.

For~a vertical centric action applied to a rough-based foundation at seafloor level where both
foundation base and seafloor are horizontal, Formula (2) is reduced as follows for the folloy

jqual

the
ving

foundation shapes for appropriately factored material shear strength:

a) Infinitely long strip foundation:

m

b) Circular or square foundation:
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g = 6,052 (4)

m

7.5.1.5 Undrained conditions with linearly increasing shear strength with depth

In the absence of more definitive criteria, Formula (5) shall be used for determining design unit bearing
capacity for undrained conditions with isotropic undrained shear strength increasing approximately
linearly with depth under the foundation.

wh

Ga = F (Nesuo +5-) 2 (5)

re
qa is the design vertical bearing resistance, in which Q4 = g4 4;
F isa correction factor given as function of kB'/suo;

N. isthe undrained bearing capacity factor, equal to 5,14;

Sw s the representative value of undrained shear strength of the soil at foundation baseplate level
(skirt tip level for skirted foundations);

K is the rate of increase of the representative value of undrained sheat’strength with depth;
B' is the minimum effective lateral foundation dimension (see 7:5:1.3);

K. is a correction factor, which accounts for inclined_ actions, foundation shape, depth of
embedment, 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 Clause A.7.

7.5,

Bea
a lir

1.6 Undrained conditions with a surface crustoverlying linearly increasing shear strength
with depth

ring capacity of a seabed condition consisting of a surficial crust of undrained shear strength, s,,., over
early increasing shear strength, that.can be idealized as illustrated on Figure 9, can be estimated as

follpws.

Key
X Undrained soil strength, su suc  Undrained strength of crust
Y  Depth below skirt zip, ztip k Gradient of undrained strength increase with depth

Figure 9 — Strength profile with surficial crust

The correction factor, F, in Formula (5) is modified by a correction factor to account for a surficial crust,
such that:

Fm=FcxF (6)
where

30
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F is the correction factor evaluated for Formula (5)

Fn  is the modified correction factor ('Fn' replaces 'F' in Formula (5)), accounting for the surficial
crust

F. is the crust correction factor, detailed in A.7.5.1.6

Under complex loading conditions or more complex crust conditions, the failure envelope
parameterisation presented by Reference [134] can be more appropriate.

7.5.1.7 Drained conditions

In the absence of more definitive criteria, Formula (7) shall be used for determining design vertical
bearing capacity for drained conditions.

qa = 0,5Y'B'N, K, + a;0(N, — 1)K, 7)

where

qd is the design vertical bearing resistance in the absence of horizental actions, in which Quf= g4
4;

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

K,, Kq are correction factors that account for inclined-'‘actions, foundation shape, depth of
embedment, inclination of base, and inclination of the’seafloor;

Y is the representative value of submerged unitaweight of soil;

o'vo is the in situ effective overburden stress db foundation baseplate level (skirt tip level when
skirts are used, taking care to correct this\appropriately as per 7.4.1);

B is the minimum effective lateral foundation dimension (see 7.5.1.3).

Complete descriptions of the K factors and values of Nq and Ny as a function of the effective angle of
internal friction ¢ ; are given in Clause A.7Z;

Formula (7) has deliberately omitted-any component due to an effective cohesion, c', and accompanying
bearing capacity factor, N.. This ismdinly because the occasions when it might be appropriate to include
a component for bearing capacity’due to a presumed effective cohesion are extremely rare. More adyice
is given in Clause A.7.

For a vertical central action applied to a foundation at seafloor level where both the foundation base|and
seafloor are horizontal;-Formula (7) is reduced as follows for the following foundation shapes:

a) Infinitely long'strip foundation:

qqa = 0,59"BN,, (8)

b) Circular or square foundation:

da = 0,3y'BN, 9)

7.5.2 Assessment of sliding capacity of shallow foundations

7.5.2.1 General

When assessing sliding capacity of foundations, the possible occurrence of discrete layers of low strength
soil, which can provide a preferential failure surface, shall be addressed in the site characterization
(investigation and interpretation).

When stability has been established using the formulae in 7.6.1, the maximum horizontal capacity shall
be limited to that determined for the condition of pure sliding, as defined by Formulae (10) and (11).
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If full contact between seabed and foundation is not achieved due to the configuration of the foundation
or inadequate skirt penetration or any other reason, the effect on stability shall be assessed.

7.5.2.2 Undrained conditions

In the absence of more definitive criteria, Formula (10) shall 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):

Ho = (22) 4 (10)

whgre
Hgy is the design resistance for pure sliding;

Sw s the representative value of undrained shear strength at foundation baseplate-tevel (skirt tip
level for skirted foundations);

Ym is the material factor (see 7.3);
A is the actual cross-sectional plan foundation area.

For[undrained cases, where the failure surface occurs between the foundation and soil, a soil friction
coefficient, @, ranging from 0 to 1,0 shall be applied to the undrained 'soil strength at the foundation
interface to represent the interface friction. The interface friction canbe determined by testing, taking
account of the roughness of the underside of the foundation.

The|possibility of drained sliding along a sand seam within a cémpetent clay layer should be addressed.

7.5.2.3 Drained conditions

In the absence of more definitive criteria, Formula (1&) shall be used for determining drained sliding
capacity at the base of the foundation (skirt tip levelfor skirted foundations with appropriate skirt depth
to spacing ratio):

Hy=0 (tan¢') (11)

Ym

whgre
Hy is the design resistance of pure sliding;

Q is the factored vertical action during the relevant loading conditions, for which action factors of
less than 1 are recommended in cases where increased vertical action has a beneficial effect on
the calculated eapacity;

¢’ is the represéntative value of the effective angle of internal friction;

Ym is the material factor (see 7.3).

Formula (11).assumes that full soil shear resistance can be mobilized along the interface between the
datign-base and the soil (i.e. a fully rough interface is assumed), and that failure does not take place

and can be

the soil (¢"). The value of 6 accounts for the roughness of the underside of the foundation
determined by laboratory testing.

If the failure takes place within the soil (i.e. within a shear band), the sliding capacity becomes also
dependent on the soil dilatancy angle. If the dilatancy angle is zero, tan ¢’ should be replaced by sin ¢'.

7.5.2.4 Horizontal seabed resistance above foundation base level

Skirted or embedded shallow foundations can have increased resistance under pure sliding resulting
from soil resistance above skirt tip level. This resistance may be used to offset horizontal actions
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transferred to the foundation base, such as when calculating inclination factors. All contributions to
horizontal resistance from foundation members above foundation base level should be reduced using the
material factor given in 7.3.1.

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
reduced resistance shall be accounted for in design.

nce

offered by the soil in front of the skirt shall be ignored.

Formulae (12) and (13) are for the case where embedded foundations are considered.'as surface
foundations on a reduced seafloor (see Figure 6), and are relevant for a horizontally. translating
foundation, i.e. without rotation. Rotation of the foundation reduces the mobilizable horizgntal
resistance.

General formulae for the additional horizontal resistance, AHqy, that can be mobhilized between seafloor
and foundation base level are presented in Formulae (12) and (13). Total horizontal sliding resistange is
given by Hq + AHa.

In the absence of more definitive criteria, for undrained conditions, thé-additional horizontal resistance
shall be calculated using Formula (12):

AHy = K, (5“7) A, (12)

where
AHy is the horizontal soil resistance due to active’and passive earth pressures on foundation skirts;
K- is the undrained horizontal soil reaction-coefficient (see A.7.5.2.4);

Suave 1S the representative value of averdage undrained shear strength of soil between the seafloor
and base level for linearly increasing isotropic undrained shear strength with depth;

Ym is the material factor (see 7.3i1);
An  is the vertical projected, area of the foundation in the direction of sliding.

In the absence of more definitive'criteria, for drained conditions, the additional horizontal resistance ghall
be calculated using Formula (13):

AHd = Krd(O,S]/IDb)Ah (] 3)

where

AHqy is the-additional horizontal resistance mobilised between the seafloor and foundation bhase
level;

K.4\>~is the drained horizontal soil reaction coefficient, which includes the material factor [see
A.7.5.2.4);

Yy is the representative value of the average submerged unit weight of the soil over the depth of
embedment;

Dy  isthe depth to base level;
An s the vertical projected area of the foundation in the direction of sliding.

7.5.2.5 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
7.5.1, or the assessment of pure sliding in 7.6.2. Effects of torsion on foundation stability can be
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considered through a yield surface approach as described in Clause A.7 and Reference [137], or through
analytical approaches as described in Reference [132]. Torsion is also considered in ISO 19906.

Where torsional capacity is critical, the possible occurrence of discrete layers of low strength soil, which
can provide a preferential failure surface, shall be addressed in the site characterization (investigation
and interpretation). Design for torsion shall address the foundation-seabed contact stress distribution
and drainage condition. Internal mechanisms within the confined soil plug (above skirt tip level) that can

affe

ct torsion capacity shall also be addressed.

7.5.
Use

3 Assessment of capacity of intermediate foundations

of shallow foundation methods can be suitable to provide an initial size for an intermediate

foupdation where loading is simple vertical or simple horizontal and the soil conditions are simple (i.e.

no 9
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ignificant layering). For more complex soil conditions or loading, including significant mements or
T loading, more appropriate methodologies are available in Reference [199].

bre the soil conditions and loading are complex and the design situation is critical, the Sizing shall be
Hated by use of appropriate methodology, such as finite element analyses orcfinite element limit
ysis.

hodologies for combined loading of intermediate foundations or piles’derived for anchoring
ications with a padeye located at an optimal depth below seafloor, are’not generally suitable for
rmediate foundations for fixed structures where the loading is at topcap level. The p-y method for
gn of slender (flexible) piles under lateral loading (see 8.5) is ‘mot generally applicable to rigid
rmediate foundations (e.g. rigid non-slender piles), unless moré advanced case-specific soil reaction
Fes are adopted (see 8.5.5).

design of intermediate foundations is also addressed by the IEC 61400-3 [180].
Serviceability limit state (displacements and rotations)

1 General

clearance between water level and topsides; the design of connections between subsea structures,

and|other serviceability limits shall accountfor the displacements of the foundation over the life of the
structure.

7.6.2 Serviceability of shallow foundations under static loading

7.62.1 General

Calqgulation of foundation displacements and rotations can include:

a) immediate displacements and rotations;

b) primary consolidation settlement (displacements and rotations);

c) gecondary compression (creep) settlement;

d) differential’settlements induced by spatial soil variability, moments, torque and eccentricity.
The|formulae for evaluating the static short-term and long-term displacements and rotations of shallow
foundations are given in 7.6 and 7.6 hese form e are applicable to idealized condition nd
discussion of the limitations is given in A.7.

7.6.2.2 Immediate displacements and rotations

Displacements of the base of a circular, rigid, foundation that rests on the surface of an isotropic and
homogeneous seabed, and where the anticipated displacements are elastic, shall be estimated by
Formulae (14) to (17) in the absence of more definitive criteria:

a) Vertical:
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Y i 14
Uug =@ (4-GR ) (14)
b) Horizontal:
(7= 15
ug = H (32(1—v)GR) (15)

c) Overturning:

3(1 —v) (16)
O =M ( 8GR3 )
d) Torsion:
_ 3 (17)
or =T (16GR3)
where

uq is the vertical displacement at foundation base level;
un is the horizontal displacement at foundation base level;
Om is the overturning rotation (in radians) at foundation base level;
Or is the torsional rotation (in radians) at foundation baselevel;
is the vertical action;
is the horizontal action;

Q

H

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

G

is a representative value of the elastic shear modulus of the soil (for the appropriate action|and
strain level);

v  is the Poisson’s ratio of the soil;

R s the radius of the baseof a circular foundation.
Design values of actions and moments (V, H, M and T) with an action factor of 1,0 should be used.
Formuale (14) to- (17)_can also be used for approximating the response of a square base of equal arfa.

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 pon-
uniform base-geometries are provided in Clause A.7.

Numerical analysis methods are readily available and shall be evaluated for more complex situations.

The elastic shear modulus of the soil G is not a unique soil parameter and depends on the level of stfess
and-strain applied to each soil element. An appropriate value in design using Formulae (14) to (17) ghall
be adopted and shall be documented. In the absence of more definitive criteria, Poisson’s ratio v va

7.6.2.3 Primary consolidation settlement

Formula () is a widely used simplified estimate oflong term or primary consolidation settlement obtained
by assuming one-dimensional compression of fine-grained soil layers under an imposed vertical stress.
In the absence of more definitive criteria, Formula (18) shall be used to estimate primary consolidation:

g = () logy Tt as (8)

1+€0 UIUO,Z

where
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Uq is the vertical displacement at foundation base level;

h is the layer thickness;

eo is the initial void ratio of the soil;

C is the representative value of compression index of the soil over the loading range considered;

!

o'vz is the effective overburden stress at the level of a given soil layer;

Ad'y, s the increment of effective vertical stress in a given soil layer at the specified time.

The| compression index, C, shall be used in the calculation of consolidation settlements of normally
conpolidated clays. The swelling index, Cs, shall be used in the calculation of consolidation settlements.for
over-consolidated clays where the relevant stress range falls on an unload-reload line without reaching
the hormal compression line. The calculation should be divided into two parts for stress ranges‘that span
the unload-reload and normal compression lines.

For| designs sensitive to primary consolidation, compression characteristics of -the soil shall be
det¢rmined based on results from laboratory consolidation tests carried out @t-appropriate pre-
confolidation pressures. However, sampling disturbance can significantlyn impact test results.
Asshimptions and corrections adopted in development of selected compressién) characteristics shall be
dochimented.

A thick homogeneous layer shall be subdivided into multiple thin layers’ for analysis with each layer
prescribed an appropriate value of € and eo. Where more than one layeris involved, the total settlement
estimate is taken as the sum of the settlement of the individual laye¥s.

Formula (18) has application limitations and does not address three-dimensional flow and strain, creep,
loading redistributions, differential settlements or different initial conditions such as excess pore
pressures.

7.6.2.4 Secondary compression: creep

Depending on the duration of loading and -the"sensitivity of the design to settlement, additional
displacement due to secondary compression-{creep) can be significant. In these cases, creep shall be
addressed.

7.6.2.5 Differential displacements.and rotations

Eccentricity of actions on a foundation can cause a permanent moment to be transferred to the
founpdation, leading to the potential for differential settlements, both immediately and as a result of
conpolidation over the life of the structure. Differential displacements can also derive from changing soil
condlitions across a foundation footprint or across individual foundations on a connected structure.
Differential displacements shall be addressed in design, if the foundation or structure are sensitive to
such settlements.

7.63 Serviceability of intermediate foundations

Where required for structural analyses or serviceability requirements, an initial estimate of foundation
stiffness ean be made using simplified elastic solutions. Where soil layering or loading is complex or
whare-the situation is critical, the use of a more appropriate methodology shall be employed in detailed

des gn. For monopod foundations, a check for accumulated displacements or rotations can be required.

7.6.4 Serviceability in response to dynamic and cyclic actions

In many cases, cyclic loading leads to generation of excess pore pressures at the end of the event.
Dissipation of excess pore pressures leads to additional primary consolidation settlement, beyond that
calculated for static loading, and can also increase the amount of creep. Settlement associated with the
effects of cyclic actions shall be addressed in design where these actions can result in settlements
impactful to the design solution.
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7.7 Alternative methods of design

7.7.1 Yield surface approach

Offshore foundations can experience a wide range of loading, encompassing combinations of vertical
action (Q), lateral action (H), overturning moment (M) and torsion (7). The conventional design approach
for shallow foundations involves transforming the combined action into an equivalent vertical and lateral
loading acting on a reduced (effective) foundation area.

While it is generally accepted that the conventional approach to shallow foundation design using the
effective area method is conservative where large horizontal action and overturning moment @ct; using
the effective area method can lead to considerable under-prediction of capacity for somé loagling
situations (e.g. References [154], [158] and [343]). Additionally, restrictions apply in the use of] the
traditional design approach for offshore structures, such as in regards to allowing¢et tensile stress
changes in the soil, which limits its general applicability.

An alternative approach is to derive a fully encompassing yield surface in Q, H, M'and T space. This cah be
used to predict design loading combinations to reach ultimate limit state, as weH as an explicit indication
of the effect of a change in individual design action components on proximity to an ultimate limit state.
The yield surface method can also be extended to define the action-displacement response pf a
foundation if used in conjunction with a flow rule. In undrained €onditions, when normality can be
assumed, the flow rule can be directly derived from the yield surface: Additional information on the yjield
surface approach is provided in A.7.7.

7.7.2 Performance-based design approach

A performance-based design approach shall holistically censider the robustness of the system into which
a foundation is connected. System failure modes shall be identified and their likelihood of occurr¢nce
minimized with the adopted foundation solution.*Further guidance is provided in A.7.7.2,

Deformation induced actions can be imposed«on the structure by objects connected to it, or caused byj the
structure's deformation; and hence deformiations that it imposes on connected objects (see 7.3.1).

A design approach that can lead to greater reductions in the deformation induced action is to allow either
part of the structure to slide over the-foundation, or for the foundation to slide directly over the seafloor.

When the structure is allowed te'slide directly over the seafloor, design shall ensure bearing failure of the
seafloor is prevented, whereas sliding failure over the seafloor is permissible (and necessgry).
Serviceability of the system which the foundation is connected within shall be demonstrated. [The
serviceability assessmént shall account for the potential accumulation of foundation displacementsfand
rotations due to repeated loading. Selection of action and material factors and any assumptions adopted
in the selection shall be documented.

Further guidance is provided in A.7.7.2.
7.8 Installation
7.8.1.General

self-weight can provide sufficient force, but when this is not the case, penetration can also be facilitated
by providing under-pressure (relative to the ambient hydrostatic pressure) inside the skirt
compartments under the foundation, or temporary additional static weight (ballast).

Installation shall be planned so that the foundation can be seated at the intended site without excessive
disturbance to the supporting soil. When providing under-pressure, installation procedures shall be
planned to avoid unintended disturbance to the soil, including plug uplift, erosion and piping. Installation
planning shall address risks related to installation and shall implement measures to mitigate these risks.
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The foundation baseplate is not always at seafloor level after installation, as the soil displaced by the
skirts can cause internal plug heave within the foundation compartments. Typically it is assumed that:

a) half of the displaced volume of external/perimeter skirts contributes to internal plug heave, if no
under-pressure is used;

b) full displaced volume of external/perimeter skirts contributes to internal plug heave, if under-
pressure is used;

c) full displaced volume of internal skirts contributes to internal plug heave.

7.8.2 SKkirt penetration resistance

For¢es acting on a foundation penetrating the seabed are illustrated in Figure 10 sub a). These forces are
typilcally approximated as a bearing component on the skirt/protrusion tip, and friction component on
the gkirt side.

T T Qsor (b)

|«
Q, 2
N v Y
(a) 1
(©
Key
Dr / Qside  Side/shear resistance acting on skirt side 1 Internal skirt(s)
Do / Qup  Tip resistance acting oriskirt tip k Gradient of undrained strength increase with depth

Figure 10 — Foundation penetration (a) illustration of tip and side resistance on a single
compartment structure (b) foundation consisting of two co-joined compartments (c) multi
compartment structure

Methods exist to predict the resistance associated with penetration of foundation skirts. Further guidance
is provided int{A.7.8.2 and A.11.5.2.2.1. Structural design of the skirts is required. Stiffeners can be
reqliired to-ensure satisfactory action transfer in situ, and during installation (e.g. during load-out).

7.8.3 “Required and allowable under-pressure

Whenmundet =pressure s used—to—assist foundatiominstatlation;—the quuvviug twoquantities shattbe
assessed for all penetration depths, in addition to the penetration resistance:

a) the under-pressure necessary to allow embedment,
b) the critical pressure that can cause the soil plug to fail in reverse end bearing (clays) or piping (sands).

The pumping system used during installation shall be capable of generating the necessary under-
pressure.

The following aspects shall be addressed:
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a) soil variability, layering and presence of any subsurface obstructions, such as cemented layers, or

cobbles/ boulders;

b) assurance of minimum self-weight penetration so that a seal is formed prior to under-pressure

application;

c) prevention of plug uplift during under-pressure assisted penetration, which can occur due to reverse

end bearing (soil flow into the compartment due to excessive under-pressure);

d) avoidance of piping failures through sand materials;
e) avoidance of cavitation, if in shallow water.

Installation design of foundations which consist of multiple compartments or multiple co-jo
foundations installed simultaneously (see Figure 10 sub b)) shall include provisions to ensure unif]
penetration rate, and vertical penetration.

Further guidance is provided in A.7.8.2 and A.11.5.2.2.1.

7.9 Relocation, retrieval and removal

Foundations occasionally need to be relocated if the required installation tolerances (e.g. verticality)
not achieved. The offset for the new location can be a centre-to-centre spacing of up to three timeg
foundation diameter/width. A lesser spacing may be acceptable, if the level of seabed disturbance dy
the first installation is minimal.

If removal is anticipated, an analysis shall be made of the actions generated during removal so
removal can be accomplished with the available equipment. The analysis shall include increases in
strength due to consolidation from the time of installation to the time of extraction.

Further guidance for over-pressure assisted removal is provided in A.11.5.2.2.2.

8 Pile foundation design
8.1Pile capacity for axial compression

8.1.1 General
Design criteria for pile foundations shall be determined in accordance with ISO 19902.

The axial pile capacity shall satisfy the following conditions:

Pd,e < Qd = Qr/yR,Pe (j
Pap < Qa =@/ Yrpp (3
where

Qa~Y "is the design axial pile capacity, i.e. the design resistance of the pile;

Q: is the representative value of the axial pile capacity, as determined in 8.1 and 8.2;

ned
prm

are
the
eto

that
soil

9)

0)

Pge is the design axial action on the pile [allowed to include the effective pile weight, with (3

pile -

Ywater) as €lfective unit weight], and the weignt ol the soil plug if this can be justitied, in case of
tensile actions], determined from a coupled linear structure and nonlinear foundation model

using the design values of actions for extreme combinations of actions;

Pgp  is the design axial action on the pile [including the effective pile weight, with (Ypile - Ywater) as
effective unit weight, in case of compressive actions], determined from a coupled linear
structure and nonlinear foundation model using the design values of actions for operational

combinations of actions;

yrpe is the pile partial resistance factor for extreme combinations of actions (yrpe = 1,25);
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yrpp 1S the pile partial resistance factor for operational combinations of actions (yzpp = 1,50).

In accordance with ISO 19900, a material factor of 1,0 may be used for evaluation of accidental limit
states.

When sizing a pile foundation, the following items shall be addressed:

— design actions;

— (tanreter;

— penetration

— tiype of tip;

— wall thickness;

— number of piles;

— dpacing;

— Ipcation;

— pile head fixity;

— 1paterial strength;
— ipstallation method.

The|analysis procedure used shall simulate the nonlinear stress-strain behaviour of the soil and ensure
forde-displacement compatibility between the structure and_thé pile-soil system. Displacements and
rotdtions of individual piles shall not exceed serviceability limit'states.

Pile| capacity for axial compression, as discussed in 8.1.2.t0-8.1.5, relates to the axial resistance of a pile
whén the pile head is subjected to compressive actions;along the pile axis. Pile capacity for axial tension
is agldressed in 8.2.

Pile| capacities are commonly determined using@he 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-énded pipe piles, experience has shown the adequacy of
det¢rmining pile penetration based on-static capacity evaluations, with design values of static actions and
comimonly accepted working stress(design (WSD) factors of safety that, in part, account for the cyclic
effefts. The partial action and resistance factors applied for pile design in this document have been based
upojn 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 ef.the axial actions.

In the absence of more definitive criteria, the relationships between mobilized axial shear transfer
betyeen pile and soil and the local pile displacement, and between mobilized end bearing resistance and
the pile tip displacement, shall be determined in accordance with 8.4.

The|designimethods presented in 8.1.3 and 8.1.4 only apply to clay soils and sand soils, respectively. The
methods shall not be applied to other soil types or unconventional soils without confirming suitability.

The al o-d alla . design-actions-are-appliedtoa
pile foundation before its calculated capacity has fully developed, the pile capacity shall be adjusted.

8.1.2 Axial pile capacity

In the absence of more definitive criteria, the representative value of the axial capacity of piles in
compression, including belled piles, Qr, shall be determined by:

Qre = Qrc + Qp = f2) As + q Apite (21)

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

Qrc is the representative value of the skin friction capacity in compression (in force units);
Qy isthe representative value of the end bearing capacity (in force units);

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

As  is the side surface area of the pile in soil (m2);

q is the unit end bearing at the pile tip (in stress units);
Apile s the gross end area of the pile (m2);

z is the depth below the original seafloor (m).

(E)

For open-ended pipe piles in clay, the end bearing capacity, @, shall not exceed the sum¢fthe end beafing

capacity of the internal plug and the end bearing on the pile tip wall annulus. Guidance&‘on unplugged
bearing in sands is provided in 8.1.4. In computing the design actions in compression on the pile,
effective weight of the pile shall be included.

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

The foundation configurations should be based on those that\experience has shown can be instg
consistently and practically under similar conditions with. the pile size and installation equipment b

end
the

een
S, a
ther

lled
Ping

used. Possible remedial action in the event that design ebjectives cannot be obtained during installation

should be investigated and defined prior to constructien:

In the case of drilled and grouted piles, the end bearing capacity shall be reduced or ignored in the deg
depending on pile construction factors, such_asthe degree of removal of drill cuttings from the bas
the hole.

Skin friction on the upper bell surface and, possibly, on the pile for some distance above the bell sha
discounted in computing the skin friction resistance, Qr.. The end bearing area of a pilot hole, if dri
shall also be discounted in computing the total bearing area of the bell.

8.1.3 SKkin friction and end bearing in clay soils

There are a number of methods for calculating the skin friction and end bearing in clay soils. The met
described in this sectionhhas been developed and applied over many years and is the current indu

ign,
e of

1 be
led,

hod
Stry

standard. However, there are many more variables which affect pile capacity than those included in the
design Formulae (22) to (24). This matter is discussed in this subclause and in A.8.1.3. An alternative CPT
based method\for pile capacity in clays is presented in A.8.1.3.2.2. In the absence of more definitive
criteria, fordriven pipe piles in clay soils the unit skin friction in tension and compression, f(z), in stfess
units, at depth, z, shall be calculated using Formula (22).
Az) = asu(z) (22)
where
o4 s thedimensiontessskim frictiom factor; forclays
su(z) is the representative value of undrained shear strength at depth z (in stress units).
The factor a shall be computed by:
a=0,5¥-05for¥<1,0 (23a)
a=05%-025for¥>1,0 (23Db)
with the constraint that a < 1,0
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= atdepth z
V@ P

0'vo(2) is the effective vertical stress at depth z (in stress units).

Ss, 0'vo(2), including the effects of various sampling and testing procedures is included in A.8.1.3. For
er-consolidated clays (i.e. clays with excess pore pressures undergoing active consolidation), a,can
hken as 1,0.

to the shortage of pile loading tests in soils having s.(z)/0’v(2z) ratios greater than three, the
fication for application of Formula (22) shall be documented. Similar justification:shall be
imented for the application of Formula (22) in low plasticity clays (see A.8.1.3).

long axial flexible piles some reduction in capacity may be warranted, particularly'where the skin
ion degrades on continued displacement. This effect is discussed in more detaihin’ A.8.1.3.

e absence of more definitive criteria, where the pile tip is in clay soils, thed@init end bearing stress, g,
1 be computed by:

q=9s. (25)

skin friction, f{z), acts on both the inside and the outside of the pile. The total axial resistance for pile
pression is the sum of the external skin friction, the end bédring on the pile wall annulus, and the

lugged, the bearing pressure can be assumed to act @ver the entire cross-section of the pile. For
ugged piles, the bearing pressure acts on the pile walkannulus only. That a pile is considered plugged
nplugged shall be based on static calculations. A-pile can be driven in an unplugged condition but
hve as plugged under static actions.

tot} internal skin friction or the end bearing of the plug, whichever is the lesser. For piles considered to

| friction resistance and end bearing capagity computed on the basis of the requirements above
resent long-term capacities. Axial capacity immediately after installation is usually lower, especially
hder-consolidated to slightly over-consolidated clays. This is dependent on the development of excess
e pressure in the soil during installation and its subsequent dissipation with time. When the design
bns are applied to a pile foundatien shortly after installation, the capacity of a pile immediately after
nllation and the increase in capacity with time shall be addressed in design. Further guidance on the
pile set-up behaviour is provided in A.8.1.3.

piles driven in undersized drilled holes, piles jetted in place (see 10.5.2 for jetted conductors) or piles
ed and grouted in‘place, the selection of skin friction values shall account for the soil disturbance
ilting from instdllation. In general, f{z) shall not exceed values for driven piles; however, in some
s, for drilled-and grouted piles in over-consolidated clay, f{z) can exceed these values. In determining
for drilledtand grouted piles, the strength of the soil-grout interface, including potential effects of
ing mud,shall be addressed. A further check shall be made of the allowable bond stress between the
steeliand the grout, as recommended in ISO 19902.

In 14

iyeped soils, skin friction values, f{z), in the clay layers shall be as given by Formula (22) to (25). End

bearing values for piles tipped in clay layers with adjacent weaker layers can be as given in Formula (25)
provided that:

a) t
b) t

he pile achieves penetration of two to three pile diameters or more into the clay layer; and

he tip is approximately three pile diameters or more above the bottom of the clay layer to preclude

punch-through.

Where these distances are not achieved, the design shall account for reduced end bearing.

42
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8.1.4 SKkin friction and end bearing in sands

This subclause presents the ‘unified CPT method’ for assessing pile capacity in sands [218l. Formula

(26)

to (28) are recommended for the evaluation of static capacity of steel tubular open-ended piles two weeks
after driving. The method can be applied to sands with a fines content of less than 12 % (up to 20 % in
the case of non-plastic fines). The method shall not be used for sands with unusually weak grains or
compressible structure, including those sands containing amounts of mica, volcanic grains or calcium
carbonate sufficient to lead to a mechanical response that differs from that of a silica sand, without further

validation. Further guidance on other approaches to estimate pile capacity for sands that do _mot fall

within the specified criteria is provided in A.8.1.4.

The unified CPT method shall only be applied to impact driven piles. The unified CPT methad shall ndt be
applied to vibro-driven piles, unless the vibrated portion of the pile is restricted to the first 20 % of|pile
penetration, within which the overall contribution to pile capacity is limited The unified CPT method

shall niether be applied to piles installed by jacking.

The reliability of the method has been evaluated and the method was shown, when used with the paftial
load (action) and resistance factors of ISO 19902, to provide pile foundations-that are more reliable than
those obtained using the former main text method. The unified CPT method in sand can be used with the
unified CPT method in clay, presented in A.8.1.3.2.2, to estimate the‘static capacity of driven pilgs in

layered stratigraphy with a reliability that is essentially the samé as that for cases where piles
installed in one soil type [46l. Further information on the method and Formula (26) to (28) are prov
in References [218] and [255].

are
ded

In the absence of more definitive criteria, the external unit-skin friction for capacity two weeks gfter

driving, f(z), in stress units, at depth, z, shall be calculatéd using Formula (26):

f(2) = fi, (orc + Aoy ) tan29° (26)

where

—-0.4

o )
(™ (49

D;
A5 — PLR (3)

where PLR=1,0 fortypical offshore piles.

Orc = (Z_Z_) A

2

and:

fi is a loading coefficient taken as 0,75 for tension actions and 1,0 for compression actions

29¢ is the angle of interface friction used for calibration of the method, noting that factors, Juch

as paint, coatings or mill-scale varnish, can negatively affect the interface friction that cap be
mobilized;

r1'l’b is the horizontal effective stress acting on a driven pilp ata dppfh, z, about two weeks dfter
driving;

oy is the vertical effective stress at a depth, z;

qc is the cone resistance at a depth, z;

Ao is the effective area ratio, defined above, is a measure of the soil displacement induced by the
driven pile and expressed as a fraction of the soil displacement induced by a closed-ended

pile (for which Are=1);

D is the pile outer diameter;
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D; is the pile inner diameter;

PLR s the plug length ratio, with a maximum value of 1,0, defined as the ratio of the plug length
(Lp) to the pile embedment (L), and for which in the absence of measurements, PLR shall be
taken as 1,0 for typical offshore piles;

!

Aoy,  is the change in horizontal stress, acting a depth, z, arising due to interface shear dilation as

the pile is loaded;
dref = 0,035 6 m.
h is the distance above the pile tip at which f{z) acts (= L-z);

In the absence of more definitive criteria, the unit end bearing applied across the full base area of the pile

sha

whd

End
resi

The|

1 be calculated using Formula (27):
q =1[0,12 + 0,384,.]q, (27)
re

Ao is as defined per Formula (26);

Qv is a representative value of the CPT end resistance within one diameter of the pile tip, taking
into account the following:

— To allow for spatial variability, this is taken as the average q. value within a zone 1,5D
above and below the pile tip. However, because end/bearing capacity is sensitive to local
variations in cone resistance, lower g, values shallbe adopted where spatial variability in
the cone resistance indicate potential design sensitivity.

— The end bearing method assumes a plugged-base and is applicable for piles with a length
to diameter ratio greater than five. For plugs with low permeability within two pile
diameters of the pile tip, such as those:¢omprising interbedded clay layers, the end bearing
capacity can be reduced and in such cases, it shall be confirmed that unplugged end
bearing is not less than plugged.éhd bearing [240]. [296]. [n the absence of more definitive
criteria, a cautious estimate of unplugged end bearing can be taken as follows:

Qp = QunpluggedApile (1)

where Qunplugged, = Arer-

bearing capacity is gen€erally more sensitive to local variations in cone resistance than shaft
stance and due allowan€eshould be made for spatial variability in the cone resistance.

unified CPT method-replaces the former main text method and the CPT methods previously defined

in the annex. Furtherinformation on the latter CPT methods, experience with their application in practice

and
NGI
mef]
cald

potential use-in ¢ases not covered by the unified CPT method can be found for Fugro [143], [CP [186].[368],
(851 and UW-A215]. For existing platforms where there are no CPT data available, the former main text
hod may. still be used and is presented in A.8.1.4.1.3, although it is no longer recommended for
ulatien‘of pile capacity in sand.

8.1,

5-7Skin friction and end bearing in gravels

Characterizing the in situ density of gravel materials is difficult, with previous experience suggesting that

site

investigation results can be unreliable and misleadingly characterize the material as dense while pile

driving can indicate a loose material [192. The CPT based method presented in 8.1.4 and other pile design
methods in Clause A.8, including the former main text method in sands in A.8.1.4.1.3, are likely to
overpredict driven tubular pile capacity in gravels [167]. As a result, the methods presented in 8.1.4 and
Clause A.8 shall-not be used directly for pile design in gravels.
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8.1.6 SKkin friction and end bearing of grouted piles in rock

The unit skin friction of grouted piles in 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.

L —8.3.1 Staticaxial behaviour ofpiles

The end bearing capacity of the rock shall not exceed the uniaxial compressive strength of theroek or
grout multiplied by a bearing capacity factor appropriate for the type of rock. In general, the end bearing
capacity is much less or is 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.

Design values for (static) unit skin friction and end bearing can be found in~various publications [e.g.
References [204], [266] and [339]). 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 longflexible piles as used in offshore
practice. In addition, the adverse effects of cyclic actions the axial capacity of such piles shal|l be
addressed. In cemented calcareous or carbonate material the skin friction assessment for grouted piles
can be undertaken based on the load transfer (t-z) methodelegy and cyclic algorithm describefl in
Reference [293]. Site-specific laboratory and field testing shall be undertaken to justify the use off the
design method and the assessment of the required design parameters to characterise the cemented
material response.

8.1.7 SKin friction and end bearing of driven.piles in intermediate soils

In intermediate soils (e.g. silts or low plastigity silty tills), where cone penetration is usually partjally
drained, the assessment of pile capacity is, uncertain. Neither the methods in 8.1.3 for clays nor|the
methods in 8.1.4 for sands are applicabléZalone. Interpretations based on CPT resistance and piezodone
response generally lead to higher shaft capacities when layers are deemed to be ‘clays’ rather than
‘sands’. For example, the applicationof clay methods has led to significantly over-predicted axial capdcity
compared with offshore load tests'with transitional soils whose grading curves span the range between
the two soil types [64. In the absence of more definitive criteria, the designer may consider the degree of
drainage observed during.CPT profiling (ideally assisted with dissipation test data) and may consider the
minimum of shaft capacity estimates made by the sand and clay methods, as well as alterngtive
procedures.

8.2 Pile capacity for axial tension

The representative value for pile axial pullout capacity, @y, is less than or equal to, but shall not ex¢eed
Qr., the total'skin friction capacity in compression. For clay soils, f(z) shall be as stated in 8.1.3. For sands,
f(z) shall be computed in accordance with 8.1.4. For rock, f{z) shall be assessed as stated in 8.1.6.

8.3:Axial pile performance

Pile axial deflections shall be within acceptable serviceability limits and these deflections shall be
compatible with the internal forces and movements of the structure. Axial pile behaviour is affected by
directions, types, rates and sequence of the applied actions, by the installation technique, by soil type, by
axial pile stiffness, as well as by other parameters. Some of these effects for clay soils have been observed
in both laboratory and field tests.

In some circumstances (e.g. for soils that exhibit strain-softening behaviour), particularly where the piles
are axially flexible, the actual capacity that can be mobilised by the pile can be less than that given by
Formula (22), which assumes the pile is rigid. If -z curves that exhibit strain-softening are recommended
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as per 8.4, maximum axial capacities that explicitly account for the axial flexibility of the pile may be
warranted. Other factors, such as increased axial capacity under loading rates associated with storm
waves, can counteract these effects. More information is provided in the commentary in ISO 19902 as
well as A.8.3.2 and Reference [76].

8.3.2 Cyclic axial behaviour of piles

Cyclic actions, including inertial actions due to environmental conditions such as storm waves and

earthquakes, can have two potentially counteractive etfects on the static axial capacity. Repetitive actions
canfcause a temporary or permanent decrease in resistance and an accumulation of deformation. Rapidly
applied actions can cause an increase in resistance and stiffness of the pile. Very slowly applied actions
can|cause a decrease in resistance and stiffness of the pile. The resultant influence of cyclic actions will
be g function of the combined effects of the magnitudes, cycles and rates of change of applied actions, the
structural characteristics of the pile and the types of soils (see A.8.3.2).

8.4Soil reaction for piles under axial actions

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
des¢ribed using a t-z curve. Various empirical and theoretical methods dre*available for developing
curyes for axial shear transfer and pile displacement, t-z curves.

Resjstance-displacement relationships for grouted piles are discussed‘inf Reference [299] and [282].

Curyes developed from pile loading tests in representative soil ptofiles or based on laboratory soil tests
that model pile installation can also be justified. In the absencé.of more definitive criteria, the t-z curves
in Fjgure 11 shall be used for non-carbonate soils.

In clays, a typical value for zpeak of 1 % of the pile outer~diameter (i.e. Zpeak/D = 0,01) shall be used for
roufine design purposes. Values ranging from 0,25%o 2,0 % may be used in cases where axial pile
stiffiness is critical for design.

In sands, in the absence of more definitive criteria, Formula (29), which provides a good fit to the unified
datdbase employed for derivation of Formula (26), shall be used for routine design of typical offshore
pilep [214],

Zple)ak = qc:;?;’:zs A = 1250 (comp); A = 625 (tension) (29)
whare
Pa is atmospheric pressure (100 kPa);
e is the EPT/cone resistance;
O is theé.vertical effective stress at the depth of the t-z spring.

The|empiricalcoefficient, 4, depends on the loading direction and gives Zpea/D values in tension that are
douple thase in compression.

The shape of the t-z curve at displacements greater than that at which tnax is reached as shown in Figure
11 should be assessed. Values of the residual friction ratio, tres/tmax, and the axial pile displacement, Zyes,
at which it occurs, are a function of soil stress—strain behaviour, stress history, pile installation method,
sequence of pile action application and other factors. Typical tres/tmax values for clays range from 0,70 to
0,90; laboratory, in situ or model pile tests or local experience can provide valuable information for
determining values of tres/tmax and Zres for various soils.
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0,8 N
’ N

/ \_______2_______
0,6

0 0 1 2 3 4 5
X
Z [ Zpeak t / tmax
Clays
0,16 0,30
0,31 0,50
0,57 0,75
0,80 0,90
1,0 1,00
2,0 0,70 to 0,90
o 0,70 to 0,90
Key
X Z/Zpeak D pile outside diameter
Y' t/tmax t mobilised soil-pile unit skin friction (in stress units)
1 clay: tres = 0,9 tmax tmax = f{z) = maximum soil-pile unit skin friction compu
in accordance with 8.1 (in stress units)
2 clay: tres = 0,7 tmax tres residual soil-pile unit skin friction (in stress units)
z local pile axial displacement Zres axial pile displacement at which the residual soil-

unit skin friction, tres, is reached

Zpeak  displacement to maximum soil-pile unit skin friction
Figure 11 = Typical axial pile shear transfer-displacement ¢-z curves in clays

8.4.2 End bearing resistance-displacement, Q-z, curve

Under compression actions, the relationship between mobilized end bearing resistance and axial pil
displacément is described using a Q-z curve.

A pile tip displacement of 10 % of the pile diameter can be required for full mobilization of the
bearing resistance described in 8.1 in both sand and clay soils. In the absence of more definitive crit

ted

pile

> tip

end
bria,

the curve shown in Figure 12 shall be applied for both sands and clays.
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1
0,8
. 06
>
Faww;|
U, T
0,2
0
0 0,1
z/D Q/ @
0 0
0,002 0,25
0,013 0,50
0,042 0,75
0,073 0,90
0,100 1,00
o) 1,00
Key
X z/D D pile outside diameter
Y' Q/Qp Q mobilised’end bearing resistance (in force units)
z axial pile tip displacement Qp representative value of end bearing resistance computed in accordance
with’8.1 (in force units)
Figure 12 — Typical pile end'bearing resistance-displacement Q-z curve
8.580il reaction for piles under lateral actions
8.5.1 General
The|structural code of reference defines the lateral actions that the pile foundation shall be designed to
resist. Such actions can include static, cyclic, fatigue, impact, and earthquake actions.

e absence of more.definitive criteria, the procedures given in 8.5.2 and 8.5.3 shall be used to construct

Thets

d c U C U i Cd C Cd UU d 9,
of seafloor scour on this resistance shall be addressed.

In cases of liquified soils near the seafloor, the need to reduce the allowable stress in compression to
prevent pile buckling shall be addressed [2001,
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8.5.2 Lateral soil reaction for clay

8.5.2.1 General

The framework within this clause is intended to provide a best estimate of the soil resistance.

The

framework was developed from numerical analyses combined with soil stress-strain behaviour, as
measured in the laboratory through direct simple shear (DSS) tests performed at a standard shear strain

rate of approximately 5 %/hr.

[tis applicable to soil consistencies ranging from very soft to very hard and has been validated by hind
of pile load tests with soil strength values up to 600 kPa (12 531 Ib/ft?). It has not been validated
highly structured clays or carbonate materials.

The monotonic curves are derived as per 8.5.2.2 as a function of I, and OCR, or from DSS testing.

The cyclic curves are derived as per 8.5.2.3 for three design conditions.
8.5.2.2 P-y curves for monotonic actions

8.5.2.2.1 General

The lateral failure mechanism of long slender piles consists of a wedgé-mechanism close to the seaf
and a flow-around mechanism at deeper depths.

For monotonic actions, the ultimate unit lateral resistance, p,, iCanits of force per unit length of pile

cast
for

loor

has

been found to vary between 9 s, D and 12 s, D for the flow-aréund mechanism. For depths where failure

occurs with the wedge mechanism, the lateral capacity s reduced and depends on whether a ga
assumed to form on the back side of the pile.

P-y curves are developed by:

a) calculating p. according to 8.5.2.2.2;

b) correcting p, for anisotropy for gapping conditions, as per 8.5.2.2.3;
c) generating normalized p-y curves according to 8.5.2.2.4;

d) de-normalizing the p-y curves byusing the values of p, and D.
8.5.2.2.2 Ultimate soil resistance for isotropic conditions
In the absence of more definitive criteria, the ultimate soil resistance shall be calculated as:
pu=HD (3
with
B, =N, sy
N, = Ngo+ ys—;z < N,, if gappingisassumed on the back side of the pile;

Npu= 2Ny < Npg if no gapping is assumed on the back side of the pile;

p is

0)

1.35
zZ
D

Nyo = Ny = (1 — @gpe) — (N — ) [1 - (Z)M] < Npg
N, =12 N, =322
d=16,8—-2,3log,,(1) = 14,5
A =5Su0 / (Sur D)
Npg = 9 + 3ape
where

d is a model parameter;
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D is the pile outside diameter;

P, isthe ultimate soil pressure (in stress units);

pu  is the ultimate soil resistance per unit length (in units of force per unit length);
N1  is amodel parameter;

N,  isamodel parameter;

N, isthe total lateral bearing capacity factor;

Npo s the lateral bearing capacity factor due to passive wedge for weightless soil;

Npa  is the lateral bearing capacity factor for flow around mechanism;

Su is the undrained shear strength at the depth in question, as determined from DSS testing;
sw  is the undrained shear strength at seafloor, as determined from DSS testing;

s is the rate of increase of shear strength with depth in linearly increasing strength profiles, as
determined from DSS testing. For moderately non-linear profiles, su1 varies-with depth and can
be calculated as:

Su(2)-Sy
Su1(7) = M2

z is the depth below original seafloor;

aqye is the average soil-pile skin friction factor, as calculated by, Fermulae (22) to (24), between the
seafloor and a depth of 20 pile diameters, or over the pilelength if L/D <20;

Y is the soil submerged unit weight;
A is the normalized rate of shear strength increase\in linearly increasing shear strength profiles.

NOTE In the absence of DSS shear strength measurements, an equivalent DSS strength profile can be obtained
from CPT, T-bar, UU, minivane or other measurements, based on local experience.

If a fand layer is present at the seafloor and overlays clay layers, the total bearing capacity factor N, may
be dalculated as N,, = N,,4 at all depths in the-clay layers if the sand layer is thicker than about one pile
diarheter.

The|choice of gapping condition, that iS\whether a gap is assumed on the back side of the pile or not, rests
with the designer. The hindcast of 11pile load tests suggests that pile behaviour (e.g. deflection, shear
forde, and bending moment profiles) are best predicted with the following assumptions when calculating
Np:

a) No gapping condition assiimed in near-normally consolidated profiles where the shear strength is less
an about 15 kPa in“the top 10 m, regardless of the magnitude of lateral displacements.

b) Gapping condition-assumed atlarge lateral displacement if the shear strength is less than about 15 kPa
t the seafloor-and exceeds 15 kPa within the top 10 m. For such strength profiles, no gapping
onditions~can be assumed at small lateral displacements and gapping condition can be assumed for

large lateral displacements.

c) (apping condition assumed at all values of lateral displacements if the shear strength is greater than
15 kPa at all dppfhc inthe top 10m

Differences between the above pile load tests and a typical offshore design case can include the presence
of mudmats, or other seafloor structures surrounding the piles, which can confine soils and prevent

gapping.
8.5.2.2.3 Anisotropy correction of ultimate soil resistance for gapping conditions

The formulae of 8.5.2.2.2 were derived for isotropic conditions. In the wedge failure mechanism, i.e. if N
< Npq, and for gapping condition only, the strength measured in triaxial extension should be used instead
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of the DSS strength. In absence of more definitive criteria, where gapping is assumed on the back side of
the pile, the bearing capacity factor N, shall be corrected for anisotropy as follows:

Ny, = Cy Ny + % < Npy (31
with:
o o (Sute _ .\ [ Npa—Np )
7 Nsupss 7 \Npa = Nple=o/
where

Np_cor is the total lateral bearing capacity factor corrected for anisotropy;

Cw  is the anisotropy correction factor for the wedge failure mechanism for gapping conditions;

-

SuTE

- is the average ratio of triaxial extension strength over DSS strength, within the depth of| the
uDSS

wedge, for which in the absence of site-specific data, a default value©f 0,9 is recommended for
very soft and soft clays like those of the Gulf of Mexico;

N,  is the total lateral bearing capacity factor for isotropic conditiens, as per 8.5.2.2.2.

Ny, is the lateral bearing capacity factor due to passive wedge for weightless soil for isotrppic
conditions, as per 8.5.2.2.2.

Npq isthe lateral bearing capacity factor for flow around'mechanism for isotropic conditions, ad per
Clause 8.5.2.2.2.

Npl,=ois the value of N, for isotropic conditions,/as per Clause 8.5.2.2.2, at the original seafloor
elevation (i.e. z = 0).

Further guidance on soil anisotropy and soilprofiles with seafloor crusts can be found in Clguse
A.8.5.2.1.2.

8.5.2.2.4 P-y curve relationships

Lateral soil resistance-displacement-relationships for piles in clays are nonlinear. The p-y curveg for
monotonic actions may be generated by scaling the stress-strain curves measured in the laboratory
through DSS testing by eitherofthe two methods presented in A.8.5.2.1.3.

Alternatively, the monotonic'p-y curves (Pmo — Vmo) shall be generated from the default normalized cutves
of Table 1, as plotted ofFigure 13.

Table 1 — Normalized p-y curves for monotonic actions for clay

I,>30% IL,<30%
OCR=<2 OCR =14 OCR=10 OCR=<2 OCR=14 OCR=1¢
Pip/ Pu Ymo/D Ymo/D Ymo/D Ymo/D Ymo/D Ymo/D

0 0 0 0 0 0 0
0,05 0,000 3 0,000 4 0,0005 0,000 1 0,000 2 0,000 3
0,2 0,003 0,004 0,005 0,001 0,002 0,003 3
0,3 0,005 3 0,008 0,011 0,001 8 0,004 0,007 3
0,4 0,009 0,015 0,021 0,003 0,0075 0,014
0,5 0,014 0,024 0,034 0,0048 0,012 0,023
0,6 0,022 0,036 0,052 0,007 3 0,018 0,035
0,7 0,032 0,055 0,078 0,011 0,027 0,052
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0,8 0,05 0,084 0,12 0,017 0,042 0,08
0,9 0,082 0,14 0,19 0,027 0,07 0,13
0,975 0,15 0,23 0,3 0,05 0,11 0,2
1,0 0,25 0,3 0,4 0,083 0,15 0,27
1,0 0o oo oo oo 0 o0
Key
Pmé /Py is the normalized lateral soil resistance for monotonic actions.
Ymd/D is the normalized lateral displacement for monotonic actions.
OCR is the over-consolidation ratio.
Ip i$ the plasticity index.
All pther variables as defined in 8.5.2.2.2.
v [,1
1 e G- e e e . %
D,9 R — arff;./e’/
’ - L=
.8 f/ T
’ / / B
. / .
7 ]
/ /
D,6 o
v /
,5 |4
/ /
},4
II
D,3 —
1 5—2 ~—3
),2 ]
. —e-4 85 -+
0 i | | | |
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45
X
Key
X CNormalized lateral displacement, (y/D) 3 I,>30%; 0CR=10
Y) Normalized resistance, (p/pu) 4 1,<30%;0CR=<2
1 I,>30%; OCR<?2 5 I,<30%; OCR=4
2 I,>30%; 0OCR=4 6 I,<30%; OCR=10
Figure 13 — Normalized p-y curves for monotonic actions for clay
8.5.2.3) P-y curves for cyclic actions

The procedure may be applied to three defined design conditions:

a) Gulf of Mexico (GoM) conditions: Piles in clays with OCR less than 2,0, with normalized cyclic shear
strength properties like those of the GoM clays and subjected to loading conditions like those
experienced by piles on fixed structures in the GoM.

b) North Sea soft clay conditions: Piles in clays with OCR less than 2,0, with normalized cyclic shear
strength properties like those of the Drammen clay and subjected to loading conditions like those
experienced by piles on fixed structures in the North Sea.
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c) North Sea stiff clay conditions: Piles in clays with OCR greater than 4,0, with normalized cyclic shear
strength properties like those of the Drammen clay and subjected to loading conditions like those

experienced by piles on fixed structures in the North Sea.

In the absence of more definitive criteria, the cyclic p-y curves (pey - yoy) used to calculate pile behaviour

under the maximum storm loading shall be calculated as follows:

Pey = Pmod Py (32)
ycy = Ymod ymo (: 3)
where
Dey is the lateral soil resistance for cyclic actions;
Yey is the lateral displacement for cyclic actions;
Pmod is the p-modifier model parameter;
Vmod is the y-modifier model parameter.

The p-modifer and y-modifer shall be calculated according to the following steps:

1) Determine the depth of rotation of the pile, z.o,, under the peak total lateral action.

The depth of rotation of the pile is defined as the first depth from the seafloor where the lateral

displacement is zero.

If the action, pile diameter, and pile wall thickness sch€dule are known, the depth of rotation ma
determined by a beam column analysis using the p=y'springs calculated for monotonic actions, as
8.5.2.2.

Alternatively, the depth of rotation of the pile’shall be estimated as zyoc= 15 D.

2) Calculate the hybrid factor, hy, at each depth z and for all points p,,,, /p,, on the normalized monot
p-y curves:

2
Pmo z .
hf = P, — (%) if z< Zyot
hf:ppﬂ—l ifZ>ZT0t
u
where

hs  isamodelparameter and —1 < hy < +1.

3) Calculate the-number of equivalent cycles, Neg, at each depth z and for all points p,,,/p, on
normalized.-ionotonic p-y curves:

2 \9Y
Npg' & (1—_hf> <25

where

N, isamodel parameterand1 < N,, < 25;

y be
per

bnic

the

eq —

g is a model parameter and:
g = 1,0 for Gulf of Mexico conditions;
g = 1,25 for North Sea soft clay conditions;
g = 2,5 for North Sea stiff clay conditions.

4) Calculate the p-modifier and the y-modifier at each depth z and for all points p,,,, /p,, on the normalized

monotonic p-y curves as per Table 2, as plotted on Figure 14.

Table 2 — Cyclic modifiers for p-y curves in clays
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Design condition Cyclic modifiers

Gulf of Mexico Pmoa = 1,47 — 0,141n(N,,) Ymoa = 1,2 — 0,14 1n(N,)
North Sea soft clay Pmoa = 1,63 — 0,151n(N,,) Ymoa = 1,2 — 0,17 In(N,, )
North Sea stiff clay Pmoa = 1,45 — 0,17 In(N,,) Ymoa = 1,2 — 0,17 In(Neg )

X Number of equivalent cycles, Neq (-) 3 Pmod - North Sea stiff clay
Y' P-modifier, Pmod, ory-modifier, Ymod 4 Pmod - Gulf of Mexico
Prmod - North Sea soft clay 5 Ymod - Gulf of Mexico

2 Ymod - North Sea soft and stiff clay
Figure 14 — Normalized p-y curves for monotonic actions for clay

8.52.4  P-y curves for fatigueactions

Fatigue actions typically cause.d very large number of cycles of very low pile displacements. The curves
for fatigue analyses (pr. >3) represent the steady-state conditions after the soil unload-reload secant
stiffness and hystereticdamping have stabilized, typically after several hundreds of cycles.

A spring-only model-is presented for piles for both static and dynamic, e.g. time-domain, analyses. A
spring-dashpot <model is presented in A.10.5.5.2.2 for conductors supporting typical subsea
wellhead/BOR/LMRP systems, but is not applicable to piles. At very low lateral displacements, the fatigue
curyes arestiffer than the cyclic curves because the stiffness of the spring-only model includes the effect

Pra =pu s (24) (349)
where
Pfa is the lateral soil resistance for fatigue actions;
Yfa is the lateral displacement for fatigue actions;
Py is the ultimate soil resistance calculated as per 8.5.2.2.2, with the no-gapping condition;
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Ag is a model parameter; As = 0,45 if s, < 40 kPa and As = 0,19 for other conditions;
By is amodel parameter; Bs = 0,05 for all conditions.

The power-law curve of Formula (34) is discretized as follows:

a) the curve shall pass through the origin yr. = pr. = 0;

b) the next point shall be generated for y:./D=0,001;

c) the following points should be generated at the following yi/D increments, up to a maximum ys,
0,05:

d) 0,001 for 0,001 < yr/D < 0,010;
e) 0,01 for 0,010 < yr/D < 0,05.

8.5.2.5 P-y curves for earthquake actions

The monotonic curves of 8.5.2.2 can be used to analyse piles under seismic actions. They have show
provide a satisfactory match between measured and calculated bending m@ments in fixed-struct
piles when they are combined with appropriate unload-reload behaviour and parallel dashpots to m
radiation damping. Further guidance is provided in A.8.8.2.4.

8.5.2.6 Comparison with previous recommendations

When compared with the p-y curve methods in Reference [22]5.the recommended practice of 8.5.2
generally give p-y curves that are stiffer at low displacementsiand with greater ultimate resistance.

Comparisons between the curves obtained by previous and current recommendations are provide
A.8.5.2.5.

8.5.3 Lateral capacity for sand

For static lateral actions, the representative unit lateral capacity, p:, for sand has been found to vary fi
a value at shallow depths determined by Formula (35) to a value at deep depths determined
Formula (36). In the absence of more definitive criteria, at a given depth, the formula giving the sma
value of pr shall be used as the representative capacity. These formulae can be un-conservative for layg
soil conditions when the sand is everlain by soft clay.

Drs = (Clz + CZD)]/,Z (:
pra =C3Dy’ (3

where 's' signifies'shallow and 'd' signifies deep, and

D is.the pile outside diameter;

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

z is the depth below original seafloor (m);

D=

n to
ires
bdel

will

d in

rom

by
lest
bred

5)

6)

C1, C2, C3 are dimensionless coefficients as a function of the effective angle of internal frictiop in

sand, @ (see kigure 15):

_ (tanp)’tana tan ¢’ sin 8 . (37)
1—m 0<cosatan(,8—¢’)+tan’8(tan¢ smﬁ—tana)
__ g 38)
“TmE-¢
C; = K,((tanB)® — 1) + K, tan ¢’ (tan g)* (39)
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Key
X effective angle of internal friction (¢’in degrees) 1 “Coefficient Ci for lateral capacity
Y’ value of coefficients C1 and C2 2~ Coefficient Cz for lateral capacity
Y” value of coefficient C3 3 Coefficient Cs for lateral capacity

Figure 15 — Lateral‘capacity coefficients for sand

lance for scour conditions is given in A.8:5.3.

8.5¢4 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 criteria, at any)specific depth, z, shall be determined by:
k.z (40)
aptang (123)
P pr-tané | = g4
where

A is afactor to account for static or cyclic actions, evaluated by

0,8. . .
DZ) > 0,9 for static actions, and

A= (3,0 -

A= n,Q for r‘yr‘]ir :lrh'nnc;

pr is the representative lateral capacity at depth z (force per unit length of pile);
k  is the initial modulus of subgrade reaction (force per volume), see Table 3;
z  is the depth below original seafloor (m);

y  is the lateral displacement at depth z.

The database for the lateral soil-pile behaviour in sands consists of free-head tests on piles in clean sands,
with effective angles of internal friction ranging from 34° to 42°, as determined by shear box tests,
drained triaxial tests or correlations with in situ tests.
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Extrapolation of these data to soils outside the limits of experience, particularly to those sands with
effective angles of internal friction less than 30° requires engineering judgement. In particular,
laboratory test results on such soils should be reviewed for evidence of anomalous behaviour and for the
presence of significant fractions of clay soils, either of which could require a different formulation for the

p-y relationships.

In the absence of more definitive criteria, the values of the initial modulus of subgrade reaction, k, given

in Table 3 shall be applied.

Table 3 — Initial modulus of subgrade reaction

¢ k

MN,/m3 (Ib/in?)
25° 5,4 (20)
30° 8,7 (32)
350 22 (80)
40° 45 (165}

8.5.5 P-y curves for fatigue actions

Similar to the recommendations for clays, the curves for fatigué-analyses (ps. - y:) represent the ste
state conditions after the soil unload-reload secant stiffness, and hysteretic damping have stabili

hdy-
zed,

typically after several hundreds of cycles. A spring-only model is presented for piles, to be used for hoth

static and dynamic (e.g. time-domain) analyses.

In the absence of more definitive criteria, the (ps- ) springs shall be calculated as:

Pra = 365D 1(z) (31;%)0-65 y
where
Dfa is the lateral soil resistance for fatigue actions;
Yfa is the lateral displacement for fatigue actions;
1(z) is the shear resistance. 7(z) = a,,(2) tan (¢").

The power-law curve gf\Formula (41) is discretized as per 8.5.2.4.

8.5.6 Refined assessment of lateral pile response

A more advanced one-dimensional (1D) pile analysis method, which involves the definition of ¢

1)

pse-

specific soil tedction curves, is set out for applications where the design is either highly sensitive to latleral

actions owwhen the pile L/D ratio is low [67171], The method’s development is further described in A.8

8.5.7./Lateral soil resistance-displacement curves in calcareous soil, cemented soil and weak

rock

5.6.

S

The degradation of strength and stiffness of cemented or calcareous soil and weak rock materials unnder

cyclic actions shall be addressed in the design of grouted pile and conductor [212. The results from site-
specific pile test and centrifuge model test data, where available, may also be used to calibrate site-

specific p-y data.
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8.6Pile group behaviour
8.6.1 General

The effects of closely spaced adjacent piles on the resistance-displacement characteristics of the pile
group should be considered. For pile spacing less than 8D, group effects shall be addressed in lateral
response design.

The :l . : : : 1 al e-c aa : ava' le ‘l-.- c g ALhoro -l‘ -e- -e aa

distribution of actions into the piles, the partial resistance factors for individual piles in the group may

iplied by the number of piles in the group; conversely, for piles embedded in sands, the group
capacity can be higher than the sum of the capacities of the isolated piles. The group-settlement in either
clayl or sand is normally larger than that of a single pile subjected to the average action per pile of the pile

groyip.
8.6.3 Lateral behaviour

For|piles with the same pile head fixity conditions and which are embedded in either clay or sands, 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 of the pile
pengtration to the pile diameter, the pile flexibility relative.to-the soil, the dimensions of the group, and
the pariations in the shear strength and stiffness modulus.of the soil with depth.

Of the four group analysis methods examined in Reference [264], the following methods were found to
be the most appropriate for use in designing group:pile foundations for the given actions:

— fpr defining initial group stiffness: advanced niethods, such as PILGP2R [264];

— fpr design event actions: the Focht-Koch‘method [1391 as modified by Reese et al. 3001 for defining group
displacements and average maximum,pile moments. Displacements are probably underpredicted at
dctions giving displacements of 20 % or more of the diameter of the individual piles in the group;

— fpr evaluating maximum pile ‘action at a given group displacement: largest value obtained from the
driginal or modified Focht{Koch method.

8.7Pile installation assessment
8.71 General

The|types of piléfoundations used to support offshore structures and considered in this document are:

— Driven piles: Open-ended piles are normally used in foundations for offshore structures (see 8.7.2 to
8.7.7)sThese piles are usually driven into the seabed with impact hammers, which use steam, diesel
fuel or hydraulic power as the source of energy.

— Drilled and grouted piles: Piles that can be used in soils and rocks which will hold an open hole with
or without drilling mud (see 8.7.8).

— Belled piles: Bells can be constructed at the tip of piles so as to give increased bearing and uplift
capacity through direct bearing on the soil (see 8.7.9). The end bearing capacity of belled piles is to be
determined in accordance with the principles given for the design of drilled and grouted piles.

— Vibro-driven piles: The capability of hydraulic vibratory driving hammers to install piles has been
demonstrated, in particular for the installation of small diameter piles in sands. Owing to the lack of
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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 sufficient 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. Fatigue
damage due to pile driving shall be accounted for when calculating the pile fatigue life according to ISO

19902.

All field-made structural connections shall be compatible with the design requirements. Pile.sectjons
should be marked to facilitate installing the pile sections in the planned sequence. The closure‘devicg on
the lower end of the structure's legs and pile sleeves, if required, shall be designed to avoid interfer¢nce
with the installation of the piles.

8.7.2 Drivability studies

Computer analyses (based on the principles of one-dimensional elasticostress-wave theories [and
commonly known as wave equation analyses) may 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 gaVerned by the estimated profile of|soil
resistance to driving (SRD), by the assumed hammer efficiency,-or driving energy transferred to the|pile
and, to a lesser extent, by the quake and damping parameters.in the wave equation model. Selectign of
these input parameters is based on previous pile driving,experience and engineering judgment. Fpr a
given rated energy, the energy transferred to the pile is/dependent on the type of hammer (i.e. diesel fuel,
steam, or hydraulic hammer) and is based on pile driving experience with reliable measurements from
pile instrumentation.

The definition of SRD is the main factor that governs the results of the drivability studies and the hammer
type required to reach the target pile penetration. Several methods for calculating the SRD in different
types of soils have been proposed in the literature (see A.8.7.2).

General procedures cannot be applied at all sites, as piling behaviour is site dependent. Therefore, back-
analysis of previous pile driving experience at the site, or at sites with similar soil conditions, shoulf be
performed in order to calibrate:SRD calculation procedures and improve drivability predictions for other
structures at the site. For clays, the SRD calculation should account for the increase in resistance dye to
pore pressure dissipatign:(set-up) during driving interruptions (e.g. when delays are necessary| for
welding pile add-on elements).

To confirm that the hammer performs in accordance with the specifications and with the assumptjons
made in the dtivability predictions, the pile or hammer may be instrumented and monitored dufing
driving. If so, pile instrumentation is preferable, as hammer monitoring provides incomplete informaltion
about the'driving energy transferred into the pile.

Pile dfiying instrumentation data, based on measurements from strain and acceleration transducers fjxed
nedrthe top of the pile, may be used for verifying the actual hammer driving energy and soil stratification,
assessing the actual SRD during driving, as well as giving additional information for estimating the|pile
capacity, particularly if re-strike test data are available. The SRD measured during driving, as bpck-

calculated from pile instrumentation data, should be compared with the predicted range in soil
resistance. Such analyses can be used to improve the reliability of subsequent drivability predictions at
the site.

Selection of representative parameters or methodology for driveability analyses, or driveability input to
fatigue analyses, should account for the experience in the area or in similar soil conditions, with upper
estimate parameters being used if experience does not exist or is limited and best-estimate parameters
being used otherwise.
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8.7.3 Obtaining required pile penetration

The adequacy of the structure's foundation depends upon each pile being driven to or near its design
penetration. Where applicable, the driving of each pile should be carried to completion with as little
interruption as possible to minimize the increased driving resistance which often develops during delays.
Workable back-up hammers with leads should be available, especially when critical pile set-up is
anticipated.

Therfact thatapitetras et premature Tefusat does ot imdicate that it cam support the desigmactiorrs:
Fingl blow count alone shall not be considered as assurance of piling adequacy.

In spme instances, when continued driving is not successful, the penetration and associated capacity'ofa
pile|can be improved by the methods described in 8.7.5.

8.7.4 Driven pile refusal
Pile[refusal is defined to:

— gstablish the point at which pile driving with a particular hammer should be-stopped and other
thethods instituted (see 8.7.5); and

— prevent damage to the pile or hammer.

The| definition of refusal should be consistent with the soil characteristi¢cs”anticipated at the specific
locgtion. Refusal should be defined for all hammer sizes to be used and-is contingent upon the hammer
being operated at the energy and rate recommended by the manufacturer.

The| exact definition of pile refusal for a particular installatioh{should be defined in the installation
spetification. Examples of refusal criteria, for use only if n0 ‘ether requirements are included in the
instpllation specification, are given in A.8.7.4.

If a pile refuses before it reaches design penetration, one or more of the measures given in 8.7.5 may be
taken.

8.7/5 Pile refusal remedial measures

8.7,5.1 Review of hammer performance

A review of 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 and
maiptenance, or by the use of a more powerful hammer.

8.7/5.2 Re-evaluation of design penetration

Recpnsideration of actiens,/displacements and required capacities of individual piles, of other foundation
elerents and of the feundation system, can identify available reserve capacity.

An |nterpretation ‘of driving records in conjunction with instrumentation can allow the design soil
parameters or Stratification to be revised and the calculated pile capacity to be revised.

8.7.5.3 _Modifications to piling procedures

8.7/53;1 General

Modifying procedures, can permit the piles to be driven to the required penetration. The modifications
described in 8.7.5.3.2 to 8.7.5.3.4 may be used.

8.7.5.3.2 Plug removal

The soil plug inside the pile can be removed by jetting and air lifting, or by drilling, to reduce pile driving
resistance. Several soil plug removals and redrives can be required to reach target penetration.

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 increase the capacity back to the design
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level. The minimum axial capacity of the plug shall be equal to the pile end bearing capacity in a plugged
condition, if full shear transfer between plug and pile is available. In some circumstances plug removal is
not effective in improving driving conditions, particularly in cohesive soils.

8.7.5.3.3 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
lifting. 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 bdlow
the pile tip should not be removed to reduce the soil resistance during driving in uncemented soils:

Under special circumstances (e.g. in the case of an intermediate layer of strong cemented matetfial),
undersized drilling can be applied to partially remove the hard layer before pile driving canbe resurhed.
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.dn'thick and hard rock
layers under-reaming of the hole to at least the full pile size should be evaluated to dvoid potential rigk 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 ighored, unless this zone has heen
grouted.

Jetting below the pile tip should be avoided because of the unpredictability of the results.

8.7.5.3.4 Two-stage driven piles

A first-stage or outer pile can be driven to a predetermiined depth, after which the soil plug is remqved
and a second-stage or inner pile is driven inside thefirst-stage pile. The annulus between the two pilgs is
grouted to permit shear transfer between the first- and second-stage piles and to develop compgsite
action.

8.7.6 Selection of pile hammer and stresses during driving

The influence of the hammers to be used shall be evaluated as part of the design process in accorddnce
with ISO 19902 for the definition of*pile wall thickness and stresses generated by hammer placementjand
pile driving. A method of analysis based on wave propagation theory shall be used to determine| the
dynamic stresses generated by hammer impact.

The type(s) of pile hammer ‘considered for pile driving shall be noted on the installation drawings or
specifications. Any change in the hammers to be used for pile driving shall be assessed, to ensure that the
consequences of thé.change are acceptable, including pile drivability, pile capacity, pile and strucfure
strength and fatigue. Detailed guidance is provided in ISO 19902.

[tems relevantto pile design and installation assessment are:

— Stresses-during driving: The unfactored dynamic stresses should not exceed 90 % of yield, depending
onrspecific circumstances such as the location of the maximum stresses down the length of pile/ the
number of blows, previous experience with the pile-hammer combination and the confidence levgl in
the analyses.

overstressed at this point if the design penetration is not reached. The amount of underdrive or
overdrive allowance provided in the design will depend on the degree of uncertainty regarding the
penetration that can be obtained.

— Driving shoe: The purpose of a driving shoe is to assist piles to penetrate through hard layers or to
reduce driving resistance, thereby allowing greater penetrations to be achieved than would otherwise
be the case. If an internal driving shoe is provided for driving through a hard layer, it shall be checked
that the driving shoe does not reduce the end bearing capacity of the soil plug below the value assumed
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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 shall be taken into account when evaluating the total
representative capacity of the pile. External driving shoes are not normally used, as they tend to
reduce the skin friction along the length of pile above them. The tip of the driving shoe should be flat
or bevelled towards the inside of the pile. Driving shoes with bevels toward the outside of the pile shall
not be used when driving through dense and very dense sands as they have been shown to be a
contributing factor in observed pile buckling.

8.7.7 Use of hydraulic hammers

Hydraulic hammers are more efficient than steam hammers and the energy transferred to the pile for:a
givgn rated energy tends to be greater. They can be used both above and below water for driving battered
or viertical piles, through legs or through sleeves and guides, as well as vertical piles alone without lateral
restraint. In calculating pile stresses, full account should be taken of wave, current and wind;actions, as
wel] as the hammer and section weights both during driving and during hammer stabbing;which can be
eithler 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 to maintain a low blow count. Therefore, blow counts do not give a
dirdct guide to soil stratification and resistance. Since the ram is encased, hamimer performance cannot
be judged visually. The hammer's performance, including ram impact. velocity, stroke, pressure of
accglerating medium and blow rate, should therefore be measured. Reliable instrumentation of some
piles may also be considered to verify the energy transferred to the\pile to aid interpretation of soil
stre:rification and to limit pile stresses.

Monitoring of underwater driving requires that easily identified, unambiguous datum points be used,
together with robust television cameras or remotely operated vehicles (ROV) capable of maintaining
statjon. Alternatively, for shallow water sites, hammer casing extensions or followers may be used so that
bloy counts can be monitored above water.

Bechuse no cushion block is used, there is no change in characteristics between ram and anvil as driving
progresses and no requirement for cushion changes.

In selecting hydraulic hammers for deep water applications, account should be taken of possible decrease
in driving efficiency due to increased friction between the ram and its surrounding air. Sufficient air
shopild be supplied to the hammer so-that water ingress is prevented. Water in the pile should be able to
escape freely.

8.7.8 Drilled and grouted piles
Thejre are two types of drilled and grouted piles.

1) Single-stage piles:‘For the single-stage drilled and grouted pile an oversized hole is drilled to the
required penetration, a pile is lowered into the hole and the annulus between the pile and the soil is
grouted. This{ype of pile can be installed only in soils which will hold an open hole to the seafloor.

2) Two-stage piles: The two-stage drilled and grouted pile consists of two concentrically placed piles
grouted\to become a composite section. A pile is driven to a penetration which has been determined
to be.achievable with the available equipment and below which an open hole can be maintained. This

uter pile becomes the casing for the next operation, which is to drill through it to the required
penetration for the inner or 'insert’ pile. The insert pile is then lowered into the drilled hole, and the
annuli between the insert pile and the soil and between the two piles are grouted. The diameter of the
drilled hole should be atleast 150 mm (6 in) larger than the insert pile diameter.

The hole for drilled and grouted piles can be drilled with or without drilling mud to facilitate maintaining
an open hole. Drilling mud can be detrimental to the surface of some soils. If used, mud should be flushed
with circulating water upon completion of drilling, provided the hole will remain open. Reverse
circulation should normally be used to maintain sufficient flow for removal of cuttings. Drilling
operations should maintain proper hole alignment and minimize the possibility of hole collapse.
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Centralizers should be attached to the pile to provide a uniform annulus between the insert pile and the
hole. A grouting shoe may 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, the pile should be tied 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 verification that this will not

be detrimentat to pite capacity and that grout will mot migrate during ptacement 1o an adjacent noie-

8.7.9 Belled piles

Drilling of the bell is carried out through the pile by under-reaming with an expander tool, A pilot

can be drilled below the bell to act as a sump for unrecoverable cuttings. The bell and the pile are f
with concrete to a height sufficient to develop the necessary transfer of forces between the bell and
pile. Bells are connected to the pile to transfer both full uplift and compressive forces using 4
reinforcing, such as structural members with adequate shear lugs, deformed-reinforcement bar
prestressed tendons.

8.7.10 Grouting pile-to-sleeve connections

The grout-to-steel bond in the connection between pile and sleeve.Shall be checked in accordance
[SO 19902 addressing grout connections.

8.7.11 Pile installation data

Throughout the driving of piles, comprehensive driving<and associated data should be recorded
reviewed for conformance with the installation plan{If'Significant deviations are observed, correg
measures can be necessary. The recorded data can include:

a) structure and pile identification, water depthrand reference elevation of readings of pile marking
pile tip penetration;

b) relevant information on pile stabbing;

c) penetration of the pile under its own weight or under the weight of a new add-on;
d) additional penetration of the pile under the weight of the hammer;

e) data on followers used, where applicable;

f) blow counts throughout driving, with hammer identification and hammer blow rate (blows/min
after every few metres of penetration;

g) cumulative nuinber of blows at relevant penetrations;

h) driving energy observations and hammer monitoring data, if available;
i) pile instrumentation data, if available;

j) ddateiand time of starts and stops in driving, including set-up time;

k)velapsed time for driving each section, with actual length of pile sections and cut-offs;

hole
lled
the
teel
5 or

with

and
tive

for

Lite)

1) unusual behaviour of the hammer or the pile during driving;

m)elevations of soil plug and internal water surface after driving;

n) pertinent data of a similar nature covering drilling, grouting or concreting of grouted or belled piles.

8.7.12 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.
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During drilling operations, soil disturbance 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
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 ofseafloor craters. In addition, prolonged drllllng activities
witlion f
resulting in reduced ax1a1 frlctlon capacity of conductors

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. These detrimental effects can occur whether the drilling takes place after
instpllation of the structure or before (e.g. for a pre-installed template or for an exploration well).
Conductors installed by drilling or drill-drive techniques can have more detrimental) effects than
confluctors installed by driving alone.

Thelfollowing recommendations should be evaluated for conductor installation and-shallow well drilling:

a) The conductor setting depth should be selected taking due account of hydraulic fracture pressure
profiles. The depth should preferably be chosen at a cohesive stratum Wwhich is a sufficient distance
from the proposed pile tip penetration to minimize the risk of disturbance of foundation soils.

b) In conductor or shallow well drilling operations, fluid pressures should be kept within the calculated
hydraulic fracture pressure profile. Flow rates should be contrelled to minimize wash-out, particularly
in granular soils.

Recprds of conductor installation and shallow well drilling should be available. The implications for
foundation soils of any incidents, of excessive loss of circtlation, of return of drilling fluids to the seafloor
other than through the conductor, or of creation of seafloor craters shall be assessed. The cuttings from
the well drilling operation, if allowed to accumulate*on the seafloor, shall be taken into account in the
foupdation design (including settlement), installation procedure and structure removal.

The|skin friction capacity of conductors installed in cohesive soils by jetting is covered in 10.5.2.

9 |Reassessment of pile capacity for existing structures

9.1|General

ISO[19901-9 describes the structural integrity management (SIM) activities required to demonstrate the
fitness-for-service of existing fixed steel offshore structures throughout the intended design service life.

In the context of théreassessment of the foundation system of an existing structure, this involves an
assg¢ssment of available geotechnical and foundation data, evaluation of how the original geotechnical
deslgn was established and potentially differs from current geotechnical practice, any changes in the use
or lpading ef.the system, the effects of drilling and production operations, and the effects of time since
the ptructure installation on the performance of the foundation system.

9.2|Geotechnical and foundation data

9.2.1 Geotechnical data

The original geotechnical site investigation used to establish the foundation response is not always based
on current practice. The validity of the existing site and soil investigation data shall be assessed. Older
site investigation data may be adjusted to reflect differences between older and modern investigation
techniques [150], [280],

More recent soil investigation data or geophysical site investigation data can be available from the project
site or from nearby locations in the same geological environment. The distance within which non site-
specific data are relevant to the project site depends on the geological environment. Applicability of
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nearby data where geotechnical stratigraphy and properties are spatially variable shall be assessed based

on the understanding of the geological environment.

The feasibility and value of acquiring modern geophysical and geotechnical data close to an exis
infrastructure shall be assessed.

9.2.2 Design data

ting

The methods decisions, gpnfpr‘hnirq] dataand qn:\]ycpc used to demonstrate that the foundations are fit-

for-service shall be documented.

Original foundation design data, including the selection of geotechnical parameters, loading cyiteria
design methods shall be assessed against current practice.

and

If foundation data or geotechnical data are missing or inaccurate, this additional ungertainty shall be

addressed in the choice of representative values and methodologies.

9.2.3 Installation data

As-built foundation installation data including pile driving records and dytiamic pile monitoring
shall be used, where available, to back-analyse geotechnical stratigraphy and parameters.

Available installation records shall be used to verify as-built data,&uch as pile lengths, depths to

Hata

wall

thickness changes, and steel material grades which can differ from those given on design drawings,

particularly if the piles were driven to refusal and are short of the original design penetration.

9.2.4 Condition data

Foundation condition data shall include as available:

a) historical condition data relating to changes madeto foundations;

b) present condition data relating to the surveyed condition of foundations.

Measurements of scour around existing foundations and measurement-based predictions of future s
may be used in preference to the assumptions made in the original design.

Information on the assessment of foundation capacity based on the historical performance of the
foundation system is provided in-9;3.

9.2.5 Operational data

Operational data shouldiinclude, as available, information on:

a) changes in platforni actions;

b) exposure to tretocean conditions, earthquakes, sediment transport and other environmental evel
c) exposureto’accidental events, such as snag actions;

d) envelopes used in operating equipment.

9.3 Evaluation

Quantitative evaluation of existing data shall be undertaken to:

our

pile

ts;

— confirm structural integrity, mitigation strategies, and established risk levels to achieve the required

performance level; or
— to identify that mitigation measures are required.
Such quantitative evaluation shall consider:
a) geotechnical and foundation data described in 9.2;

b) foundation capacity and response data based on current practice;
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c)

criteria data such as updated knowledge of geohazards at the project site (e.g. earthquake or seabed
instability) that can result in a degradation of the foundation soil;

d) incident / accident data (e.g. extreme or abnormal seismic event);

e)

learnings from similar foundation systems or similar geotechnical conditions.

9.4 Assessment

9.4/1 General

[SO[{19901-9:2019, 12.3 describes the different methods that can be used for the assessment of existing
structures and the foundation capacity. The geotechnical aspects of a pushover response of an offshore
platform supported by pile foundations (ultimate strength method) are described in 9.4.2, with refeérence
to I$0 19901-9:2019, 12.3.4.3.

9.4.2 Pushover response of pile foundation systems

The| ultimate overall system (pushover) response and capacity of the pile foundation system is
characterized by the failure mechanism. For structures in shallow waters dominated by horizontal
actipns, the failure mechanism is typically shear, and the system capacity is.governed by the lateral
response of the piles and well conductors. For structures dominated by overturning moments, the failure
medhanism is typically overturning, and the system capacity is primarilygeverned by the axial response
of the piles with some contribution from the moment capacities of the piles and well conductors.

With reference to ISO 19901-9, the pile foundation and conductor System shall be treated as follows in
pushover analyses:

a)

Model the connection between the pile foundations and.the structure in the analyses, with a focus on
the rotational stiffness of the system.

b) Include jacket leg stubs that extend below the seafloor in the structural analyses. These leg stubs

c)

dontribute to the lateral capacity of the piles.

Include the well conductors in the structuralmodel of the platform as they can contribute both to the
dhear resistance and the overturning resistance of the foundation system [15%. Well conductors are
nodelled in the same way as pile foundations below the seafloor, considering compatibility between
prces and displacements between-the conductors and the soil and between the conductors and the
latform. Conductors shall be modelled to reflect the actual conditions of their guide systems and
onnections to the jacket.

O S =h =

d) Include the effects of cyclic-actions. In Reference [365], it is demonstrated that the use of the cyclic p-

g)

66

) curves described in~8.5.2.2 in pushover analyses gives a good hindcast of observed platform

performance (i.e. stfuctural damage and pile head displacement at the seafloor) during extreme events
ih the Gulf of MeXico.

(heck the sensitivity of the foundation system capacity to the lateral and axial capacities of the piles,
where the pile foundation system governs the capacity of the platform. If the foundation system
dapacity-is’ more sensitive to the lateral soil resistance, the failure mode for the pile system is
dominated by shear. If the foundation system capacity is more sensitive to the axial soil resistance, the
fpilure mode is dominated by overturning. In such cases, geotechnical factors such as the stratigraphy

and the soil properties will govern the response.

Check the sensitivity of the pushover capacity for the pile foundation system to the steel yield strength
for piles and well conductors. The rated yield strength can underestimate the most likely or expected
value [76. Use unbiased (rather than low) estimates of input values in calibrating historical
performance and in predicting future performance.

Account for the fact that the axial load-displacement response of the pile foundation system as
represented by load-transfer (t-z and @-z) curves can result in an ultimate capacity which is lower
than the peak ultimate capacity given in design according to the methods given in 8.1. This is due to
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the shape of the load-transfer curves and flexibility of the pile. Further guidance is provided in 8.1 and
A.8.1.3.2.4 and A.8.4.1.

Survival of a pile foundation system during previous extreme action events shall not be directly used as
evidence for increased in situ strength of the soil compared to the original design. Any approach
accounting for previous loading events shall address a number of factors of relevance to the entire
platform system, as discussed in Reference [150].

9.5Time-dependent effects on pile foundations

In silica sand, significant increases in axial pile capacity with time have been measured over periods of
days up to around one year that are unrelated to pore pressure dissipation (e.g. References [81}/[36][and
[197]). The mechanisms for this increase in pile capacity, commonly known as “ageing”, are still unprqven
but appear to be related to corrosion and other effects that can raise radial effective stresses and produce
a stronger dilation mechanism and higher steel pile-soil interface angles of friction! Loading piles to
failure disrupts the ageing process and piles that are loaded to failure show a loss of capacity if re-tefted
after unloading.

Pile driving in clay normally results in the development of excess pore pressures that produce a low inlitial
axial pile capacity immediately after driving that increases with time astthe pore pressures dissipate [see
A.8.1.3.2.5). This reconsolidation-related change in axial pile capacity can take months or ygars,
depending on the consolidation characteristics of the clay and the diameter of the pile. However, itlhas
been shown that capacity ageing effects also develop in clay, tunning in parallel and in addition to the
reconsolidation process [197],

Although ageing has been measured on medium to large=seale piles (e.g. the EURIPIDES research pilgs in
very dense silica sands in the Netherlands [202], and €he"Jamuna Bridge piles in micaceous sands [}401),
reliance on ageing effects on large diameter offshore piles experiencing high degrees of long-term cyclic
loading without supporting evidence can be inappropriate and should be approached with caution. More
conservative assumptions shall be considered when no evidence of ageing effects is available (e.g| for
piles driven in carbonate soils). Carefully planned and instrumented re-strike tests can provide evid¢nce
of field ageing trends.

10 Soil-structure interaction for subsea structures, risers and flowlines

10.1 General

This clause sets out degign criteria and recommendations for subsea production systems that addresq the
interactions of subsea structure foundations, risers or flowlines with marine soils. It provides depign
criteria and methods for soil-riser and soil-flowline or pipeline interactions that are not addressed in
other international standards from the ISO 19900, ISO 13623 or ISO 13628 series. Other methods, based
upon local practice and experience, may also provide suitable soil-structure interaction solutions.

The following sections address geotechnical design issues for foundations of pipeline and sulbsea
production structures and for the soil-risers or soil-flowlines interactions and shall be applied t¢ all
seabed conditions unless noted by underlying assumptions.

10.2 Geotechnical investigation

The scope of the geotechnical investigation shall anticipate the requirements for design and code
conformance. It should include some combination of sampling and/or in situ testing techniques to
shallow penetrations for flowlines and steel catenary risers and deeper penetrations for riser towers and
top tension risers. Example geotechnical investigation techniques include:

— drilled soil borings with downhole soil sampling and in situ testing;
— continuous penetration tests (e.g. cone penetration (CPTU), T-bar or ball tests);

— large-diameter piston drop cores or push samples (core barrel length up to 20 m to 30 m);
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— gravity drop cores (core barrel length up to 5 m to 10 m) and box cores (for top 0,5 m to 1,0 m of
sediments).

Details about equipment and procedures for marine soil investigations are provided in ISO 19901-8.

In addition to index and classification tests (i.e. bulk density, Atterberg limits, moisture content, grain size
distribution, specific gravity, and carbonate content), undisturbed and remoulded shear strength shall be
measured. An understanding of in situ OCR and expected dilatant or contractant behaviour of the soil

whermrshrearedcamr prove usefut-fortiredesigmof flowtimesDepending o the-imtendedapptication, pH;
thegmal conductivity and electrical resistivity tests can also be performed to assess the insulating and
corrosive properties of the soil.

The|site characterization scope should include integration of the geotechnical data, geological study and
the shallow high-resolution data, depending on the uniformity of geologic units and soil conditions. 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 (see ISO 19901-8 and ISO 19901-10).

10.8 Foundations for subsea production structures

Foundation configurations that can be utilized include mudmats without or with skirts, driven piles,
pushed pin piles, suction piles, conductors or combinations of these.

The] effects of drilling activities on the soil formation and foundation systémnt shall be considered.

The|design and installation of shallow and intermediate foundations with or without skirts is addressed
in (lause 7 and Clause A.7. More specific design cases for the foundations of manifolds or subsea
progluction structures can comprise:

— Jctions from the tie-in flowlines, spool-pieces, pipelines and umbilicals, with possible coupling
hetween vertical and horizontal actions;

— gffect of heat from produced hydrocarbons, particularly if gas hydrates are present;
— ipstallation tolerances and actions due to re-peositioning or levelling, if required.

Conltingency methods should be established for situations where the foundation fails to penetrate into
the |seabed to the target penetration. These:methods include ballasting the foundation or grouting the
spage between the foundation top plate@nd the seafloor.

10.# Steel catenary risers

10.4.1 General

The| geotechnical properties of the seabed can influence the design conditions for steel catenary risers
(SCRs) in two aspects:

1) gn ultimate limit'state associated with excessive bending and tensile stresses in the riser wall; and

2) 4 fatigue limit'state associated with cumulative damage to the riser from motion-induced changes in
hending stress in the region of the touchdown point.

In ah SERythe maximum static curvature occurs within the suspended part of the catenary and the seabed
stiffness has a negligible effect on the maximum curvature. Thus, the seabed properties have essentially

no influence on the maximum static in-plane bending stresses within the riser. However, the seabed
properties have a significant influence on the shear force in the riser, and hence changes in bending
moment due to environmentally induced motions of the riser. The seabed properties thus affect fatigue
calculations.

In addition, the seabed properties 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. Seabed properties can also affect transient
bending moments induced in the riser during any position changes of the floating facility from which they
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are suspended. However, for out-of-plane loading, the maximum stresses occur at different locations
around the circumference of the pipe.

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. The lateral soil resistance usually exceeds the normal

tfrictional resistance for pipelines lying on the seatloor (e.g. Reference |4]).

An upper estimate of the maximum soil resistance acting on a trenched pipeline may be (based on
solutions for the limiting action acting on a cylinder moving through fine-grained soil (e.g. Refer¢nce
[235]), or the horizontal component of resistance for a shallowly embedded pipeline (elg. Refer¢nce
[236]).

10.4.3 Design for fatigue state
10.4.3.1 General

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 zoneZthese motions can be simplified
to moving the touchdown point (TDP) in-line with the riser andassessing 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 shpwn
in Figure 16.

Key
1 Simulated riser motion 4 Stress envelopes along riser length near the TDP
2 Riser 5 Stressrange, Ao - stiff soil
3 Seafloor 6 Stress range, Ao - soft soil

Figure 16 — Example stress changes for SCR fatigue calculations

The cyclic stress range in the touchdown zone depends on the rate of change of the bending moment with
distance along the riser, and thus the shear force. Analysis shows that the maximum shear force varies
approximately linearly with the logarithm of the soil stiffness. Fatigue laws follow a power law
relationship, with damage proportional to a high power (typically about five) of the cyclic stress
amplitude. Therefore, relatively minor differences in the shear force can have a significant effect on the
estimated fatigue life, and hence the non-linear response of the soil shall be addressed in design.
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Either small or large waves can dominate the fatigue damage in the touchdown zone. The majority of
fatigue damage can occur from either large waves (not necessarily the most extreme) with low
probability of occurrence or continuous motions from small day-to-day waves. Some of the most
damaging waves for fatigue occur with return periods of % yr to 2 yrs.

10.4.3.2 Design options

Modelling of the riser-soil interaction for fatigue assessment can include:

1) 4 uniform elastic soil spring along the entire touchdown region;
2) d non-linear elastic spring based on the soil response in a ‘fully degraded’ state;

3) 4 non-linear spring that considers loading, unloading, reloading cycles, penetration into the seafloor
dnd variable shear strengths with depth.

Themodels increase in complexity with their order. Option 1 is the least complex. Howevet;Selection of
a sipgle elastic soil spring can be challenging. The actual soil stiffness will vary considerably depending
on the range of cyclic displacements, hence the spatial location along the touchdewn zone and the
magnitude of the riser motions in the water column. Because a single spring cannet capture the spatial
and|temporal variability, a high (conservative) value of elastic stiffness shall be.adopted if this option is
folleed, as discussed further in A.10.4.

Fatigue damage depends particularly on the soil stiffness within the zone where the riser undergoes
periodic lift-off and is therefore likely to entrain water into the underlying soil. The second option is
therefore based on the assumption of fully remoulded soil response. ) Model tests have suggested the use
of a|simple hyperbolic model of soil response, where the stiffness{decreases in inverse proportion to the
cyclic displacement range 33l. The results should be normalized‘for more general application where the
stiffness (k) is normalized by the bearing capacity (NcsuD) and the displacement (z) is normalized by the
pipe diameter (D). Normalized curves for the Gulf of Mexico and offshore Angola are included in A.10.4.

The|third option, although the most complex, is also‘the most robust. Alternative non-linear models have
been proposed and have been implemented in genieral purpose software for analysis of vessel and riser
dynpmics (see References [35] and [294]). The'imodels are relatively sophisticated, requiring a number
of parameters. Where no direct calibration(of the parameters is undertaken, appropriate conservative
valyes that reduce fatigue life shall be adopted.

10.4.3.3 Trenching effects

Field surveys have shown that in.Seme cases trenches a few metres deep can develop [611. Analytical work
has|been performed to assess_the impact of the trench on fatigue life [295]. These studies indicate that
treriches can affect fatiguelife'by less than a factor of two [2951. Some studies have suggested a decrease in
fatigue life due to trenching for certain combinations of riser geometry and metocean conditions, while
the [majority of studies-suggest an increase. The effect of trenches on riser fatigue life and options for
investigating such‘effect are provided in A.10.4.

10.4.3.4 Cyclic and consolidation effects

Cyclic loading decreases the soil stiffness under undrained loading conditions due to remoulding.
However, long term cyclic loading will allow at least partial consolidation, hence partially offsetting the

reductionin stiffness. In nnrm:\"y consolidated r‘]ayc' the ]nng_fprm stiffness can recoverto up £0-809% of

the initial (pre-remoulding) value, and lower recovery is expected for higher over-consolidation ratios.
These considerations should be addressed when selecting appropriate soil-riser stiffness values, or non-
linear models. A number of studies have been published regarding the effects of consolidation on riser-
soil stiffness (see References [369], [4] and [177]), which are discussed in A.10.4. Stiffness values arising
from these studies may be adopted provided soil conditions and riser motions are considered similar to
those in the published studies. Alternatively, specific model tests may be undertaken.
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10.5 Geotechnical design for top tension risers

10.5.1 General

The geotechnical design of top tension risers is focused on the conductor which is the uppermost section
of the well positioned in the seabed. The conductor section provides lateral support under short term
ultimate limit state conditions and longer-term fatigue.

—10:5:2—Jettedcomductors

10.5.2.1 General

In the absence of existing practice and already established installation techniques, the, approag¢hes
outlined in the following subclause may be used to estimate short-term (<10 days) and long-term (>10
days) axial bearing capacity of jetted conductors installed in normally consolidated to lightly ofer-
consolidated clays. The method outlined herein was initially developed for the Gulfiof Mexico clays and,
through basin-specific calibration, its use has been extended to other regions.

10.5.2.2 Short-term axial bearing capacity

The guidance provided in Clause 10.5.2 may be applied to basins not-govered in this subclause 3fter
calibration to basin-specific conditions, but shall not be used in sands.

Conductor configuration and jetting bit, tool joint informationcand bottom hole assembly information
shall be determined for design.

Prior to designing a jetted conductor, a feasibility study shall be performed to assess if site conditiond are
favourable for installing the conductor using jetting. The.following data, as available, shall be reviewdd to
assess likelihood of premature refusal:

a) geotechnical data, including the presence of sand strata and stiff clays near the seafloor;

b) geophysical data, including the presence of.erosional unconformities which can imply stiff to very/|stiff
clays at shallow depths;

c) pastinstallation records, if any.

The immediate axial capacity of thie-conductor is defined at a time equal to 0,01 day (i.e. 14 mins). I the
absence of more definitive criteria, the immediate axial capacity shall be estimated using Formula (42).

Qo = WOBa5t = R (Weona + Wwn + Wpe + Weapa) (42)

where
Q, is the\jetted conductor axial capacity immediately after jetting (t=0,01 days);
WOBA.s iSthe last weight on bit recorded during installation;
R is the WOB utilization ratio;
W pna is the weight of the surface conductor in water;

Wy is the weight of the wellhead housing in water;

Wy is the weight of the drill collars in water;
Weapa is the weight of the drill-ahead tool in water.

The WOB utilization ratio, R, during reciprocation shall be kept less than 1,0 to avoid compression
stresses and prevent buckling in the bottom hole assembly (BHA) and running string. An R value of 0,8
should be used.

Set-up of jetted conductors shall be estimated using Formula (43).
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Q— Qo (43)

Aoy = —————
%t T-D-L-Sy,,,

where
Aa; is the change in average friction factor along the conductor, at time = ¢, due to set-up;

Q; is the conductor capacity at time = t days < 10 days;

D is the surface conductor diameter;
L is the conductor length below seafloor (i.e. embedded length);
is the average undrained shear strength over the embedded length of the conductor.

S.
Ugve

The|Aa, relationship with time is developed through regional experience from back-analysis-0f'installed
jetted conductors. In the absence of more definitive criteria, Formulae (44) to (46) shall beused provided
that:

a) the design WOB profile is constructed based on the criteria outlined in Referenee{188];
b) the drill bit stick-out is between 75 mm and 22 8 mm (3 in and 9 in) [376];

c) the conductor reciprocations during installation are performed such that the WOB remains between
the minimum and design lines as shown in Figure 17.
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End of self-weight penetration 4 Desirable WOB profile

2 Design or recommended maximum WOB profile for jetting 5 Undesirable WOB profile

3 Design or recommended maximum WOB profile for jetting (70 z Depth below original seafloor
% of maximum design profile)

Figure 17— Schematic examples of weight-on-bit (WOB) profiles: design or recommended,
desirable and undesirable
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Aa; = 0,055 - [2 + log(t)] for Gulf of Mexico, (see [188]), offshore Mauritania, (44)
Senegal, and Egypt clays

Aa; = 0,035+ [2 + log(t)] for Capsian Sea clays (45)
Aa; = 0,038+ [2 + log(t)] for offshore Angola clays and conductor length less (46)

than 69m (see [129])

Aa; = 0,029 - [2 + log(t)] for offshore Angola clays and conductor length between
69m and 82m (see [129])

The short-term (<10 days) conductor axial bearing capacity at time t shall be estimated using Forn
(47).

Qc =WoBjgse + Ay m-D-L-5y,,, (4

Jetted conductors are considered temporary foundations. To account for uncestainty in action and
resistance, partial action and resistance factors shall be applied to achievé.a minimum overall factg
safety of 1,3.

10.5.2.3 Long-term axial bearing capacity

Jetted piles are piles installed with the jetting technique used fonjetting conductors and can be use
permanent foundations for subsea structures. In the normally, consolidated to lightly over-consolid
Gulf of Mexico clays and in absence of site-specific data, thie [ong-term (>10 days) axial capacity of je
piles shall be estimated using Formula (43) with the setfup relationship given in Formula (44) [37¢]. Pa
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action and resistance factors equal to those for driven piles shall be used in design, which is often

controlled by operating, not extreme, conditions.

10.5.3 Soil-structure interaction for wellintegrity assessment

The guidance provided in 10.5.4 and 10.5.5 is for developing soil input parameters for integ
assessment of top tensioned riser (TTR) systems. The recommendations provided in 10.5.4 and 1(
for well strength and fatigue assessnient are exclusive of any factors of safety or partial factors to loa
actions and resistances. Factors pfisafety may be selected through industry recommended practices
References [28], [29] and [112]) or chosen by operators based on regional experience or case spe
basis.

10.5.4 Geotechnical(input to well strength assessment

10.5.4.1 Clays

The lateral capdcity of an element of the well conductor in normally consolidated to lightly o
consolidatéd)clays with s, less than 100 kPa for a well strength analysis shall be assessed using
approaehin the main text for the monotonic lateral response of piles in 8.5.2.2.

10:5.472 Sands

rity
5.5
ling
(see
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The lateral capacity of an element of the well conductor in sand for a well strength analysis calr be

assessed using the npprnm‘h for the monotaonic lateral response of pilpq insandin 85.3

10.5.5 Geotechnical input to well fatigue assessment

10.5.5.1 General

The guidance provided in this subclause does not apply to the following unconventional soils and seabed

conditions:
— calcareous and carbonate soils;

— structured soils with sensitivity greater than 8,0 or slicken-sided;
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— hard glacial till seabed where gravel, cobbles, boulders or hardpan can exist;

— seabed soils with shallow gas or gas hydrate;

— soils disturbed by operating activities;

— soils contaminated by cement and drill cuttings.

Two methods are presented for fatigue assessment of wells in clays: the spring-only method and the
(Sez:l ntn fthe dyr.nic beavir of e TTR stem The pigdaspot metod accounts f the
enefgy dissipated in the foundation soil during each load-unload loop, termed as hysteretic damping

Experiments and field observations have demonstrated that hysteresis can be important for fatigte
ass¢ssment of TTR systems installed in clay seabeds. More details are provided in A.10.5.5.

Devielopment of pr.-yr. data shall be based on the best estimate soil strength properties, if site<specific soil
properties are available. In the absence of site-specific geotechnical information, engineeting judgement
may be used to derive the best estimate soil parameters. Sensitivity analysis should be‘performed with
Dra-)ra data derived using upper estimate and lower estimate soil properties, if site-specific soil properties
are pvailable. Otherwise, engineering judgement may be used to derive the uppertand lower estimates of
the goil properties. Laboratory tests may be performed on site-specific samplésito directly obtain pra-ysa.
An ¢xample of laboratory testing equipment and procedures to obtain prn-yridata for well fatigue analysis
is presented in Reference [372].

Fo

—

developing pr.-yr. springs, the following general provisions are given:
— parameters in calculations shall be determined for the pr-yr, Spring depth;
— frst soil spring should be at seafloor;

— gpacing of pr.-yr curves along the conductor shall be no.greater than:

— 0,5 m in the top 25 m below seafloor;

+ 1,0 m below 25 m depth below seafloor;

— dnalyses shall include the following model conditions, unless field observations indicate otherwise:
-+ no seafloor scour or erosion;

-+ no gapping between the conductor and the seabed;

—+ no drill cuttings and cement.at seafloor;

— ground model and soil parameters shall extend to at least 45 m below seafloor for the purpose of
developing pr.-yr. curyes for well fatigue;

— Pra-yia curve formulations shall only be used for fatigue analysis where rig and riser are in a no-offset
position (see A<10:5.4 for discussions on offset conditions).

10.5.5.2 Clays

10.5.5.2:1.Spring-only method

The|lateral prn-yr response of a soil element for well fatigue assessment in clays shall be assessed using

the approach outlined in 8.5.2.4.
10.5.5.2.2 Spring-dashpot method

Soil damping effects can be approximated by introducing equivalent viscous damping with energy
dissipation equal to that dissipated by hysteresis. The viscous damping is modelled by a dashpot having
a viscous coefficient, c, expressed by:

c = ZKSec.SS ' 5 (2)
w
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where
Ksec.ss 1s the soil secant stiffness at the steady-state condition;
& is the soil damping ratio;

W is the motion angular frequency obtained from the modal wave frequency, in riser analy

sis.

Estimation of the viscous coefficient uses a first approximation of displacements along the well. In the

absernce of MoTe defimitive criterts, the folfowing Steps sitatt be used:

a) perform analysis using spring-only approach as outlined in 8.5.2.4 and obtain displacement amplit
time-histories 4,0 m above seafloor;

ude

b) determine ¢ profile for each sea-state motion based on the profiles provided in Figure 18 for maxinpum

one-way displacement amplitudes taken at 4,0 m above seafloor; interpolation cah be used whe
displacement amplitude falls between the provided profiles;

c) determine Kse_ss for each sea-state motion using Figure 19 with the maximtum value not excee
700 sy (with s, taken at the spring-dashpot depth);

d) calculate c values at each spring location using Formula (48);

e) re-run fatigue analysis with a dashpot viscous coefficient calculated from Formula (2) and p
curves calculated from 8.5.2.4 and Formula (34), but with the following As and Bs model paramete

— if s, <40 kPa, As=0,335 and B; =-0,03;
— if s, = 40 kPa, As=0,27 and Bs = -0,175.

re a

ling

2~Vfa
Is:
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Figure 18 — Clay-soil damping ratio profiles for maximum one-way well displacement
amplitudes taken at 4,0 m above seafloor: (top) normally consolidated to lightly over-
consolidated and (bottom) over-consolidated [3731. [374]
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Figure 19 — Clay Ksec_ss profiles for maximum one-way well displacement amplitudes taken
4,0 m above'seafloor: (top) normally consolidated to lightly over-consolidated and (botton]

10.5.5.3.5Sands

Thelateral capacity of an element of the well conductor in sand for a well fatigue analysis may be asse

over-consolidated [3731 [374]

D Conductor outside diameter
X Steady-state secant stiffness, Ksec_ss (KN/m/m)

Y Depth below original seafloor, z (m)

using the approach in the main text for the lateral response of piles in sand (see 8.5.3).
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Geotechnical considerations for conductor driving analyses are similar to the codified methods.
Recommendations for the installation of driven foundation piles as outlined in ISO 19902 and in 8.7 .
Additional guidance on the following subjects pertaining to conductor pipe driving is provided in A.10.5;

— conductor pipe installation;

— remedial measure when encountering premature refusal during conductor driving;

— stress verification during hammer placement and driving;
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— fatigue damage to conductor pipe from driving;
— conductor pipe tip damage and bucking;
— use of inclined shoes to drive conductors.

10.5.7 Geohazards for well installations

Conductors are the foundation for the well. Their main function is to resist the axial and lateral actions

imposed at the wellhead. The recommendations in Clause 8 applicable to foundations should be followed.
Additional guidance on geohazards specific to well installations is provided in Clause A.10.

10.p Foundation design for riser towers

10.6.1 General

The| riser tower concept consists of a free-standing riser assembly, incorporating seveéral risers in a
bundle configuration, tensioned from the top by a buoyancy tank, and anchored to the seabed. The tower
is génerally connected to the surface vessel or platform by flexible jumpers.

A riser tower supports axial tension generated by buoyancy and by cyclic wave aetion and a significant
part of the tension acts permanently during the life of the structure.

10.6.2 Foundation options

Foundation options include gravity base, suction piles and driven piles;'or a combination of these.
The|vertical uplift resistance comprises of the following three components:

1) qubmerged foundation weight;

2) gxternal skin friction;

3) fpr suction piles, reverse end bearing at the bottom of the pile.

Permanent, i.e. sustained, uplift action can be counter-acted by a ballast weight.
10.6.3 Loading actions and safety factors

10.6.3.1 Loading actions

Desjgn loading actions shall be evaluated for the following conditions:
a) fpundation installation and-gtrieval;

b) aqperating conditions;

c) gxtreme conditions!

10.6.3.2 Recommended safety factors

The| safety factors recommended by ISO 19901-7 and API RP2T [2¢] for driven piles and gravity base
anchors and\by API RP2SK [25] for suction piles should be evaluated for adequacy and may be increased
because:

— The/API RP2SK safety factors were developed with no consideration of permanent uplift loads on

suction caissons. Additional information on permanent uplift loads is provided in A.10.6.

— API RP2T does not address the case of gravity loads explicitly and 10.3.3 of API RP2T, 3rd Edition, July
2010, 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 formula.
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10.6.4 Design challenges
The following general principles shall be addressed in assessing the stability of riser tower foundations:

a) Validated limit equilibrium methods or finite element methods can generally be used to evaluate the
capacity of riser tower foundations. The shear strength used in the analysis shall account for effects of
creep and potential loss in reverse end bearing from drainage under sustained or long duration loads
and cyclic degradation. The potential changes in effective stresses and shear strength due to potential

1 . 1 1 1.1 rall - 1 1
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b) Displacement and deformation during the life of the foundation shall be addressed in design.Where
displacement and deformation are critical, finite element analysis methods may be used (see 7.6and
A.11.5). The displacement analysis shall include contributions from undrained shear strains dule to
application of the sustained actions, undrained creep during the sustained action, and permanent{and
cyclic components from the wave loading and currents. Displacements due to shea@strain, volumgtric
strains and flow of water through the soil due to potential drainage during<the sustained loading
period shall also be addressed.

c) The foundations shall be installed within specified tolerances of tilt andmis-orientation. The defign
analyses shall account for the effect of the tolerance limits.

d) If critical to the design, measures shall be taken to avoid erosion.and scour of the soil beneath or near
the foundation base.

e) Action combinations shall be assessed to determine the4most unfavourable result, for each off the
stability mechanisms and deformation analyses performed. For example, sustained loading resulting
in reduced soil strength due to creep effect can be fallowed by a storm dynamic peak action in which
case the initial reduced soil strength should be accounted for.

Where removal is anticipated, an analysis shall bexthade of the forces generated during removal so fthat
that removal can be accomplished with the medns available.

10.7 Pipelines and flowlines
10.7.1 Geotechnical pipe-soil interaction (PSI) analysis

10.7.1.1 General requirements

Geotechnical pipe-soil interaetion (PSI) analysis shall be performed to estimate the as-laid pipdline
embedment, any subsequent changes in embedment during the operating life, and the resulting pipetsoil
force-displacement responses in the axial and lateral directions.

Best, lower and upper estimates shall be made of the in situ soil parameters as the first step in a| PSI
analysis. These parameters shall include the strength (intact and remoulded), submerged unit weight|and
pipe-soil intérface strength. They shall be defined from the seafloor to the depth of influence of] the
pipeline. Parameter selection shall consider the uncertainty in the data and the variability along the rqute.
Furtherfiguidance is provided in A.10.7.3.2.

Best;lower and upper estimates of the pipe-soil interaction forces shall be derived, unless it has heen
identified that one of the extremes will not be detrimental to the pipeline limit states. General advicg on
the effect of low and high geotechnical parameters on each pipeline design condition is provided in A.10.7.

The low and high estimates of pipe-soil interaction forces shall be assigned a specific probability of
exceedance (e.g. P5 and P95 respectively), if they are used in a probabilistic manner in the pipeline design
(i.e.in an analysis for which the soil resistance is defined in the form of a probability distribution).

The geotechnical PSI analysis shall estimate the relevant drainage conditions for each action, including
the lay process and subsequent pipeline loading events or movements, in order that the relevant soil
responses (drained, undrained, intermediate or multiple responses) are used in the PSI analysis (see
A10.7.3.3).
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10.7.1.2 Pipeline embedment

The

geotechnical PSI analysis shall calculate the as-laid pipeline embedment by:

a) adjusting the submerged pipeline weight for the local force concentration that occurs within the
touchdown zone, where the pipeline catenary from the lay vessel reaches the seafloor (see A.10.7.4.3);

b) allowing for additional dynamic effects due to motion of the lay vessel, which can soften or displace
the soil at the seafloor (see A.10.7.4.4).

If th
cha

10.]
The

e seabed is potentially mobile (see 10.7.1.5), the geotechnical PSI analysis shall address through-life
hges in pipeline embedment.

F.1.3 Axial pipe-soil resistance

geotechnical PSI analysis shall assess the axial pipe-soil resistance using a method based ortestimates

of the drained and undrained pipe-soil interface strength, allowing for the roughness of thepipe coating,

and
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supplemented by an adjustment for wedging around the curved pipe surface (see A.10.7.5).

7.1.4 Lateral pipe-soil resistance
geotechnical PSI analysis shall assess the lateral pipe-soil resistance usingZeither:

theoretical yield envelope approach, in which the limiting combinations.of vertical pipe-soil loading
nd lateral resistance are derived for the relevant soil properties; or

n empirical expression, in which the lateral resistance is correlated with parameters, such as
ormalized weight, W' /s.D, normalized embedment, w/D, and strength ratio ,s./y'D.

ther guidance on these methods is provided in A.10.7.6.

roach (2) shall only be used if the underlying data used to calibrate the empirical method extends
ss the design values of flowline parameters (W'D, w/D) and soil properties (s, Yy, remoulded
ngth, soil Atterberg limits and mineralogy).

roach (1) shall be confirmed as appropriatédor the site conditions using relevant data from model
5, numerical analysis or field observations.'The relevant data shall be based on conditions that are
parable to the site. The data may be in, or referenced by, a publication, database or guideline, or may
b been obtained for the specific site,

f.1.5 Seabed mobility

bed sediments can becomé mobile when the shear stresses arising from bottom currents and waves
e seafloor exceed the critical shear stress of the sediment. The geotechnical PSI analysis shall address
ther seabed mobility 2 through scour, liquefaction or sediment deposition - can affect the seabed
perties and pipeline-embedment, by evaluating the potential for sediment transport to occur in the
hity of the pipe(see A.10.7.7).

/.2 Submarine slides and density flows: simulation and pipeline impact analysis

egionsswhere submarine slides and density flows (both referred to as ‘slides’) can cross pipeline
res/the likelihood and severity of potential future slides and flows, and the consequence of the slide

mat

erial impact on the pipeline, shall be evaluated.

Assessment for design shall involve analysis of:

a) depositional processes;

b) sub-bottom profiling or other geophysical data;

c) potential slide sources and triggering mechanisms;

d) flow dynamics allowing for interaction with the surrounding water;

e)t

80

he strength and speed of the slide or flow at the pipeline;
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f) the resulting impact forces and pipeline stresses.

The framework for flow simulation and impact analysis shall involve the following steps:

1) Identify potential sources of slides and flows (e.g. through slope stability analyses and geohazard

assessment).

2) Evaluate the seabed strength and flow properties of potential slides for flow simulation and impact
analysis. In addition to the conventional soil properties (e.g., moisture content, Atterberg limits,

salinity, density, intact and remoulded shear strengths), the rheological flow characteristics are ysed

(see A.10.7.9.3).

3) Conduct flow simulations to obtain the expected ranges of runout distance. Where the flow cro
pipeline routes, extract the flow height, flow velocity, v, and the direction relative to pipeline ax
(see A.10.7.9.3).

4) Estimate the impact shear strain rate, y (see A.10.7.9.4 and Formula (A.60)).

5) Estimate the corresponding mobilized or apparent shear stress and cal¢ulate the non-Newto
Reynolds number for the impact flow (see Formula A.58 or Formula A.59).

6) Estimate the impact forces on the pipeline (see A.10.7.9.5 and Formulae (A.62) to (A.67)).
7) Assess the structural response of the pipeline.

Examples of submarine slide behaviour and engineering practices for flow-pipeline interaction
presented in References [250], [358], [73], [260] and [230].

11 Design of anchors for floating structures

Geotechnical considerations for the design of anchors for stationkeeping systems for floating struct
are given in Clause A.11.

sSesS
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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 each subclause
corresponds with the equivalent (sub)clause in the body of this document.

A.1] Scope

Thejre is a large body of technical literature on offshore geoscience studies and offshore geetechnical
engjneering design (see Bibliography). There are also regular conferences on these topics;including:

— the Proceedings of the International Symposia on Frontiers in Offshore Geotechnies\(ISFOG);

— the Proceedings of the Society of Underwater Technology (SUT) conference on Offshore Site
Investigation and Geotechnics (OSIG);

— the Proceedings of the Offshore Technology Conference (0OTC);

— the Proceedings of the International Symposia on Offshore and Rolar Engineering (ISOPE), and on
ffshore Mechanics and Arctic Engineering (OMAE).

Genleral guidance on the application of soil mechanics theory tofeindation design can be found in various
undergraduate and post-graduate text books. Text books covering specific application of soil mechanics
to offshore geotechnical design are uncommon though [282];{106].

A.2 Normative references

No additional guidance is offered.

A.3 Terms and definitions

No additional guidance is offered.

A.4 Symbols and abbreyviated terms

No additional guidance is-offered.

A.5 General reqiirements

A.5{1 General

No additional guidance is offered.

A.5{27Design cases and safety factors

No additional guidance is offered.
A.5.3 Representative and design values of soil parameters

A.5.3.1 Generic principles

The representative value for a specific soil property can be a single value, a single value per soil stratum,
represented by a formula per soil stratum or by a formula for a point in space and/or time. Usually, some
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combinations apply. A formula can include functions of geometrical and other material properties
included in the calculation method.

Representative values of soil parameters should be estimated for each soil stratum. Soil stratification for
a calculation method can differ from the actual stratification of the as-found soil.

Multiple sets of representative values for soil properties can be required for a single calculation, for
example because of assumptions made in the calculation method.

A documented calculation method typically includes guidance on selection of the representative alues
and the corresponding reference scale.

The uncertainties should be assigned for both method uncertainty and uncertainty of soil parameter

N

Consideration should be given to a priori knowledge. Examples of a priori knowledge include (i) a thin,
continuous failure surface that can be inferred from geological conditions, (ii) a knewn location jof a
geological fault, (iii) a lower value of angle of internal friction corresponding to constant voliime
conditions during shear, and (iv) a likely low value for residual strength under-undrained conditiong.

When selecting a representative value, one should consider the tendency for-a failure surface to follow
the path of least resistance which can cause an apparent reduction in the parameter mean.

Particular caution should be exercised in the utilization of a shearétrength 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_fundrained case) with change in shear
stress.

The choice for a cautious, mean or high representative‘value can depend on other soil paramejters
included in the calculation model, geometry and explitit (or implicit) guidelines for use of the calculation
model.

A.5.3.2 Determination of representative,and design values of soil parameters

When determining the representative and-the design value (or design resistance), one should (see plso
Figure 2):

a) integrate the reliable data from all'available sources of information;

b) include the effect of the uncertainties on the representative value;

c) ensure that the representative value applies to the actual limit state;
d) check that the represgntative value aligns with the calculation method.

The representative\value of a soil parameter for a soil stratum should correspond to the volume of|soil
influencing the occurrence of the limit state under consideration (e.g. a potential failure volume or failure
surface). The-domain of influence is also a function of the characteristics of the soil heterogeneity under
consideration. The selection of a representative value can be based on sensitivity analysis.

A.5.3:3 Geotechnical reliability-based design

Life of an offshore structure requires decisions of different types and based on different degreds of
information, for example for:

— design with respect to ultimate and serviceability limit states;

— testing and quality control during planning, design and operation of the offshore structure;
— planning of inspection and monitoring during installation, operation, repairs or maintenance;
— decisions on life extension and removal /replacement of an offshore structure.

A reliability-based design (or risk-informed decisions) would require that the annual failure probability
does not exceed a target annual failure probability and that the annual reliability index exceeds a target
annual reliability index. The target reliability level should be selected as a function of the consequence
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(loss of life, property and environment) and the nature of a potential loss of structural integrity or
functional requirements.

ISO 2394:2015 [185] suggests tentative target reliability levels based on life quality index related to one-
year reference period and ultimate limit states. In ISO 2394:2015, life quality index does not include
considerations for environmental impact.

For reliability-based design of foundations, a target annual reliability index of 4 (or annual failure
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A.5|4 Testing and instrumentation

No additional guidance is offered.

A.6 Geotechnical data acquisition and identification of hazards

A.6{1 General

No additional guidance is offered.

A.6/2 Geological modelling and identification of hazards

No additional guidance is offered.
A.6{3 Carbonate soils

A.6]3.1 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 accumulations of the skeletal remains of plant and animal life, such
as cpralline algae, coccoliths, foraminifera, and echinoderms. To a lesser extent, carbonate soils also exist
as non-skeletal material in the form of oolites, pellets, grape-stone, etc. These carbonate deposits are
abupdant in the warm, shallow water of the tropics, particularly between the 30° north and south
latiﬂudes. Deep-sea carbonate oozes have been reported at locations considerably outside these mid-
latifudes. Since temperature and water.gonditions (water depth, salinity, etc.) have varied throughout
geological history, ancient deposits_of-carbonate material can be found buried under more recent
ternestrial material outside the present zone of probable active deposition. Major carbonate deposits are
knofwn to exist in the Gulf of Mexico'along the Florida coastline and in the Bay of Campeche, as well as in
the |Arabo-Persian Gulf and the,Red Sea, in the southern Mediterranean Sea, offshore India and in the
north-western Australian shelf.

Thel comments in A.6,3.2to A.6.3.3 are focused primarily on carbonate silts and sands. Clay soils with
varying proportionsCef*carbonate content are common offshore and a low plasticity index is generally
spegific to such carbonate clays, but there is little guidance as to how conventional design approaches for
clay] soils should-be modified for different carbonate content. Local experience is important in making
such assessinents.

A.63,2" Characteristic features and properties of carbonate soils

Carbomnate soifs differ in many ways from sitica-Tich Soils. Al important distincton 15 that the major
constituent of carbonate soils is calcium carbonate, which has a low hardness value compared to quartz
(the predominant constituent of the silica-rich sediments). Susceptibility of carbonate soils to
disintegration (crushing) into smaller fractions at relatively low stress levels is partly attributed to this
condition. Typically, carbonate soils have large interparticle and intraparticle porosity, resulting in high
void ratio and low density and, hence, are more compressible than soils from a terrigenous silica deposit.
Furthermore, carbonate soils are prone to post deposition alterations by biological and physiochemical
processes under normal pressure and temperature conditions. This results in the formation of irregular
and discontinuous layers and lenses of cemented material. These alterations, in turn, profoundly affect
mechanical behaviour.
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The fabric of carbonate soils is an important characteristic feature. Generally, particles of skeletal
material will be angular to subrounded in shape, with rough surfaces, and have intraparticle voids.
Particles of non-skeletal material, on the other hand, are solid with smooth surfaces and without
intraparticle voids. It is generally understood that uncemented carbonate soils consisting of rounded
non-skeletal grains that are resistant to crushing are stronger foundation materials than carbonate soils
that show partial cementation but allow a moderate degree of crushing. There is information that
indicates the importance of carbonate content as it relates to the behaviour of carbonate sediments. A
Soft matrix that {5 predominantty carbonate 1S more 11Rely o Undergo degradation aue to crushingland
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, initialvoid 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.

This subclause gives a general overview of the mechanical behaviour of carbonate soils. For a njore
detailed understanding of material characteristics, information can be foundin the proceedings off the
specialized international conferences on engineering of calcareous sediments (see References [20]|and

[71)-

Globally, it is increasingly evident that there is no unique combination of laboratory and in situ testing
programme that is likely to provide all the appropriate parametérs for design of foundations in carbopate
soils. Some laboratory and in situ tests have been found useful. As a minimum, a laboratory testing
programme for carbonate soils should determine:

a) material composition, particularly carbonate content;

b) material origin to differentiate between skeletal'and non-skeletal sediments;

c) grain characteristics, such as particle angularity, porosity, and initial void ratio;
d) compressibility of the material;

e) soil strength parameters and volume' change characteristics on shearing, including effects of cyclic
actions;

f) formation cementation, at least’in a qualitative sense.

No universally recognized t¢lassification system is presently available for carbonate materfals.
Classification charts for earbonate soils and rocks have been tentatively developed 83112731 based on gfrain
size, carbonate content-and unconfined compressive strength of materials. It is recognized today that
parameters such as grain crushability or skeleton compressibility play an important role in assessing the
engineering praperties of carbonate materials. However, in the absence of a more definite classification
scheme, the preposed charts can provide useful guidance.

A.6.3.3+- Foundations in carbonate soils

A.6:3.3.1 Driven piles and other deep foundation alternatives

The current trend for deep foundations in carbonate sands and silts is a move away from driven piles.
H 4 Fl . Hati i 4 H :  teratiorrt F]'ilhtly

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 grouted
piles mobilise significantly higher unit skin friction. The result is a substantial reduction in the required
pile penetration compared with driven piles.

Because of the high construction cost of drilled and grouted piles, an alternative driven and grouted pile
system has received some attention in the past 391. This system has the potential to reduce installation
costs while achieving comparable capacity, but quality control of the grout injection between the soil and
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the pile outer wall is the main uncertainty. For any type of grouted pile, the potential for reduction in
friction capacity due to cyclic actions should be considered, especially once slip has been initiated
between pile and soil.

A.6.3.3.2 Shallow foundations

Carbonate sands and silts generally have higher friction angles than silica sands and silts, but are more
compressible, and these two factors influence bearing capacity in opposite ways. Carbonate sands and

siltd are also generally less permeable than equivalent silica material, leading to longer drainage times
for a given size of foundation. The tendency for volume reduction on shearing, particularly under cyclic
actipns, combined with longer drainage times, leads to potential for bearing failure induced by.'soil
liquefaction. Undrained cyclic strength of carbonate sands is generally lower than for most silicasands.
The| high compressibility of most carbonate sediments results in relatively large consolidation
settlements, and can give rise to large settlements induced by cyclic actions.

A.6{3.3.3 Assessment

Stethming from some publications describing poor foundation performance in cavbenate soils and the
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-ef knowledgeable engineering
remnains a critical link in economic design of offshore foundations in carbonate soil environments.

A.7 Design of shallow and intermediate foundations

A.7{1 General

The| formulae provided in Clause 7 and associated in this clause are limited in nature and are not
necessarily appropriate for design in a number of situations.

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

A.7|2 Principles

A.7{2.1 General principles

No additional guidance is offeréd:

A.7]2.2 Foundation embedment

No additional guidanceis offered.

A.712.3 Sign cenventions, nomenclature and action reference point

Forjan embedded foundation, the actions on the top of the foundation are transferred to the foundation
bas¢ level (tip of skirt for a skirted foundation). This is done by modifying the factored actions applied to
the fop of'the foundation to account for:

— so1l resistance on the sides of the embedded foundation,
— submerged foundation weight;
— submerged soil weight within skirts, if not counteracted by the exterior soil or otherwise applicable.

Partial action factors should be applied to the foundation weight and soil weight. The factor for soil weight
is generally equal to unity. Higher or lower factors can be considered in some cases, especially where
there is uncertainty and the soil weight leads to improved foundation stability.

The soil resistance on the sides of the embedded foundation consists of:
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— horizontal passive and active soil resistance;
— frictional resistance on the sKkirts.

Frictional resistance on the skirts can reduce the vertical and moment action transmitted to the
underlying soil, and can be considered in the design. Specific guidance is not provided here.

A.7.3 Acceptance criteria

A.7.3.1 Material and action factors

Refer to A.7.7.2 for further performance based design guidance.

A.7.3.2 Use of partial factors in design

No additional guidance is offered.

A.7.3.3 Special cases

No additional guidance is offered.
A.7.4 Design considerations

A.7.4.1 Adjusting for soil plug weight

No additional guidance is offered.

A.7.4.2 SKkirt spacing

References [231] and [135] provide guidance on skirt spacing for simplified seabed conditions.

A.7.4.3 Foundation base perforations

Reference [333] provides guidance on thesimpact of perforations on foundation vertical capacity.

A.7.4.4 Skirtless foundations penetrating into soft soils

No additional guidance is offered.

A.7.4.5 Tensile stresses beneath foundations

No additional guidance is offered.

A.7.4.6 Omni:directional loading
Refer to 7.7.1-and A.7.7.1

A.7.4.7-Interaction with other structures

Interaction with spudcans is addressed in ISO 19905. Interaction with conductors is addressed in 10{5.2.

A.7.4.8 Multiple foundations

In many instances, use of multiple shallow foundations can significantly increase overall foundation
capacity, as illustrated in References [159] and [195].

A.7.4.9 Hydraulic stability

A.7.49.1 Scour

No additional guidance is offered.

A.7.4.9.2 Piping
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No additional guidance is offered.

A.7.4.10 Unconventional soils or soil profiles

The methods outlined are strictly applicable to conditions of uniformly varying soil strength, although
reasonable assessment of equivalent uniform properties can frequently be made. For example, the
potential of a deep bearing failure depends on soil strengths at considerably greater depths than that of
a sliding failure. Hence attention should be given to defining the soil parameters throughout the expected
zong of influence.

Theluse of the standard stability formulae presented in this annex are not applicable where:

— fpundation conditions are highly heterogeneous or anisotropic;

— Ipading conditions deviate considerably from the simple conditions assumed in the bearing-capacity

formulae;

— Ipading rates are such that the conditions are not clearly drained or undrained; or

— fpundation geometries are highly irregular.

In those cases, alternative procedures such as one or combinations of the following should be selected:

a) yse of conservative equivalent parameters along with the recommended formulae;

b) use of limit analysis to determine bounds on failure actions and, te_determine relative sensitivity of

c)

fpilure actions to parameters of interest;

Use of numerical analysis to solve the governing formulae directly;

d) yse of properly scaled model tests to check and verify calculation models and procedures.

Reférences [82] and [385] provide advice on the use and design of subsea gravel and rock fills.

Ref¢rences [388] and [389] provide advice on rock-steel interface properties.

Ref¢r to 7.5.1.5 and A.7.5.1.5 for surficial crusts:

Ref¢r to A.6.3.3.2 for shallow foundations en_¢carbonate soils.

A.714.11 Selection of soil parametersfor design

A.7:4.11.1 Shear strength used'in stability analysis

The|following general practices’are recommended.

a) Hor strongly dilatant soils, high undrained shear strengths can be used in design only if the potential

1pss of dilatancy on'shear surfaces has been explicitly addressed.

b) In soft and very soft clays, lab vane, fall cone, unconsolidated undrained triaxial tests and unconfined

dompressioirtests are 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
(wherethe correlation between penetration resistance and soil strength is known for a particular soil)
gre-more reliable techniques and should be used for determining undrained shear strength of soft and

arir caofkclauc

Ty SoIttraySs

Soils display undrained shear strength anisotropy, and thus triaxial compression, triaxial extension
and simple shear strengths can be significantly different. Care should be taken to adopt an appropriate
strength in assessing foundation capacity, and any assumptions made in this regard should be clearly
documented.

d) For drained bearing capacity calculations for sands, the effective plane strain angle of friction should

88

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.
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e) 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. A procedure for how this can be done is presented in Reference [10].

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 Reference [10]. In undertaking such analyses, it is important to take due

account of the effects of drainage with the potential for dissipation of excess pore pressures to o
over the duration of cyclic loading.

g) The strain rate at which testing is performed can impact the observed result, and rate effects sh
be considered when assessing foundation response to rapid loading events.

h) Where applicable, the effect of soil consolidation on strength can be considered.in design. This
typically increase overall foundation capacity. However, in the case of preloadéd foundations, the
strength enhancement is generally limited to soils directly below the foundatien base.

i) In soils that display strain softening behaviour, it can be important to cgnsider the effects of st]
compatibility when selecting a value of soil strength. This is likely te be of particular importance
skirted foundations, where contributions to stability come from a-combination of base shear (at s
tip level) and passive resistance, which are typically mobilised atwéry different strain levels.

j) Where possible, assessment of appropriate soil parameters'sheuld involve statistical treatment o
available data.

A.7.4.11.2 Parameters used in serviceability design

No additional guidance is offered.

A.7.5 Ultimate limit state (stability)

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

A.7.5.1 Assessment of bearing capacity of shallow foundations

The development of the bearing capacity formulae presented is predicated on the assumption that
soil is a rigid, perfectly plastic material that obeys the Mohr-Coulomb yield criterion with associated f}

The following bearing’/capacity factors and correction factors primarily come from References [62]
[336]. In general, 'the formulae and factors outlined in this document should be used with care and 4
applicability should be checked in each case. Where appropriate, alternative methods of analysis
design appfodaches should be considered to verify the results obtained.

Rigorous-solutions of bearing capacity factors for perfectly plastic materials (with associated flow)
now-be’determined by select software programs. Notably, the freeware ABC [233] is based on the met
of stress characteristics that calculates lower bound solutions for the vertical bearing capacity of sur
strip and circular foundations, with a smooth or rough foundation-soil interface, with or without a surj
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A.7.5.1.1 Failure mechanisms

No additional guidance is offered.

A.7.5.1.2 Action transfer

No additional guidance is offered.

A.7.5.1.3 Idealization of foundation area and the effective area concept
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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, 4, and the same areal moments
of inertia, I and Iy, as for the real area:

Aidealized = BL = Areal (Al)
Txidealized = Txrear fOTactiomeffects i the y=direction tA2)
Iyideatized = Iyreal for action effects in the x-direction (A.3)

Thelwidth, B, and length, L, of the idealized foundation area are determined by solving Formulae (A.1),
(A.7) and (A.3).

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

Figure A.1 illustrates shallow foundations with eccentric actions. The eccentricity, e, iSs the distance from
the [centre of a shallow foundation to the point of action of the resultant, measuredparallel to the plane
of the soil-foundation contact. The point of action of the resultant is the centroid of'the reduced area. The
distpnce eis M/Q, where M is the applied overturning moment and Q is the vertical action. Q and M should
inclpde appropriate partial action factors, being mindful that increasing the vertical action up to a value
of 0,5Qu: will increase moment capacity. The partial action factors defined in ISO 19902 for beneficial
effefts of actions should be used to assess the design vertical actioniwhen deriving the eccentricity due
to moment loading.

Where a skirted foundation incorporates a sealed base plate and.the skirt compartment encapsulates soil
of sufficiently low permeability, the vertical action used-to calculate the effective area can include a
confribution due to soil trapped within the skirted area. The following is noted.

— Drained foundation analysis based on the effectivé.area method should exclude the weight of the soil
plug (i.e. the soil trapped within the skirts).

— Where itis considered appropriate to use the weight of the soil plug, the submerged soil weight should
be used. It should be ensured that inclusion of the soil plug does not lead to less conservative
pundation design. The latter comment relates specifically to soft soil sites, where the design soil
trength is insufficient to support,the submerged soil weight at the depth of the skirts, sufficient
upport is an implicit assumption in the use of an effective area approach. In some cases, it can be
ecessary to adopt an alterrative approach to account for moment loading, such as the yield surface
nethod (see A.7.7).

= = »n =

— The submerged unitweight used in the analysis should be based on site investigation and laboratory
data, and should incerporate an appropriate level of conservatism to account for any uncertainty.
(enerally, it is conservative to adopt a lower bound profile of submerged soil weight.

For|a rectangular base area Figure A.1 sub b), eccentricity can occur with respect to either axis of the
foundation.A simplified means of addressing this is to reduce the dimensions of the foundation in both
dirgctions;

IH=L —2e, (A4)

BI=B_232

With B'< L' and where L and B are the foundation length and width, respectively, the prime denotes
effective dimensions, and e; and e, are eccentricities along the length and width.
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a) Equivalent loadings

| B |
I I
A ’|
4 7 Y
: M
O eq= My
a
M
Y é ' €2 = o
B U
b) Reduced area — Rectangular foundation ¢) Reduced area — Circular foundation
Key
1  reduced area
el M1/Q eccentricity due to moment M1, about axis e2 M2/Q eccentricity due to moment M2, about axis
parallel to width, B parallel to length, L

Figure A.1 — Definition of effective area for various foundation geometries

Circular foundations subject to eccentric actions can be idealized as rectangular foundations by solying
Formulae (A.1), (A.2) and (A.3). Alternatively, for a circular base with radius, R, the effective area cap be
assumed as shown in Figure A.}'sub 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.

In addition, the effective area is considered to be rectangular with a length to width ratio equal to
ratio of line lengths)AC to BD. The effective dimensions are therefore:

A =2s=B'L’
1/2
R+e
Lh=| 2s
R—e (A
7 , ]l?—p
- R+e
where

s = ”TRZ - (e X (\/W) + R?sin™?! (g))

the

5)

Examples of effective areas as a function of eccentricity are shown in Figure A.2 in a dimensionless form.
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0 >
0 0,2 0,4 0,6 0,8 1,0 X
Key
X  dimensionless eccentricity 2ez/B, e/R (a) o ,rectangular - 1 Way loading, e1/L =0
Y  dimensionless reduced area A'/A (b) circular

(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 othekfoundation shapes. If appropriate, intuitive approximations can
be made to find an equivalent rectangular or circular foundation when non-standard shapes are
encpuntered. For example, guidance for triangular shaped foundations is given in Reference [169].
Altgrnatively, an idealized rectangular foundation can be determined by solving Formulae (A.1), (A.2)
and|(A.3).

Altgrnative methods existfor assessing the effect of eccentricity in multiple or non-orthogonal directions
[170lfand these can b&émore applicable in more complex conditions.

A.7)5.1.4 Undrained conditions with constant shear strength with depth

A.7{5.1.4.1 Bearing capacity factors

The| bearing capacity factor, N, for a rigid surface strip foundation with horizontal base resting on the

surface of a horizontat seaftoor;, deatizedas—a perfectly plastic materiatof umnifornr strengthumder
uniaxial vertical action in the absence of other actions is given by Reference [278].

N,=2+m =514 (A.6)

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
inclination.

A.7.5.1.4.2 Bearing capacity correction factors
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For cases of constant isotropic undrained shear strength with depth, the following bearing capacity

correction factors are recommended:

K.=1+s.+d.—i.—b.— g, (A.7)

where s, d., i., b, and g. are correction factors related to foundation shape, embedment depth, act
inclination, base inclination and seafloor surface inclination, respectively, where:

ion

Sc = 0,18(1 41)(1) (A.8)
c— Y et \ T -
LI
D
d. = 0,3 tan~! (—b) (A9)
B
ic=05-05|1—-—7F1— (A.10)
— v ]
b, = ——— 0,4v (A11)
2
ge = n_fz ~ 0,4 (A.12)

where

— The effective width or effective length is used for actionceccentricity parallel to the width or length.

The effective width and effective length are used for orthogonal eccentric actions parallel to the wi
and length. B" and L' are determined from Formula®e (A.1), (A.2) and (A.3).

dth

— Hy refers to the factored action applied to the*effective area component of the base only. This

corresponds to the total lateral action applied to the foundation minus any soil resistance acting on
the foundation above skirt tip level, and minus any lateral resistance that can be carried by shearing
at skirt tip level outside the effective area. The material factor for pure sliding conditions shouldl be
applied to these two resistance components prior to them being subtracted from the total latleral

action.

— v and S are base and ground.in¢lination angles in radians. Figure A.3 defines these angles for a genleral

foundation problem.

Key

1 horizontal surface

2 ground surface

Figure A.3 — Definitions for inclined base and seafloor surface [62]

The recommended correction factors s, i, b, and g. are taken directly from Reference [62].

The recommended depth factor d. is slightly more conservative than specified by Reference [62]. The
relevancy of using the above depth factor d. should be evaluated for individual cases. If the installation
procedure 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
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recommended that dc =0, if the horizontal action leads to mobilization of significant passive earth
pressure between seafloor and foundation base level.
A.7.5.1.5 Undrained conditions with linearly increasing shear strength with depth

For cases of linearly increasing isotropic undrained shear strength with depth, the following correction
factors F and K. are recommended.

F' - 1 1 s | £; des. £ o YAW4 £ 41 I h R o.E [ A i |
1S @n CHIPITICAL VAIUT LdRTITN AdS d TUIICUHUIT U AD /7 5u0 dIIU TUI'UITT UISTUSSTU TIT WCITITIILT T 1 U JT.

In selection of F, rough conditions can generally be adopted for unpainted skirted foundations. Values af
F can be approximated using the relationship:

an+bx—\/m (A.13)
whare

X = kB' /sy and is valid for 0 < x < 25;

a,b,c,and d are constants that vary with roughness and are outlined in Table- A"

Table A.1 — Modification factors for soil strength heterogeneity (see Figure A.4)

Constant | Fully rough interface, Fi | Fully smooth interface, Fs
a 2,560 1,372
b 0,457 0,070
c 0,713 -0,128
d 1,380 0,342

£

14 1 1 1 1 1 1 1 1 1 1

0 4 8 12 16 20
0,05 0,04 0,03 0,02 001 O
K =KD/sy0 1/x =s,9/kD
Key

Fs is for no friction at soil-foundation interface (“smooth” foundation)
Fr is for friction equal to the shear strength of soil at the interface (“rough” foundation)
F bearing capacity correction factor

Figure A.4 — Bearing capacity correction factor F for linearly increasing isotropic undrained
105hear strength with depth [105]
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K.=1+s.+d.—i.—g.— b (A.14)

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, as further detailed hereafter:

B’) (A.15)

S¢ = scv(l - Zic) <F

where s istaken as functionof kB /s o andvalues of s can be annraovimated using the relationshin:
TV 7out TV PP ) P

Sep = 0,18 — 0,155+/x + 0,021x (A16)
where x = kB’ /sy and is valid for 0 < x < 10.

Table A.2 — Shape factor coefficients for circular or square foundations underpure vertical

actions
kB'/suo Sev
0 0,18
2 0,00
4 -0,05
6 -0,07
8 ~0,09
10 -0,10
d.=0,3 <SSZ—21> arctan (%) (A37)

where
su1 is the average shear strength above base level;

Su2 is the equivalent shear strength below base level, given by:

kB’ A.18
(NCSuO + T) ( )
Suz = PP
c
(A19)
i.=05-051-
(A.20)
b =22 ~ 0,4v
T+2
(A.21)
2p
= ~ (0,4
9e =112 AR

The effective width or effective length is used for action eccentricity parallel to the width or length. The
effective width and effective length are used for orthogonal eccentric actions parallel to the width and
length. B’ and L' are determined from Formulae (A.1) to (A.3).

Hy, v and B are as noted under A.7.5.1.4.2.
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The recommended d. is based upon the correction factor for constant isotropic undrained shear strength,

but modified to account for linearly increasing undrained shear strength with depth.

The shape factor, s, from Reference [309] 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 depth factor, d., should be evaluated in each case. If the installation procedure
or other foundation aspects, such as scour, do not allow for the required mobilisation of shear stresses in

the
dc =
seaf

A7
strg

The

Key

X  Normalized undrained strength %8’ /suc

Y Bearing capacity correctiofifactor, F

A7

A7

1,2

Y
1,1

0,9

0,8

crust correction factor, F, may be evaluated from Figure A.5 after Reference [105].

oirabovefourmdatiom base teveltis Tecommmemded-that dc=0tmaddition;, it s Tecommmended that
0 if the horizontal action leads to mobilization of significant passive earth pressure between the
loor and foundation base level.

5.1.6 Undrained conditions with a surface crust overlying linearly increasing shear
ngth with depth

-

—

/

— — —

5 10

5.1.7 Drained conditions

54.7.1 Bearing capacity factors

(1]
(2]

15
X

Fully rough interfaces between foundation and seabed

20 25

30

Fully smooth interfaces between foundation and seabed

Figure A.5 — Bearing capacity correction factor F. for surficial crust

The bearing capacity factors given in Formulae (A.22) and (A.23) are recommended for pure vertical
action on a strip foundation with no embedment, for which Reference [234] provides exact formulations:

s tang’ 2 tang’
N, = <tan <Z + 0,5 arctan <T>>> <exp <rr . ))

N, = 1,5(N, — 1)( S

96

(A.22)

(A.23)
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Effective friction angles, ¢ ', between 30° and 42° are considered reasonable limits for general use with
Formulae (A.22) and (A.23). Friction angles that fall outside of these limits can indicate non-standard
soils or poor quality laboratory testing, especially when falling below 30°.

A.7.5.1.7.2 Bearing capacity correction factors

For drained conditions, the following bearing capacity correction factors are recommended:

LA D

K, =s,d,i,b,g, (A.25)

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 g and y identify
the bearing capacity factor, Nq or N ,, with which the correction term is associated.

The factors given in Formulae (A.26) to (A.34) for seafloor surface inclination caf be unconservative in
cases of loose to very loose sand.

Recommended expressions for the correction factors are:

=141, <lz’> sin <arctan <ta; ¢ >> (A.26)

d = 1+1,2(2) (222) (1 - sin (arctan (22))) (A47)
by = A TE) (A28)
9q=9y=(1-05tanp)* (A.29)
’ (A.30)

[1 —05 (V,, )]
sy =1-04i, <Iz> (A31)
dy=1 (A.32)
Hy\|° (A33)

[1 —07 (Vb )]
b, = e‘””(ta‘%) (A.34)

The effective -width or effective length is used in the bearing capacity correction factors statefl in
Formula€ fA’26) to (A.34) for action eccentricity parallel to the width or length. The effective width|and
effective Tength are used for orthogonal eccentric actions parallel to the width and length.

The relevancy of using the depth factor dq, should be evaluated in each case. The effect of found ion

the requlred mobilization of shear stresses in the soil above foundatlon base level 1t is recommended
that dq = 1,0. It is further recommended that dq = 1,0 if the horizontal action leads to mobilization of
significant passive earth pressure between the seafloor and foundation base level.

Hp, v and B are as noted in A.7.5.1.4.2.

A.7.5.1.7.3 Exclusion of effective cohesion from bearing capacity formulae

The effective strength envelope for a given soil is often quoted in terms of a 'cohesion intercept’, ¢/, and
effective friction angle, ¢', with the envelope fitted to results of laboratory tests conducted at different
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levels of effective confining stress. There has been much debate over whether the deduced ¢’ reflects a
true cohesion (or cementation) or is merely an artefact resulting from fitting a tangent to what is, in
reality, a curved strength envelope. It has been well established that the friction angle for soils increases
as the mean effective stress level decreases, due to increasing dilation. As such, in many cases the effective
cementation is an artificial quantity arising from the interpretation of the laboratory tests rather than a
true physical quantity. However, there is considerable debate over this among geotechnical specialists as
documented in Reference [311].

Examples of where inclusion of an effective cohesion in estimating bearing capacity can be argued as
appfropriate include:

— Naturally cemented soils (particularly sands)

n this case, care is needed because of potentially different mobilization rates for the cemented and
Fictional components of soil strength, and the possibility that progressive failure mightoccur, with
he cementation reducing to zero before the full frictional strength is mobilized.

ot —

=

fledium to heavily over-consolidated clays

n this case, ignoring any effective cohesion (or dilation-induced high friction-angles at low mean
ffective stresses) can possibly prove over-conservative. However, inclusiomof an effective cohesion
h estimating bearing capacity can also prove unduly optimistic, partlybecause the mean effective
tress levels associated with the (drained) bearing capacity can be-too high to justify any non-zero
ffective cohesion, and partly because the level of displacement allowed in design can be too low to
ully mobilize the effective cohesion (or dilation-induced high friction angles at low mean effective
tresses).

LA = M N - ([ =

A.7)5.2 Assessment of sliding capacity of shallow foundations

No additional guidance is offered.

A.7/5.2.1 General

No additional guidance is offered.

A.7)5.2.2 Undrained conditions

No additional guidance is offered.

A.7)/5.2.3 Drained conditions

No additional guidance is offered.

A.7)5.2.4 Adjusting for horizontal seabed resistance above foundation base level

Conftributions to/horizontal resistance of an embedded foundation can come from (i) base shear, (ii) soil
resistance above-skirt tip level due to the difference between active and passive resistance, and (iii) side
shear on members located parallel to the direction of lateral loading. The amount of side shear that can
be gdopted-in the design is a function of the shearing on the interface between the embedded member
and|the so0il, and can be influenced by soil disturbance during installation and scour. Specific guidance is

nralation + ] lotinag o d bhagy

not previdedHinrelationto-ealeulatingsideshear
In regards to active and passive resistance, the following guidance is provided:
a) Undrained conditions

The undrained horizontal soil reaction coefficient K., depends on several factors, such as roughness,
foundation shape, side shear, depth of embedment, and possible side gap between foundation and soil
due to installation or from scour.

A value of K, = 4 is recommended for cases in which both active and passive resistance can be relied
upon and significant scour is not expected.
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A value of K, = 2 is recommended for cases in which active soil pressures do not develop, such as due
to cracking or installation disturbance, and significant scour is not expected on the passive side of the
foundation. In this case, it can be appropriate to also account for the weight of soil within the passive
soil wedge. In such cases, the total lateral resistance calculated should not exceed that which will be
calculated using K, = 4.

In some soils it can possibly not be appropriate to include the full soil resistance above skirt tip level
in assessing overall sliding stability, due to strain compatibility issues.

b) Drained conditions

The drained horizontal soil reaction factor K.q« depends on several factors, such as mabilized [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
or other foundation aspects do not require a more accurate assessment of the drained horizontal|soil

reaction factor, the Formula (A.35) is recommended.

1 (A.
Krq = Kp - K_
14

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

T tan¢’ 2 (A3
K, =(tan(—+ 0,5 arctan
4 Ym

A.7.5.2.5 Assessment of torsional capacity

Methods that can be used for assessing torsional stability are provided in References [138], [137]
[74].

A.7.5.3 Assessment of capacity of intermediate foundations

No additional guidance is offered.
A.7.6 Serviceability (displacements and rotations)

A.7.6.1 General

35)

6)

and

Foundation displacements.and rotations can be significant at the maximum soil stress levels allowdd in

this document, such ag'where foundation loading reaches the soil yield stress.
A.7.6.2 Serviceability of shallow foundations under static loading

A.7.6.2.1 ,General

Static deformations (displacements and rotations) are generally considered to be of the following
types:

(i immediate deformation, which is the more or less instantaneous response of a foundation to loa
and primarily results from shear deformation (shear straining) of the soil;

two

ling

(ii) long-term deformation, which occurs over a period of time and is primarily associated with a gradual
dissipation of excess pore pressures and associated volume changes of the soil (i.e. primary

consolidation).

In addition, secondary displacement due to creep can occur.

A.7.6.2.2 Immediate serviceability (displacements and rotations)
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Because soils exhibit nonlinear, path dependent behaviour under loading, the short-term deformation
problem is quite complex. For monotonic, low level actions (with respect to failure actions) estimates of
deformation can be made assuming the soil to be a homogeneous linearly elastic material.

Solutions for conditions other than those given in 7.5.2.2, including point displacements within the soil
mass itself, can be found in Reference [276]. Solutions for rigid, embedded circular foundations are
provided in Reference [119].

Conpiderabte tare stroutd-beexercised i determmimimgtheelastic tonstants of thresoit simcetheetastic
modluli of soils depend strongly on the magnitude of effective mean stress and the level of strain. This is
particularly significant for highly permeable granular soils where equivalent moduli should be selected
from some weighted average mean stress taken over the volume of soil subjected to significant stresses.
For|relatively impermeable soils, such as clays, a correlation of modulus with strength and”over-
consolidation ratio can lead to satisfactory results. Further discussion of these points is presented in
Ref¢rence [176].

Where the foundation base is flexible or the loading is sufficiently severe to create high stresses
thrqughout a significant volume of soil, the formula provided in this document are’inappropriate and
numerical analyses can be required. Finite element and finite difference techniques have the capability
of irIcluding complex geometries and loadings and nonlinear, variable soil profiles. The potential effects
of spftening of the soil (reduction in modulus) under cyclic loading should be considered.

A.7)6.2.3 Long term serviceability (primary consolidation settlement)

Bechuse 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
thoge cited by Reference [276]. 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 put methods for one-dimensional consolidation“solutions, but in many cases the one-dimensional
approximation for flow and strain is unrealistie;;Elastic solutions for three-dimensional consolidation
settlement around embedded circular foundations are provided in References [156] and [157]. If an
accyrate prediction of rate of settlement is required, 2D or 3D coupled analysis supported by high quality
field data are required.

A.7)6.2.4 Longterm serviceability (secondary compression: creep)

No additional guidance is offered.

A.7{6.2.5 Impact of ecCentric loading on serviceability (differential displacements and
rotations)

No additional guidance is offered.

A.7{6.3 Serviceability of intermediate foundations

No additipnal guidance is offered.

A 7 a4 Carvicasnhilitvz in roacnaoncoeto-duvnamic asnd cuclic actionc
» /OO T VICCOaUTITtYy I T P OISty amm tuna Cy Crrtattronns

In many cases, loading can be considered pseudo-static and the foundation can be treated as an elastic
half space subject to the restrictions outlined in 7.5. Consequently, the stiffness of the soil can be
calculated in a manner similar to that presented for static conditions.

Half space solutions can be considerably in error where non-uniform soil profiles exist. In addition, for
large amplitude environmental loading nonlinear soil behaviour can be significant. In such cases, a
numerical analysis can be required or at least a study of a range of soil stiffness properties should be
considered.
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In some cases, it is not appropriate to treat the foundation as an elastic half space, such as where it
becomes necessary to model the energy loss in the soil.

A special case of environmental loading is the response of offshore foundations to cyclic loading arising
from waves. The various displacement components and how they can be evaluated are discussed in
Reference [10].

A.7.7 Alternative methods of design

A.7.7.1 Yield surface approach

No additional guidance is offered.

A.7.7.2 General
An alternative method of design to assess foundation stability under general loading makes use of yield
surfaces, as described in A.7.7.1.2 to A.7.7.1.5.

A.7.7.2.1 Application to design

The general procedure for developing a yield surface for use in design:involves the following.

— Defining the ‘uniaxial’ ultimate limit states Qu: (H = M = 0), Hu: (M= 0; and Q = 0 where tensile strefses
are allowed beneath the foundation, or Q = Qu/ 2 if no tensile-stresses permitted) and My (H = 0;|and
Q = 0 where tensile stresses are allowed beneath the foundation, or Q = Qu¢/ 2 if no tensile stregses
permitted) to define the apex points of the yield surface.

— Defining the shape of the interaction diagram thréugh an expression as a function of (Q/Qut, H/Hus,
M/Mult).

The magnitude of the uniaxial capacity and the shape of the yield surface depend on the soil responge to
loading (undrained or drained), the soil strehgth profile (uniform or heterogeneous), foundation shape,
foundation embedment, structural connection between adjacent foundations, and tension capacity (or
not) between the foundation and the soil:

When adopting a yield surface approach, material factor, ym, should be applied to the representative value
of s, for undrained conditions and to tan¢’ for drained conditions (not to ¢").
A.7.7.2.2 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 tq the
relative complexity/of an analytical approach for drained soil conditions.

A.7.7.2.3 <JUndrained conditions

A.7.7:2,3.1 Surface foundations with zero-uplift capacity along the foundation-soil interface

The general ‘scallop-shaped’ form of the three-dimensional yield surface in vertical, horizontal [and
moment loading space for undrained failure of a surface foundation with zero-uplift resistance along the

foundation-soil interface is shown in Fignrp A 6in terms of normalised actions, Q,/Qul:, H,/Hult and M/ M
(vertical action @ is denoted by Vin Figure A.6). The surface is symmetrical in the H-M plane and exhibits
diminishing moment capacity as vertical action (Q) falls below 0,5 Qu as the foundation begins to lift-off
from the seafloor.

References [332] and [155] derive yield surfaces for circular and rectangular surface foundations for
uniform undrained soil strength with depth and the latter presents approximating expressions for the
shape of the yield surface and the uniaxial capacities defining its apex points. Further studies have
presented approximating expressions for yield surfaces capturing the effect of linearly increasing
undrained strength with depth and loading in six degrees of freedom (VH2M2T), [316]. [318],
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Figure A.6 — Yield surface for undrained conditions for a surface foundation with zero-uplift
capacity along the foundation-soil ifiterface (332

A.717.2.3.2 Surface foundations with unlimited-uplift capacity along the foundation-soil
interface

In spme cases, uplift resistance can be mobilized beneath surface or skirted foundations due to suction
and|can potentially be relied on for the duration@ver which undrained conditions prevail.

Uplift resistance provided by foundation skitts can be conceptually represented by modelling a surface
foundation with an unlimited tension intetface. The general form of the yield surface for undrained failure
of alsurface foundation with an unlimited tension interface is shown in Figure A.7 (vertical action Q is
denpted by Vin Figure A.7). The 'walnut-shaped' surface is asymmetric in the H-M plane, with maximum
moiment capacity mobilized in.conjunction with a horizontal action acting in the same direction (i.e.
clodkwise and left-to-right or vice versa). Moment capacity continues to increase with diminishing
vertical action, contrary to the zero-tension interface case, as a foundation with unlimited-uplift capacity
willlnot lift-off from the-seafloor.

Yield surfaces and a¢ccompanying approximating expressions have been derived for strip, rectangular and
circplar foundatiens, both surface and embedded, homogeneous and heterogeneous undrained soil
strejngth profiles; strength profiles with a surficial crust, and consolidated shear strength, although not
conlprehensively for all combinations (e.g. References [54], [153], [154], [132], [133] and [317]).
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Figure A.7 — Yield surface for undrained conditions for a surface foundation with unlimited-
uplift capacity along the foundation-soil interface [55]

The shape of the yield surface for foundations with unlimited-uplift capacity depends on foundaftion

geometry and soil strength profile. In some'cases, the normalized size of the yield surface decreases {
increasing degree of soil strength heterogeneity; therefore scaling a yield surface derived

with
for

homogeneous soil strength by uniaxial ultimate limit states appropriate to a heterogeneous soil strefgth

profile will be un-conservative [158).1155],

A.7.7.2.3.3 Embedded foundations

The coupling of the hdrizontal and moment degrees of freedom when a foundation is physig
embedded leads to an-asymmetric and oblique failure surface in the H-M plane. The asymmetry
obliqueness become-more pronounced with increasing embedment ratio. The general form of a y
surface for undrained failure of embedded foundations is shown in Figure A.8 (vertical action,
denoted by V~in Figure A.8).
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Figure A.8 — Change in shape of yield surface for undrained conditions with foundation
embedment d/B [153]

Ref¢rences [153] and [134] present yield surfaces in general loading-space for strip and rectangular
shallow foundations with embedment ratios in the range zero to*one for uniform soil strength and
lineprly increasing strength with depth.

Exidting studies have generally considered embedment in terims’of a solid plug, although the capacity of
a skirted foundation can be reduced because of the intrusien of the failure mechanism into the soil plug
[56l- Modelling a skirted foundation as a solid plug is based‘on the assumption that sufficient internal skirts
are provided to ensure the soil plug displaces as a rigidbody. Numerical studies for assessment of critical
skirft spacing are presented in References [231] and [131].

A.717.2.4 Drained conditions

Yield surfaces for drained conditions incorporate isotropic strain-hardening to accommodate increasing
shear strength with increasing stress-level. The shape of the yield surface is assumed to be unique and
the [sotropic expansion and contraction of the surface is defined by a hardening rule (vertical resistance-
displacement relationship). Undér drained conditions tension cannot be sustained beneath a foundation
and| therefore the foundation will lift-off from the seabed under moment loading in conjunction with
vertical actions, typically for.Q < 0,5 Qu: (see References [68] and [249]).

A.7)7.2.4.1 Surface foundations

The| general form,of'the yield surface for drained failure of a surface foundation is shown in Figure A.9.
The| ‘rugby ball=shaped’ surface is parabolic in planes of QH and QM and a rotated ellipse in the HM plane
(vertical action, Q, is denoted by V in Figure A.9). Maximum horizontal action and moment capacity are
mobilized.in conjunction with a vertical action Q = 0,5 Qur and maximum moment capacity is mobilized
in cppjunction with horizontal action acting in opposition (i.e. clockwise and right-to-left or vice versa).

Reference [68] proposed the yleld surface shown in Figure A.9 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 [69].
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Figure A.9 — Yield surface for drained conditions for a surface foundation [68]

A.7.7.2.4.2 Embedded foundations

The additional capacity available from foundation embedment is accotnted for by scaling the envelope
for a surface foundation (as shown in Figure A.) by its apex points Hfay/Q and Mmax/(Q [249] [161],

A.7.7.3 Performance based design approach

Typically, foundations for subsea and flowline-related striictures follow the same requirements |and
target probability of failure as that of fixed steel offshore structures. Lower nominal annual tafget
probabilities of failure, compared to L1 exposure levels for fixed steel offshore structures as describgd in
ISO 19902, may be adopted for a subsea and flowline related foundations through system-based design
ensuring that the integrity, safety and operability of the system are not compromised.

System failure modes, due to short-term otrlong-term events, that might need to be evaluated [in a
performance based design, can include:

a) over-straining/overstressing of pipes, spools/jumpers and connected flowlines;

b) problems with the installationtof connections (e.g. pitch rotation beyond the installation tolerdnce
prior to tie-in operations);

c) not fulfilling the specified function or performance standard (e.g. a riser hold-back anchor bging
pulled-out and no lenger supporting the riser; excessive sliding of buckle initiator).

When foundation mevements due to the imposed deformations of a system act to reduce the impgsed
loading, lower partial action factors can be applicable if the imposed deformations have been robystly
characterized; This is intended for situations where the foundation movements are 'small’ and|the
response is.broadly reversible (i.e. 'elastic').

When the-imposed deformation is large (e.g. due to thermal flowline expansion) and the deformatign is
controlled by allowing the structure (and connected infrastructure) to slide over the foundation or ¢ver
the-seafloor, the following provisions apply:

a) standard partial action factors should be applied for actions transferred between sliding structuregs;

b) if sliding is permitted over the seafloor, inherently the partial factors are unity, however standard
partial factors should be achieved against bearing failure;

c) the characteristic mechanical properties of the sliding interface should be robustly assessed
d) the transfer of actions through the structure to the foundation should be robustly computed.

The design of foundations where foundation movement over the seafloor is permitted is discussed in
References [91], [98] and [107].
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A.7.8 Installation

A.7.8.1 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

opefations. However, it is still the experience that many small structures suffer a foundation failure
during installation, mainly in soft soil conditions. Many such incidents can be avoided by observing the
follpwing recommendations.

— If the installation is performed under controlled conditions by use of a heave compensator and low
rjate of descent towards the seafloor (<0,2 m/s), no extra safety margin should be needed.

— If the installation is performed without any control on the rate of descent (no heave €¢ompensation),
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 greater than crane pay-out speed can result in the structure having-excéessive velocity at impact
with the seafloor and multiple set-downs. As a result, the foundation can bepurlled up after first set-down,
thus generating a pull-out failure in the soil (reverse bearing capacity failure). The soil condition under
the |structure after such an event is close to a remoulded state and‘normal partial action and material
factprs can be too small to prevent foundation failure during final set-down.

If there is a risk of significant heave motions or impact onjteuchdown, higher material factors than
outlined in 7.3 should be applied. Shallow foundations, such as those used for temporary support or for
subfea structures, are often designed for limited environmental actions. Since the main actions are
permanent and due to gravity, the higher material facto? in 7.3 should be applied.

A.7{8.2 SKkirt penetration resistance

Skints can provide a significant resistance to penetration. This resistance, Q. can be estimated as a
fung¢tion of depth in accordance with Formula (A.37):

QFQ+Qp=fAs+qhp (A.37)
where
Qr is the skirt friction resistance;
Qp s the total end hearing resistance from skirt tips;
f  is the unit skirtfriction;

As is the sidevsurface area of skirt embedded at a particular penetration depth (including both
internal'and external skirt faces);

q is‘the unit end bearing resistance on the skirt tip;

Az is the projected area of skirt tip.

The end bearing components 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 latter is not
directly applicable for wide concrete skirts. The shaft friction resistance can be determined by laboratory
testing or other suitable experience.

In most cases, it is highly desirable to achieve full skirt penetration. This should be considered in selecting
high soil strength properties (or CPT g, values) for use in analysis as low estimates of strength are non-
conservative in this case.

Where applicable, previous relevant installation experience should be considered (see Reference [92]) .
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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. It is often for this reason that foundation base perforations are introduced.

In assessing the penetration of skirts, site conditions should be considered. 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.

A.7.8.3 Required and allowable under-pressure

In some cases, an under-pressure (i.e. negative excess pore pressure or 'suction' relative 'to ambjient
pressure) can be used to increase the penetration force. In those cases, analysis should be ¢arried out to
ensure that it will not result in damage to the foundation soil.

In general, analysis is more straightforward in lower permeability soils (e.g. clays)dmhigher permeabjfility
soils (e.g. sands) water flow is induced within the soil, which increases the volume of water that should
be removed from the can and which alters the effective stress distrib@ition in the soil (typigally
beneficially). Interlayered low and high permeability soils present further*complexities.

Further guidance is provided in A.11.5.2.2.1.

A.7.9 Relocation, retrieval and removal

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 and can usually be overcomg by
sustained uplift forces (up to the submerged weight ofthe foundation) and by introducing water intd the
base compartments to relieve the suction.

Set-up effects can result in higher extraction resistance than installation resistance.

In the case of un-skirted foundations or shallow foundations with short skirts, it is often preferable t lift
initially from one corner or side of the foundation, to introduce drainage, and reduce suction effects.

A.8 Pile foundation design

A.8.1 Pile capacity for axial compression

A.8.1.1 General

No additional guidance is offered.

A.8.1.2 Axialpile capacity

In conventional static capacity based design, the pile design actions (factored permanent and varigble
actions,plus factored extreme environmental actions) are compared against the factored pile capagity.
The-factored actions are defined in ISO 19902. The pile capacity is defined as the integrated friction|and
tip'tesistance (see 8.1 and 8.2). This procedure ensures that the pile has an adequate reserve abovd the
design actions in order to accommodate uncertainties in actions and pile resistances.

It is not always 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 a pile. This subject is addressed
in References [251], [285] and [339]. For the particular case of a belled pile, this matter is discussed in
Reference [339].

A.8.1.3 Skin friction and end bearing in clay soils
A.8.1.3.1 General
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Estimating pile capacity in clay soils requires considerable judgment in selecting design parameters and
in interpreting calculated capacities. Some of the items that should receive design consideration are
detailed in A.8.1.3.2.

A.8.1.3.2 Axial pile capacity in clay

A.8.1.3.2.1 Loading test database for piles in clay

Further information on the load test database for piles in clay can be found in References [312] and [217].

A.8{1.3.2.2 Unified CPT method for pile axial capacity in clays

Thig subclause presents the ‘unified CPT method’ for assessing driven pile capacity in clays [216]. Formulae
(A.38) and (A.39) are recommended for the evaluation of the static capacity of steel piles after
conpolidation induced by pile driving is completed. Potential long-term ageing effects are nét included.
The|method can be applied to clays in Zones 2, 3 and 4 on the soil behaviour type (SBT) chart as shown
in Figure A.10. Assessment of pile capacity for sensitive clays, that fall within SBT chart Zone 1, is more
uncertain. Their capacity should be assessed with care and local experience, pile testing and alternative
deslgn approaches should be considered where possible. The reliability of the method has been evaluated
and|the method was shown to provide pile foundations that are more reliablé.than those obtained using
the main text method in 8.1.3. The unified CPT method should only be appliéd to driven piles and should
not pe applied to vibro-driven piles unless the vibrated portion of the pile-is restricted to the initial 20 %
of pile penetration. The method is developed for offshore steel piles:It should be ensured that other
factprs, such as paint, coatings or mill-scale varnish that are likely ‘t6 reduce pile roughness below that
usuplly expected (typically around 10 microns centre line average'roughness for lightly rusted steel used
for |offshore piles), do not negatively affect the interfacé/friction that can be mobilized. Further
information on the method and Formulae (A.38 and (A.39)\is provided in Reference [216].

For(the unified CPT method in clays, the (fully consolidated) peak unit skin friction for capacity, f(z), in
strelss units, at depth, z, can be calculated using Formula (A.38):

f(£) = 0,07F,:q; [max (%, 1)]_0'25 (A.38)
whare
Fst is 1 for clays with I,1 > O/in"Zones, 2, 3 and 4 on the SBT chart;
Fst is 0,5 + 0,2 clays with\,1 < 0, in Zone 1 on the SBT chart;
g is the corrected€RT cone resistance as defined in ISO 19901-8:2014, 8.3.1;
h is the distance above the pile tip at which f{z) acts (= L-z)
L is pile embedment length;
D* = (D2 = Diz)o'sfor an open-ended pile and D*=D for a closed-ended pile;
D is.the pile outer diameter of a pipe pile;
Di is the internal diameter of a pipe pile
[,1 canbe-ealenlatedby:

121 = Qtn - 128xp(_1r4Fr)

where F; is the normalized friction given by F. = £;/(q: — 0,0)100 %, ,in which f; is the CPT sleeve friction
and oy is the total vertical stress below the seafloor level.

t-z curves can be determined using the friction value combined with the t-z curve definition for clays in
8.4.1.
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In the absence of more definitive criteria, the total end bearing resistance applied across the full base area

of a large diameter pile with a length to diameter ratio greater than five can be calculated using Formula
(A.39):

"\ 2 (A.39)
ol

dpo1 = qt [0,2 + 0., (—

where g; is the average corrected CPT end resistance within 20t below the pile tip, in which ¢t is the pile

wall thickness. The end bearing should be taken as plugged resistance and no additional allowance should
be made for internal skin friction.
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X Normalized friction ratio, Fr 3 Zone 3 -Clays

Y' Normalized cone resistance, Qu 4 Zone 4 - Silt mix

1 Zone 1 - Sensitive clays and silts 5 Normally consolidated

2 Zone 2 - Organic soils 6  Increasing sensitivity

Figure A.10 — Soil behaviour type (SBT) chart [301]

A.8.1.3.2.3 Establishing representative strength and effective overburden stress profiles

The axial pile capacity in clay 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
laboratory and in situ testing techniques and the scatter in the shear strength data from the various types
of tests complicate appropriate selection of representative shear strength profiles. ISO 19901-8 provides
additional information on the sampling and laboratory testing techniques and on the quality of marine
soil investigations.

Strength profiles are typically established by combining the results of laboratory tests on undrained
unconsolidated samples (e.g. UU triaxial or minivane tests), laboratory tests on consolidated samples (e.g.
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direct simple shear tests or consolidated triaxial tests in compression or extension), and in situ tests (e.g.
cone, ball, or T-bar penetration tests, in situ vane tests).

In selecting the representative shear strength value, the sampling and testing techniques used to
correlate the shear strength to any available relevant pile loading test data should be considered. The
experience with pile performance can also play an important role in assessing the appropriate
representative shear strength value.

In sjtutesting witlra vare or pemetronreters, such astiretorre, prezocorne; battamd-T=bar;, wittretpm
asséssing sampling disturbance effects and can provide a continuous shear strength profile. Approaches:
such as the SHANSEP (stress history and normalized soil engineering properties) technique as described
in References [207] and [208] can help providing a more consistent interpretation of the shear strength
profile.

A.8]1.3.2.4 Pile length effect

Long piles driven in clay soils are typically axial flexible and can therefore experience capacity
degradation due to:

— progressive failure in the soil due to strength reduction (strain softening) with continued
displacement or shearing of a particular soil horizon during pile installatien;

— lateral movement of soil away from the pile due to pile 'whip' during driving.

The|occurrence of degradation due to these effects depends on many factors related to both installation
condlitions and soil behaviour. Methods of estimating the possible magnitude of reduction in capacity of
long piles can be found in Reference [288].

A.8{1.3.2.5 Changes in axial capacity in clay with time

Exidting axial pile capacity calculation procedures for.piles in clay are based on experience assisted by
the fesults of axial pile loading tests. In these tests, few of the piles were instrumented and in most cases
little or no consideration was given to the effects of time after driving on the development of pile-soil
shear resistance. Axial capacity of a driven pipe pile in clay computed in accordance with 8.1.2 and 8.1.3
is ifftended to represent the long-term stati¢.¢apacity of piles in undrained conditions when subjected to
axigl actions until failure after dissipation of excess pore water pressure caused by the installation
progess. Immediately after pile driving;pile capacity in a clay deposit can be significantly lower than the
ultilate static capacity. Field measurements have shown that the time required for driven piles to reach
ultimate capacity in a clay depesit can be relatively long, as much as two to three years (84l [48] [213],
HowWever, the rate of strength gain is highest immediately after driving, and this rate decreases during the
disdipation process. Thus;-a significant strength increase can occur in a relatively short time.

Durjing pile driving in.normally consolidated to lightly over-consolidated clays, the soil surrounding a pile
is significantly disturbed, the stress state is altered, and large excess pore pressures can be generated.
Aftqr installation/these excess pore pressures begin to dissipate, i.e. the surrounding soil mass begins to
conpolidate and the pile capacity increases with time. This process is usually referred to as set-up. The
ratg of excesspore pressure dissipation is a function of the coefficient of radial (horizontal) consolidation,
pile|radius, plug characteristics (plugged versus unplugged pile), and soil layering.

shortly after mstallatlon the time- consohdatlon characterlstlcs should be con51dered in plle 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 over-consolidated clays [2471. 2911, Since excess
pore pressures are generated by pile driving operations, any dissipation of the excess pore pressures
after installation should correspond to an increase in the shear strength of the surrounding soil mass and
hence an increase in the capacity of the pile. After dissipation of excess pore pressures, the capacity of a

110 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=aded27837a1e11dcf6078821c41c440a

ISO/DIS 19901-4:2022(E)

pile approaches long-term capacity, although some strength gain can continue due to secondary
processes. In some over-consolidated 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 includes the
soil characteristics (compressibility, stress history, strength, etc.) and the initial site conditions.

In Reference [48], the behaviour of piles subjected to significant axial actions in highly plastic, normally

consolidated clays was studied using a large number of model pile tests and some full-scale pile loaling
tests. From the study of pore pressure dissipation and loading test data at different times @fter [pile
driving, empirical correlations were obtained between the degree of consolidation, degree of plugging,
and 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 in highly plastic, normally consolidated clays of the type
encountered in the Gulf of Mexico, since validation data have been published only forthose soils.

In Reference [213], in highly over-consolidated glacial till, capacity was shown to" undergo signififant
short-term reduction associated with pore pressure redistribution and reduction in radial effedtive
stresses during the early stages of the equalization process. The capacity, atithe end of installation was
never fully recovered. Test results for closed-ended steel piles in heavily over-consolidated London iclay
indicate that there is no significant change in capacity with time 5% /Fhis is contrary to tests on 0,273 m
(10,75 in) diameter closed-ended steel piles in over-consolidated Beatrmont clay, where considerablefand
rapid set-up (in four days) was found 2671,

Caution should be exercised in using this subclause to evaluate'set-up, particularly for soils with different
plasticity characteristics and under different states of consolidation (especially over-consolidated clays)
and piles with D/WT (pile outer diameter/pile wall thickness) ratios greater than 40.

A.8.1.4 SKin friction and end bearing in sands

A.8.1.4.1 General

This subclause provides guidance for satids that do not fit within the constraints presented in 8.1.4. In
particular for coarse sands, normal effective stress levels outside of those considered within the |pile
database, higher fines content or for inconventional mineralogy, it can be appropriate to consider further
laboratory testing including spe€ial ring shear interface friction tests [186] and to use an alternative|pile
design method, such as one of the CPT methods referenced in 8.1.4. The method presented in 8.1.4 was
calibrated based upon pile upon tests where the soil generally had a soil behaviour type index, I, lafger
than 2,1, i.e. they were’in'the category of sand mixtures (silty sand to sandy silt) using the soil behavjour
type chart as described in Reference [301].

Recent studies (se€ Reference [173]) involving ring-shear tests against steel interfaces of appropifiate
roughness that* were designed to replicate driven pile installation suggest that the large shear
displaceménts implicit in pile driving lead to a modest dependency of ultimate (design) §. on mean grain
size Dsg-among standard pure silica test sands. Reference [223] used the same tools to investigate] the
influénce of non-plastic silt and non-plastic fines contents (up to around 20 %) as well as stress level
dependency for natural sand samples taken at both onshore and offshore sites, finding that both variaples
can affect ultimate critical state (design) interface friction angles, with the latter showing mofest
increases as normal stress levels rise due to greater interaction of the grains with the steel surface. In

cases where such factors merit investigation, site-specific tests that account for pile installation effects
can be conducted following the procedures set out in the ICP-05 method [18¢], provided these apply
appropriate normal effective stress levels.

A.8.1.4.2 Parameter value assessment

The soil investigation should provide information that is adequate to capture the spatial variability,
horizontally and vertically, of the boundaries and parameter values of all layers.
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For any CPT-based method, the computed pile capacity in sand is most sensitive to cone penetration
resistance, q, followed by tand., and ¢'vo. Since an accurate capacity assessment is a function of the
accuracy of both the model and the parameters, guidance regarding selecting appropriate parameter
values is given in items a) to c).

a)

Parameter, g.(z)

4 000 mm? and a penetration rate of 20 mm/s + 5 mm/s.

'he CPT-based design methods were established for cone resistance values, g, up to 100 MPa. Caution
hould be exercised when applying the enclosed methods to sands and sandy tills with higher
esistances.

=D

\ measured, continuous profile of g.(z) is preferable to an assumed/interpolated discontinuous
rofile, but is generally not achievable offshore at large depths below the seafloor with’a down-hole
PT apparatus. This is generally due to factors such as limited stroke and/or maximum resistance
eing achieved. When (near) continuous q.(z) profiles are needed, overlapping(CPT push strokes can
e considered.

Vith discontinuous CPT data, a 'blocked’ qc(z) profile can be used, wherethe'soil profile is divided into
hyers, in each of which q.(z) is assumed to vary linearly with depth.) 'Blocked’ profiles should be
ssessed, particularly when they contain maximum q. values at the ends of CPT push strokes. When
he push strokes contain no maximum gq.(z) data, a moving window can be used to determine the
verage profile (and its standard deviation), through which a.straight line can be fitted. If present, thin
hyers of weaker material (e.g. silt or clay) should be modelled conservatively.

—_ Q) ct+ Q) — = i vl o WL o S

or geotechnical investigations where several verticallCPT profiles have been made (e.g. one per
latform leg), it is suggested that at least two appreaches be employed: pile capacity should first be
ased on the combined averaged q.(z) profile and then based on individual q.(z) profiles. Judgment is
equired to select the most appropriate g.(z)-profile and to determine the associated final axial

apacity.

o T S . wellle o S e o |

b) Rarameter, g,,)

Usually, pore water pressures in sands are hydrostatic and in this case 01;0(2) 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 sampling
disturbance effects), which_should be compatible with relative density, D,, estimated from q.(z) and
rhaximum and minimum'dry unit weight values determined in the laboratory.

Ycour

Jcour (seabed erosion due to wave and current action) can occur around offshore piles. Common types
df scour are general scour (overall seabed erosion) and local scour (steep-sided scour pits around
dingle pil€s)or pile groups). There is no generally accepted method to account for scour in axial
dapacityfor offshore piles. Reference [360] gives techniques for scour depth assessment. In addition,
general scour data can be obtained from national authorities.

I

dan 1] ] 4d +h 3 LY orC D
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Scour decreases axial pile capacity in sand. Both friction and end bearing components are usually
affected. This is because scour reduces both g.(z) and ¢’y (vertical effective stress). For excavations
(i.e. general scour), Reference [258] recommends that g(z) is simply proportional to ¢'vo(2), i.e.:

qei(2) = X qco(2) (A.40)

where

qci(z) isthe final reduced CPT cone-tip resistance at depth z, after general scour (in stress units);
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qco(z) is the original CPT cone-tip resistance at depth z, before general scour (in stress units);
X is the dimensionless scour reduction factor (y = 0'vi/0"'v0);
o'y is the final vertical effective stress value, after scour (in stress units);

o'vo  isthe original vertical effective stress value, before scour (in stress units).
For large general scour depths and normally consolidated sands, an alternative and conservative

1 1 1 1 o _C £4. 401 1 1. 1 : ral
dppludlil 45 UCSLTTDCU I RCICICIILE T 13U Cdll DE USCU LU UCLCTIIIIIC £ 1T U111,

1 z'+2Kg\JAzgsxz' +2z'2 (A41)
x= 1+2K, Azgg+z!
where

Azg is the general scour depth (m);

’

z is the final depth below seafloor, after general scour, (z' = z - Azgs)(m);

Ko is the coefficient of lateral earth pressure at rest, the ratiof’the effective horizontal to
vertical in situ soil stresses, Ko = 6'n0(2)/0"vo(2).

A method to reduce the effective stress, o'y, for both general and local*scour is provided in A.8.5.

A.8.1.4.3 Former main text method in sands

The former main text method in sands is presented in this subclause due to its historical use for mjany
previous pile designs, although it should no longer be used for pile design or assessment of pile capgcity
in sand. In exceptional cases, it can be used for assessment of pile capacity for existing piles where there
are no CPT data available to use a CPT-based method. In comparison to the method described in |this
subclause, the unified CPT-based method preserted in 8.1.4 is considered to fundamentally better and
has shown statistically closer predictions of piléloading test results and is the preferred method.

With the former main text method, for driven pipe piles in sands, the unit skin friction, f{z), in stress uhits,
at depth, z, can be calculated by:

f(2) =B 0o (A42)
where
Yii is the dimensiontess skin friction factor, for sands;

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

In the absence of speeific data, § values for open-ended pipe piles that are driven unplugged can be tdken
from Table A.3./For'full displacement piles (i.e. closed-ended or fully plugged open-ended piles), values
of f can be asstmed to be 25 % higher than those given in Table A.3. For long piles, f{z) does|not
necessarily.increase linearly with the overburden stress as implied by Formula (A.42). In such cases,|it is
appropriate to limit fto the values given in Table A.3.

For end bearing of piles in sands, the unit end bearing, g, in stress units, can be computed using Formula
(AA3):

q = Nq O-,Vo,tip (A.ZFB)

where
o0'Vorp IS the effective vertical stress at the pile tip (in stress units);
Ngq is the dimensionless bearing capacity factor.

Recommended Nq values are presented in Table A.3. For long piles, g does not necessarily increase
linearly with the overburden stress as implied by Formula (A.43). In such cases, it is appropriate to limit
q to the values given in Table A.3. For plugged piles, 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 annulus only.
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In this case, additional resistance is offered by friction between the soil plug and the inner pile wall.
Whether a pile is considered to be plugged or unplugged should be based on static calculations using a
unit skin friction on the soil plug equal to the outer skin friction. A pile can be driven in an unplugged
condition, but can behave as plugged under static actions.

For
for

app

soils that do not fall within the ranges of relative density and soil description given in Table A.3, or
materials with unusually weak grains or compressible structure, Table A.3 is not necessarily
ropriate for selection of design parameters. For example, unconventional soils such as very loose soils

ors
for
may

For
the

Inl4
End

oils containing large amounts of mica or volcanic grains can require special laboratory or field tests
selection of design parameters. Sands containing calcium carbonate, which are found extensivelydn
ly areas of the oceans (see A.6.3), are of particular importance.

piles driven in undersized drilled or jetted holes in sands, the values of f(z) and q should account for
nmount of soil disturbance due to installation, but they should not exceed the values for driven piles.

yered soils, skin friction values, f{z), in sand layers should be computed in accordance‘with Table A.3.
bearing values for piles tipped in sand layers can also be taken from Table A.3.

Table A.3 — Design parameters for siliceous sand

Relative . .. Skin friction L1n.11t1n.g l.mlt Endbearing Limiting l.mlt
. Soil description skin friction end bearing
density? factor? factor
values values
B ﬁim Nq Qlim
kPa (kips/ft?) MPa (kips/ft?)
Ver}y loose Sand
Lodse Sand
Lodse Sand-silte Not applicabled [~Not applicabled | Notapplicabled | Notapplicabled
Medium dense Silt
Derlse Silt
Me?hnndense Sand-silte 0,29 67 (1,4) 12 3(60)
Me&hnndense Sand
0,37 81 (1,7) 20 5(100)
Der|se Sand-silte
Der|se Sand
0,46 96 (2,0) 40 10 (200)
Verly dense Sand-silte
Verly dense Sand 0,56 115 (2,4) 50 12 (250)

recq
just

a T

NOTE The parameters listed in this table are intended as guidelines only. Where detailed information such as in situ CPT

rds, strength'tests on high quality samples, model tests or pile driving performance is available, other values can be
fied.

e définitions for the relative density percentage description are as follows:

114

Cosl d e Ralat: ad i L0/
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Very loose 0-15
Loose 15-35
Medium dense 35-65
Dense 65-85
Very dense 85-100
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b The skin friction factor § (equivalent to the 'K tand' term used in the past) is introduced in this document to avoid confusion
with the § parameter used in the past.

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

d Design parameters proposed in the past for these relative density/soil description combinations can be unconservative.
Hence, the unified CPT method should be used for these soils (see 8.1.4).

A.8.1.5 SKin friction and end bearing in gravels

No additional guidance is offered.

A.8.1.6 SKkin friction and end bearing of grouted piles in rock

No additional guidance is offered.

A.8.1.7 SKkin friction and end bearing of driven piles in intermediate Soils

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

An analytical method for determining axial pile performance is provided in Reference [140]. This method
makes use of t-z curves of local transfer of axial pile shear, ¢, against local pile displacement, z, to mpdel
the axial support provided by the soil alongthe side of the pile. An additional Q-z curve is used to mpdel
the tip end bearing, Q, against tip displacement, z. Methods for constructing t-z and Q-z curves are gjven
in 8.4.

The actual capacity of the pile;can be less than the ultimate capacity given by Formula (21]) in
circumstances, such as for soils that exhibit strain-softening behaviour and/or where the piles|are
excessively axially flexible. In these cases, these effects on axial capacity should be considered.

A.8.3.2 Cyclic axial' behaviour of piles

A.8.3.2.1 Qualification

Modelling eyclic effects explicitly can improve the designer’s insight into the relative importance of the
cyclic characteristics of the actions. On the other hand, extreme care should be exercised in applying|this
approach. Historically, cyclic effects have been taken into account implicitly rather than explicitly. Design
methods developed and calibrated on an implicit basis generally need extensive modification where
explicit algorithms are employed.

A.0.5.4.4 Actions

Axial actions on piles are developed from a wide variety of operating, structural and environmental
sources. Permanent and variable actions are generally long duration actions and are often referred to as
static actions. Environmental actions are developed by winds, waves and currents, earthquakes and ice
floes. These actions can have both low and high frequency cyclic components in which the rates of change
of actions and action durations are measured in seconds. Storm and ice can cause several thousand cycles
of (relatively speaking) low frequency actions, while earthquakes can induce several tens of cycles of high
frequency actions 01,
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A.8.3.2.3 C(Cyclic effects

Cyclic effects should be considered when there are unusual limitations on pile penetrations or when
certain soils, conditions related to actions or novel structures (e.g. compliant towers) are involved.

Compared with long-term static actions, cyclic actions can have the following important influence on pile
axial capacity and stiffness:

— decrease capacity and stiffness due to repeated actions [58;

— ipcrease capacity and stiffness due to high rates of change of actions [591.

The|resultant effect on capacity is primarily influenced by the pile properties (stiffness, length, diameter,
material), the soil characteristics (type, stress history, strain rate and cyclic degradation) and thelaction
characteristics (numbers and magnitudes of repeated actions). Cyclic actions can also cause accumulation
of pile displacements and either stiffening and strengthening or softening and weakening/of the soils
aroyind the pile. Hysteretic and radiation damping dissipate the energy provided 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 influen€e pile capacity and
stiffness.

Additional guidance on the effect of cyclic actions on pile axial capacity and\stiffness can be found in
Ref¢rence [187].

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.

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
pileland the far field soil (usually assumed rigid).The material behaviour of these elements can vary from
lineprly elastic to nonlinear, hysteretic and rate dependent. The soil elements are commonly referred to
as -z (friction resistance-displacement) and Q-z (tip resistance-displacement) elements (see
Ref¢rences [239], [275], [41] and [198]).Linear or nonlinear dashpots (velocity dependent resistances)
canbe placed in parallel and in series with the discrete elements to model radiation damping and rate of
change of loading effects [#1]. The pile can also be modelled as a series of discrete elements (e.g. rigid
magses interconnected by springs), or modelled as a continuous rod, either linear or nonlinear. In these
models, material properties (soil and pile) can vary along the pile.

A.8)3.2.4.2 Continuuniimodels

The| soil around the pile is idealized as a continuum attached continuously to the pile. The material
behpviour can in€orporate virtually any reasonable stress-strain rules the analyst can devise. Depending
on :]he degree of nonlinearity and heterogeneity, this model can be quite complicated. Again, the pile is
typically modelled as a continuous rod, either linear or nonlinear. In these models, material properties
can|vary.in any direction [261] [302],

ThereTs—awide Tange of assumptions tat tamr be used Tegarding boundary comnditions, sotutiomn
characteristics, etc., which lead to an unlimited number of variations for either of the two approaches.

Once the idealized model is established and the relevant formulae are developed, a solution technique
should be selected. For simple models, a closed-form analytical approach is sometimes possible.
Otherwise, a numerical procedure should be used. In some cases, a combination of numerical and
analytical approaches is helpful. The most frequently used numerical solution techniques are the finite
difference method and the finite element method. Either approach can be applied to both the discrete
element and continuum element models. Discrete element and continuum element models are
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occasionally combined [401. 12751, Classical finite element models have been used for specialized analyses of
piles subjected to monotonic axial actions [261.

For practical reasons, discrete element models, solved numerically, have seen the most use in evaluation
of piles subjected to high intensity cyclic action. Results from these models are used to develop
information on pile accumulated displacements and on pile capacity following high intensity cyclic
actions [275], [198],

proven to be useful for evaluations of piles subjected to low intensity, high frequency cyclic actionsgt or
below design working levels [261].302], At higher intensity actions, where material behaviour isdikely tp be
nonlinear, the continuum model solved analytically can still be used by employing equivalént linear
properties that approximate the nonlinear, hysteretic effects [229],

A.8.3.2.5 Soil characterization

A key part of developing realistic analytical models to evaluate cyclic-effects on piles is|the
characterization of soil-pile interaction behaviour. High quality in situ, laboratory and model-prototype
pile loading tests are essential in such characterizations. In developing (seilj characterizations releyant
for soil-pile interaction, it is important that pile installation and relevant conditions of the actions pn a
pile be integrated into the testing programmes [40]. [198],

In situ tests (e.g. vane shear, cone penetrometer, ball or T-bar penietrometer, pressure meter) can proyide
important insights into in-place soil behaviour and stress-strain properties [2281 [242], Both low and high
amplitude stress-strain properties can be developed. Long-term (static, creep), short-term (dynapmic,
impulsive) and cyclic (repeated) actions sometimes can/besimulated with in situ testing equipment.

Laboratory tests on representative soil samples permit a wide variety of stress-strain conditions tp be
simulated and evaluated [64. Soil samples can‘he’ modified to simulate pile installation effects [e.g.
remoulding and reconsolidating to estimated ji<itu stresses). The samples can be subjected to different
boundary conditions (triaxial, simple-shear,interface shear) and to different levels of sustained and cyclic
shear time histories to simulate in-place gonditions 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 cah be
performed in soils and for a variety of actions [198]. [491. Geometrical scale, time scale and other modelling
effects should be addressed in.applying results from model tests to analyses of prototype behaviour,

Data from loading tests«onprototype piles are useful for calibrating analytical models [271], [241], [144], |269],
Such tests, even if not highly instrumented, can provide data to guide development of analytical models.
These tests can also provide data for verifying results of soil characterizations and analytical model, as
shown in References [40], [198], [41], [272] and [42]. Prototype pile loading tests coupled with in|situ
and laboratorysoil testing and realistic analytical models can provide an essential framework for making
realistic evaluations of the responses of piles to cyclic axial actions.

A.8.3.2)6 Analysis procedure

A.8.3.2.6.1 Actions

Theactioms o thre pitehreadshoutd-becharacterizedimterms of their magmnitudes, duratiorns, sequence
and numbers of cycles. This includes both long-term actions and short-term cyclic actions. Typically, the
design static and cyclic actions expected during a design event are chosen.

A.8.3.2.6.2 Pile properties

The properties of the pile including its diameter, wall thickness, stiffness, weight and length should be
defined. This will require an initial estimate of the pile penetration that is appropriate for the design
actions. Empirical, pseudo-static methods based on pile loading tests or soil tests can be used to make
such estimates.
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3.2.6.3 Soil properties

Different analytical approaches will require different soil parameters. For the continuum model, the

elas

tic and damping properties of the soil are required. In the discrete element model, soil resistance-

displacement relationships along the pile shaft (t-z) and at its tip (Q-z) should be determined. In situ and
laboratory soil tests and model and prototype pile loading tests can provide a basis for such
determinations. These tests should at least implicitly include the effects of pile installation, types of

acti

ons and time scales. In addition, the test should be performed so as to provide insight regarding the

effe
sho
moq

A8

cts of the characteristics of the actions on the pile. Most importantly, the soil behaviour characteristics
1ld be appropriate for the analytical model(s) used, duly recognizing the empirical bases of these
lels.

3.2.6.4 Cyclic analyses

Anallyses should be performed to determine the response (resistance and displacement) eliaracteristics
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he pile subjected to its design static and cyclic actions. Recognizing the inherent uncertainties in
uations of pile actions and soil-pile behaviour, parametric analyses should be performed to evaluate
sensitivity of the pile response to these uncertainties. The analytical results sHould develop realistic
lictions of pile resistance and accumulated displacements for design actions. In addition, following
simulation of static and cyclic design actions, the pile should be further analysed so as to estimate its
rve capacity.

3.2.7 Performance requirements

Fimary objective of pile performance analyses is to ensurésthat the pile and its penetration are
quate to meet the structure's requirements.

pile performance for explicit cyclic analyses should be evaluated separately. The pile should have a
hcity that provides an adequate margin of reserve abgve the design actions. In addition, the pile should
settle or pull-out, nor accumulate displacements to the extent that can constitute failure of the
cture-foundation system.

4 Soil reaction for piles under axial compression

4.1 Axial shear transfer t-z curves

oretical curves can be constructedin accordance with Reference [203]. Empirical t-z curves based on
results of model- and full-scale pile loading tests can follow the procedures for clay soils described in
erence [100].

representative pile(capacity model in 8.1.2 does not provide any information about axial pile
lacements, which.are important for serviceability limit states, especially in non-extreme conditions
ictions due to permanent, variable and operating environmental actions that are generally well below
design actions.In cases where the representative axial capacity of 8.1.2 is adopted, the axial shear
sfer characteristics between pile and soil can be derived as described in 8.4, and analytical models
be employed to investigate axial pile displacements under service limit state conditions. However,

wit

g the\axial shear transfer data derived using methods as presented in 8.4 (in particular, equating tmax
ftz) in clay soils) will not produce the representative axial capacity under ultimate loading

concritrotrs:

Ins

ome circumstances (e.g. for soils that exhibit strain-softening behaviour or where long piles can be

axially flexible), the axial capacity of the pile should be derived explicitly accounting for the post-peak
degradation of the unit skin friction at large strain.

A.8.4.2 End bearing resistance-displacement Q-z curves

No additional guidance is offered.

A.8

.5 Soil reaction for piles under lateral actions
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A.8.5.1 General

Lateral soil resistance-displacement p-y curves should be constructed using stress-strain data from
laboratory soil samples. The ordinate for these curves is soil resistance, p, and the abscissa is the pile wall
displacement, y. By iterative procedures, a compatible set of lateral resistance-displacement values for

the pile-soil system can be developed.

More detailed study of the construction of p—y curves can be found in the following sources:

— Reference [238] for monotonic curves in clays;

— References [298] and [383] for cyclic curves in clays;

— Reference [45] for fatigue curves for clays and sands;
— Reference [268] for monotonic and cyclic curves in sand

— Reference [149] for layered soils.

A.8.5.2 Lateral soil reaction for clay

Reference [238] describes the numerical analyses and the extensive database of 537 DSS tests that
used to develop the p-y curve framework. It also details the hindeast of eleven pile load tests w
demonstrated the wide range of applicability of the method.

A.8.5.2.1 p-y curves for monotonic actions

A.8.5.2.1.1 Ultimate soil resistance for isotropic conditions

The recommended values of p, will generally be higher than those of API RP 2GEO 1st edition as sh
in Figure A.11. Extensive comparisons between various recommendations can be found
Reference [238].
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Figure A.11 — Comparison of total lateral bearing capacity factor N, according to API RP 2GEO

1st edition and 24 edition for example 1 (left) and example 2 (right)
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A.8.5.2.1.2 Anisotropy correction of ultimate soil resistance for gapping conditions
Two types of anisotropy are considered in the p-y curve:
1) Difference in strength between the triaxial extension and DSS failure modes:

— Detailed discussion on anisotropic clay properties can be found in References [238] and [219] for
GoM clays, and Reference [19] for Drammen clay.

-~ ATISOropy COMSIHerations are usudaily ot warramnted for very Soft clays close to the seaftoor
because:

e alaterally loaded pile in such clays will typically behave in a non-gapping condition;

e the DSS shear strength is typically a reasonable estimate of the average of the triaxial
compression shear strength and the triaxial extension shear strength (as is the case-for GoM
clays).

—+ In the flow-around mechanism (i.e. when N, = Npq), the value of p, is solelycbased on the DSS
strength and needs no correction for anisotropy between the triaxial and DSS failure modes.

2) Difference in DSS strength on a vertical plane and a horizontal plane in the flow-around mechanism:

— In principle, the DSS tests should be performed on vertically trimmed samples to measure the
strength on the in- situ vertical plane and better simulate the flow around conditions. However,
industry practice is to perform DSS tests on horizontally trimmed samples and measure the
strength on the in situ horizontal plane.

—+— Data suggest that the ratio of the strength on the in situthorizontal plane over the strength on the
in situ vertical plane is close to unity for clays with I, greater than 30 % and therefore no correction
is needed when measuring s, on a horizontally trimmed sample. The influence of this inherent
anisotropy should be evaluated for I, < 30 %. Mare guidance can be found in Reference [238].

Forfhighly non-linear profiles (e.g. profiles with a crust near the seafloor or a large step-increase in shear
strength), guidance on how to calculate the bearing capacity factor N, can be found in References [163]
and|[162].

A.8{5.2.1.3 P-y curve relationships

Guidance on how to scale laboratory DSS stress-strain curves to obtain p-y curves can be found in
Ref¢rence [238]. Normalized p-y'curves, (p/pu) vs (y/D), are obtained from normalized DSS curves, (t/s.)
Vs y

The| default normalized curves of Table 2 for I, greater than 30 % were obtained by substituting the
follpwing values in Equation 1 of Figure A.12 to obtain a set of three normalized DSS curves:

— HFor OCR < 2: vi=0,15; a=2,38;
— Hor OCR =4 ve=0,15; a=1,5;
— Hor OCR=10: ve=0,15; a=1,0;

Each of these normalized DSS curves was then scaled twice as per method 2 of Figure A.12 and as per the
daocee had DRaofoarancn [209] +~ 4o 43 voae Each Af +bhn dafor e 0 A o Lizad

f ll nnnnn dirra oc
u PTOCCOUTCas Ut sSCTrToCt Hrererenece POz tU OBt —tWo lJ _}/ cHrves—racnortthne-acratrt hiotrmantzea

curves of Table 2 is a best fit through these two obtained p-y curves.

The default normalized curves of Table 2 for I, less than 30 % were obtained, based on experience with
Drammen clay, by multiplying the (y/D) abscissa on the normalized curves for I, greater than 30 % for
the same OCR as follows:

— For OCR < 2: (y/D) abscissa multiplied by 0,33;
— For OCR =4: (y/D) abscissa multiplied by 0,5;
— For OCR = 10: (y/D) abscissa multiplied by 0,66;
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O
11

K

Key
Normalized DSS curve, up to peak shear stress 10 Normalized pile displacement, y/D
Scaling 11 Normalized soil resistance, p/pu
Normalized p-y curve 12 (y/D,p/pu)
Shear strain, y 13 (y/D)s
Normalized shear stress, T/su
(v,t/s4)
Failure
Vf
Method 1:
p/pu="1/su
y/D=(1,35+0,25a) v
Method 2:

1- Determine strain‘atfailure, v r

O© 00 N O Ul b W N -

“_n

2- Curve fit normalized DSS curve with Eq. 1 below and obtain parameter “a”, which typically ranges from 1,0 to

3,5.
0,5
) |
Yr
N ——— Equation 1
Su tanh(a)
3:'\Obtain normalized p-y curve as
05
: y/_D) '
tanh {A (y /D;
Pu tanh(4)

tanh

T

WithA=1,33+0,45a and (y/D)t= y¢(2,5-1,21n(a))

Figure A.12 — Methods to obtain p-y curves from DSS curves

A.8.5.2.2 P-y curves for cyclic actions

The full method to develop cyclic p-y curves for GoM and North Sea conditions can be found in References
[384] and [383]. Validation of the method and comparison with cyclic pile load test results can be found
in Reference [383].
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The p-y curve method includes an iterative process and requires knowledge of the design action and the
detailed pile characteristics. The method in the main text is a simplified approach and is intended to
moderately overestimate cyclic effects.

Contrary to previous recommendations in API RP 2GEO 1st edition, the cyclic curves are stiffer and have
higher ultimate resistance than the monotonic curves. This arises in part because the previous
recommendations were developed from a single series of tests performed with 200 cycles to 400 cycles
at each lateral loading increment and were intended to provide a lower bound of soil resistance.

In cpntrast, the new recommendations provide best-estimate soil resistance for loadings acting on jacket
structures. The number of equivalent cycles varies with depth and with lateral displacement, but is less
thanm 25 for such structures. For these low number of cycles, the soil cyclic strength is greater than the
refdrence monotonic strength, and the p-modifier is greater than 1,0.

The| normalized cyclic curves vary along the depth of the pile. An example calculation as pér'8.5.2.2 is
presented in Figure A.13 for an illustrative clay soil profile with I, > 30 %, OCR < 2, and\for GoM cyclic
loading conditions.

Suo Sut D o SuTE | Gap Estimatedpile rotation

Y
(kPa) | (kPa/m) | (m) (kN/m3) (-) | Supss depth (m)
2 1,2 2,134 7 1 0,9 No 32

_____ | — =N
A | N A

—] — -2 —e-3 —+-4
~+-5 -4-6-%-7 -=-8

0,00 0,10 0,20 0,30 0,40 0,50 0,60
X

Key

X Normalized lateral displacement, (y/D) Cyclic curve ; Z/Zrot = 0,4

Cyclic curve ; Z/Zrot = 0,6
Cyclic curve ; Z/Zwot = 0,8
Cyclic curve ; Z/Zrot = 1,0
Cyclic curve ; Z/Zrot = 1,1

Y' Normalized soil resistance, (p/pu)

1 Monotonic curve - I, > 30 %; OCR < 2
2 Cyclic curve ; Z/Zrot = 0

3 Cyclic curve ; Z/Ziot = 0,2

O N O Ul

Figure A.13 — Cyclic normalized curves for illustrative clay soil profile with I, > 30 %, OCR < 2,
and for GoM cyclic loading conditions
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A.8.5.2.3 P-y curves for fatigue actions

Development and validation of the p-y curves for fatigue actions can be found in Reference [378] where
hindcast of conductor/wellhead/BOP/LMRP motions are compared with those predicted using the
recommended p-y curves.

A.8.5.2.4 P-y curves for earthquake actions

accurately predicted witl:

CICIC C LT C C U U C UZC C VvV UVVCU

structural natural period and bending moment profile along the piles were

— the p-y curves derived as per Reference [189];

NOTE The recommendations of 8.5.2.1 are an update from Reference [189] and give similar resulty for
OCR < 2, I > 30 %, non-gapping clays with a skin friction factor, a, equal to 1,0.

— hysteretic unload-reload behaviour;
— lateral and axial radiation damping;

— depth-varying ground motion input.

A.8.5.2.5 Comparison with previous recommendations

The monotonic, cyclic and fatigue curves in Clause A.8.5.2 are ggmpared with the monotonic and cyclic
curves recommended by API RP 2GEO 1st edition in Figure A.14 for an illustrative soil profile and oM
conditions. The input parameters for the comparison are given in Table A.4.

Table A.4 — Input parameters.for comparison of p-y curves

Suo Sut D Y o | SuTE | “Gap Estimated & for APIRP 2GEO 11
(kPa) | (kPa/m) (m) (kN/m3) | () | Supss rotation depth edition method for saft
(m) clays
2 1,2 2,134 7 1 0,9 No 32 0,02

«_n

The vertical axis on Figure is labelled”p/suD” and is unitless with the definition of “p

as a force per

unit

length. The unit of “p” is now consistent with the units for the p-y curves in sands. In the 1st editign of
API RP 2GEOQ, “p” had a unit of pressure and “P” had a unit of force per unit length. Therefore, the vajues
calculated with the 1st edition of API RP 2GEO as shown in Figure A.14 are actually “P/s.D” when ufing

the definitions in that document.
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Figure A.14 b)
Normalized lateral displacement (y/D) 3 curve - API RP 2GEO 2nd Ed., 8.5.2.3
Normalized soil resistance (p/pu) 4 Monotonic curve - API RP 2GEO 1st Ed.
Monotonic curve - API RP 2GEO 2nd Ed,, 8.5.2.1 - I, > 5 Cyclic curve - API RP 2GEO 1stEd.

30 %; OCR< 2

Cyclic curve - API RP 2GEO 2nd Ed,, 8.5.2.2 - GoM
condition

Figure A.14 — Comparison of p-y curve recommendations between RP 2GEO 1st and 2nd Editions
at a depth z = 30 m for illustrative clay soil profile for GoM conditions: a) full scale and b) low
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y/D displacements
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A.8.5.3 Lateral capacity for sand

Scour (i.e. seabed sediment erosion due to wave and current action) can reduce lateral soil support
around offshore piles, leading to an increase in pile maximum bending stress. Scour is generally not a
concern for clay soils, but should be considered for sands.

In the absence 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

— A5
Reduction in lateral soil support is due to two effects:
— alower ultimate lateral pressure caused by decreased vertical effective stress, ¢'vo(2);
— a decreased initial modulus of subgrade reaction, Es.
There is no generally accepted method to allow for scour in the p-y curves for offshore piles. Figurd A.1
suggests one of the methods for evaluating ¢'vo(z) and Es as a function of scour. depths. In this method,
general scour reduces the ¢'yo(z) profile uniformly with depth, whereas local scour reduces o¢'{,(2)
linearly with depth to a certain depth below the base of the scour pit. Subgrade modulus reaction values,
Es, can be computed assuming the general scour condition only.
Other methods, based upon local practice, model testing [189] and /6r experience, can be used instedd.
ot E

\TZ-Z-Z—Z—Z—Z—Z—Z—Z—Z—Z—Z—Z—Z—Z—Z ] ~> B

2 AZgs
z
6 z
L—
\
\ 1
\
\
AY

Key
1% original seafloor level Azgs  global scour depth
2 1UVC1 deUl SC1ITT dl SLUUI LA\LLb luuﬁ SLUUIL L‘lClJl,ll (1,5 D Lypihdl)
3 level of local scour Azo overburden reduction depth (6 D typical)
4 pile 0'vo vertical effective stress
5  no scour case Es initial modulus of subgrade reaction
6  local scour case vA depth below original seafloor
7  Es=kZ (see Table 3 for k) z’ final depth below seafloor, after general scour

Figure A.1 — p-y lateral support — scour model
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A.8.5.4 Lateral soil resistance-displacement p-y curves for sand

No additional guidance is offered.

A.8.5.5 P-y curves for fatigue actions

No additional guidance is offered.

A.8

For
the
defi
ava

Refg¢rences [72] and [70] describe the ‘PISA’ 1D modelling procedure which recognizes that further soil
readtions develop in addition to the lateral soil reactions considered in p-y calculations, As/illustrated in
Figyre A.16, four separate soil reaction components are considered at the soilspile interface: (i)
distributed lateral actions, (ii) vertical shear tractions combining to form a montent, (iii) a horizontal

forg

Eac
(i.e.
cury
repl
late
repl
Add
alte

Do

E 6 Refined-analvsist ] " ] Hoadi

intermediate foundations where the pile or caisson L/D ratio is low (i.e. less than about 10), or wheh
design is highly sensitive to lateral actions, more advanced analysis methods which involve(the
hition of case-specific soil reaction curves defined through, for example, finite element analyses are
lable.

e at the pile base, and (iv) a moment at the pile base.

n of the soil reaction components is related in the model to the local lateral displacement or rotation
adopting a ‘Winkler’ approach) by a calibrated parametric function neferred to as a ‘soil reaction
be’. In the computational implementation (the 1D model illustrated’in Figure A.17 (b)), the pile is
‘esented as an embedded beam, which is best represented by Timoshenko beam theory. A distributed
ral action p and a distributed moment m are assumed to act aleng its length. The distributed moment
resents the moments associated with the vertical shear tractions induced at the soil-pile interface.
itionally, a horizontal force Hp and a moment Mz act.on the pile base. Figure A.17 sets out two
rnative processes that can be followed to define the sets of soil reaction curves:

2ule-based method: This approach employs pre-défined curves that are either in the wider literature
r can be derived through analytical methods«\Examples of such curves include existing published
prmulations for the p-y method (see Referehice [238]) or new bespoke sets of all four soil reaction
urves for glacial clay till (see Reference-{71]) and marine dense sand (see Reference [67]) that are
nked to soil parameters acquired through appropriate soil investigations. Application to layered soil
rofiles is addressed in References {70] and [66].

lumerical-based method: This approach adopts finite element calculations to generate and calibrate
ite-specific or regional soil €ype reaction curves that can be used in the 1D model calculations. This
equires the following steps:

) A characterization” of the site ground model and the properties of the soils present that is
sufficiently thoroligh to inform accurate non-linear modelling of their non-linear stiffness and
failure behawviour. This will usually require detailed knowledge of undrained strength in clays,
relative density and CPT cone resistance in sands and reliable information on soil stiffness (see
Reference {380]).

) Specification of the soil investigation and laboratory testing program to provide the data required
for step 1).

2 A e 12 Pl £ 21 1 PPN A | 1 c +1 £y 1 - 11 ]
o) ApPpPIroplidic CdllDIdUUIT O UIC SUIT COIISULULVE TITOUTT UScU 101 UIC IE CICIICIIU T4dIIDT dl1OI1

analysis, based on the information obtained in step 2) (see, for example, References [372] and
[331]).

4) A specification of the design parameter space for the finite element analyses, within which the soil

reaction curves will be calibrated (e.g. pile geometry, loading conditions), and over which the
calibrated 1D model is valid.

5) A choice of the functional form of the non-linear curves used as the basis function for the soil

reaction curves, calibrated via data abstracted from the finite element analyses.
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6) A procedure for abstracting the soil reaction curve data from the finite element analyses, and
providing an optimization of fit of the soil reaction curve basis function against the abstracted data
from the finite element analyses.

7) Development of a scaling procedure that allows the soil properties from step 1) to be input to steps
5) and 6) so that the derived soil reaction curves can be more widely applied in the simplified 1D
design model across the proposed design space.

'l. d dy DC dU0pLcd 10 ": WIICIC ite T A :.. l---' 'll d Cd Y -:'I the
design process. Option b) may be incorporated as part of the detailed design procedure. Implementation
of option b) at different sites will increase, over time, the spread of cases for which calibrated spil.veadtion
curves are available to apply option a). Further details of the method can be found in References [[72],

[70], [71], [67] and [66].
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(a) (b)
Key
1 «<-Hofizontal force and moment applied at the pile base 6  Distributed lateral load p(z,v)
2\ Vertical shear force tractions at soil-pile interface 7  Distributed moment m(z,@[)
3 Distributed lateral load 8 Timoshenko beam elements
4 Ground level 9  Base horizontal force Hp(V5s)
5 Tower 10 Base moment Mp(@al)

NOTE The reactions are depicted in Figure (a) as acting in the expected direction. In Figure (b) the reactions are
shown in directions that are consistent with the coordinate directions shown.

Figure A.16 — (a) Idealization of the soil reaction components acting on a monopile (b) 1D finite
element implementation of the model
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Figure A.17 — Application modes for the design method

A.8|6 Pile group behaviour

A.816.1 General
Routine numerical analysis of pile groupscan 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 [277] The group resistance is
det¢rmined by modifying the single pile expressions to account for elastic pile-soil-pile interaction.

The| second 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
behpviour, first described in Reference [139] for lateral analysis. Since then, numerous programs have
been developed werldwide for general types of action. Typically, the nonlinear single pile resistances to
gengral 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 various pile head fixity
conditions.and/or pile cap restraint to determine the nonlinear group resistance and individual pile
fordes and' moments, plus the so-called 'z- and y-modifiers'.

References [277] and [263] provide more detailed discussions.

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 [277]. [263],

A.8.6.3 Lateral behaviour

Experience confirms that the available tools for analysis of pile groups subjected to lateral actions provide
approximate answers that sometimes deviate significantly from observed behaviour, particularly with
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regard to displacement calculations. Also, limitations in soil investigation procedures and in the ability to
predict soil-pile interaction behaviour for a single pile produce uncertainty regarding proper soil input
to group analyses. Therefore, multiple analyses should be performed for pile groups using two or more
methods of analysis and upper-bound and lower-bound values of soil properties in the analyses. By
performing such analyses, the designer will obtain an appreciation for the uncertainty involved in his
predictions of foundation performance and can make more informed decisions regarding the structural
design of the foundation and structure elements.

A.8.7 Pile installation assessment

A.8.7.1 General

Drivability studies are carried out in accordance with the principles given in 8.7.2 and A.8.7.2 in ordgr to
define the type of hammer necessary to reach the target design pile penetration. Thedesign penetration
of driven piles should not be determined upon any correlation of pile capacity with the number of blows
required to drive the pile a certain distance into the seabed.

Vibratory hammers can be considered for installing well conductors, or piles’which are predominantly
subjected to horizontal actions, such as reaction piles for start-up of pipelines or anchor piles. They|can
also be used where extraction and repositioning can be required. Vibratory hammers can furthef be
considered as complementary tools to impact hammers, i.e. for injitiabdriving [194],

In order to minimize delays in installation, a pile acceptance’procedure should be established. [The
procedure should outline the measures to be taken on lecation for adjusting planned pile driying
scenarios, in case of, for example, premature pile driving fefusal or a significantly lower blow count than
anticipated at design target pile penetration.

A.8.7.2 Drivability studies

Drivability studies are required to cover a wid€ range of soil types and driving conditions and should take
into account local experience. The principles of drivability are presented in References [319] and [341],
with friction fatigue effect discussed in Réference [168] and damping parameters presented in Refer¢nce
[303]. Soil resistance to drive for a variety of different soil types and driving conditions are defined in
References [328] and [6]. For Gulf-of Mexico clays, guidance is given in Reference [379] and njore
specifically in Reference [121] fortension leg platform piles and in Reference [126] for deep water cdses.
For North Sea cases, guidance_is given in Reference [284] and in References [6] and [130] for hard clays.
For West Africa soils, guidance is given in Reference [97] and in Reference [279] for soft carbonate rdcks.

A.8.7.3 Obtainingrequired pile penetration

No additional guidance is offered.

A.8.7.4 Driyen pile refusal
The following are two examples of driven refusal criteria.

a) _fmsoft soils, 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 1,5m (5 ff) 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, the
above blow counts are increased proportionally, but in no case should they exceed 800 blows for
150 mm (6 in) of penetration.

b) 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 consecutive
intervals of 250 mm, or a minimum of 200 blows/250 mm over 2 consecutive intervals of 250 mm;

— in the last interval of 250 mm at the end of driving, 325 blows/250 mm (400 blows/ft);
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— at restart of driving after a stoppage for 1 h or longer, 325 blows/250 mm over 2 consecutive
intervals of 250 mm.

In soils where hard driving conditions are anticipated, such as in the presence of boulders or of strong
cemented layers, the definition of pile refusal criteria cannot be based solely on a blow count value, and
the potentially high local driving stresses induced in the pile should also be taken into account. The stress
level in the pile steel can be calculated from wave formula analyses, and can be estimated from the stress
measurements from pile instrumentation. An example of refusal criteria for pile driving in strongly

cemented carbonate soils is given in References [327] and [363].

The|potential consequences of hard driving conditions in strong cemented layers (i.e. damage of the pile)
hammer or structure) are highly dependent on the hammer type and size, on the pile wall thickness
(D/WT ratio, presence of a driving shoe), and on possible defects and irregularities in the pile shape, as
well as on the soil conditions (in particular, strength and thickness of the rock layer, and soiltype below
the [rock formation). Moreover, the reflected stress level (ratio of the maximum reflected:stress to the
initjal peak stress), as measured from pile instrumentation at the pile head, only gives an eéStimate of the
average stress in the pile wall; more severe stresses can be experienced locally atythe pile tip during
driving. Therefore, the definition of driven pile refusal criteria in cemented soils-shiould preferably be
based on local piling experience at the site. Correlation charts, similar to the one proposed in Reference
[279], can be developed as an aid in deciding whether pile driving through a cemented layer can be
attempted, or if drilling of the rock below the pile tip is necessary.

A.8{7.5 Driven pile refusal measures

No additional guidance is offered.

A.817.6 Selection of pile hammer and stresses during driving

The|designer should be aware that pile buckling and pile refusal incidents in very dense sands have been
assgciated with the use of external chamfers at the pile tip. Although factors other than the shape of the
pile|tip contribute to buckling, the use of an external chamfer can increase the potential for buckling
and)/or refusal.

A.8{7.7 Use of hydraulic hammers

No additional guidance is offered.

A.8]7.8 Drilled and grouted piles

No additional guidance is offered.

A.8{7.9 Belled piles

In general, drillinglof bells for belled piles should employ only reverse circulation methods. Drilling mud
shopild be used where necessary to prevent caving and sloughing. The expander or under-reaming tool
used shouldhave a positive indicating device to verify that the tool has opened to the full width required.
The|shapeof'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.

To aid-ineenerete-placementlongitudinal-bars-and-spiral-steel-reinforeements—should-be-well-spaced:
Reinforcing steel can be bundled or grouped to provide larger openings for the flow of concrete. Undue
congestion at the throat between the pile and the bell should be prevented, 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 possibility of a vacuum forming with subsequent clogging, an air vent should be provided
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in the pipe near the top of the pile. To start placement of concrete, the pipe should have a steel plate
closure with soft rubber gaskets in order to exclude water from the pipe. Unbalanced fluid heads and a

sudden discharge of concrete should be prevented. The pile should be filled to a height above the de

sign

concrete level equal to 5 % of the total volume of concrete, placed so as to displace all laitance above the

design level. Suitable means should be provided to indicate the level of the concrete in the pile. Conc
placement in the bell and adjoining section of the pile should be as continuous as possible.

AO F1 40 o

rete

The equipment should have sufficient capacity to achieve the grout filling in a single continy
operation. Grouting should not commence unless there are sufficient materials available, .includil
contingency, to complete the task. Grout slurry stored in a holding tank should be contintieusly sti
and should not be held for more than 30 min prior to pumping. In case of rapid hardening mixes
storage duration in a holding tank should be reduced to less than 30 min. Further/details concer!
quality control as well as requirements for conducting grout trials that addreSses cement grout
connections and repairs can be found in ISO 19902.

Prior to grouting and after activating any sealing devices, dyed water sHould be flushed through
complete grouting system to both remove any deleterious matter and to prove its functionalit]
pressure test can be appropriate for closed systems. The annulus~should then be carefully filleg
maintaining a continuous grout flow through the lowest practical point.
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Grout returns to allow surface sampling are preferable. If these.are provided, grout samples for strength

conformance testing can be taken from the returns imyaddition to the slurry specific gra
measurements. If surface returns are not provided, visualinspection to confirm that grout has comple
filled the annulus should be performed immediately after cessation of grout pumping and again 4§
initial grout set, typically 12 hours.

A.8.7.11 Pile installation data

No additional guidance is offered.

A.8.7.12 Installation of conductors-and shallow well drilling

Additional guidance about the installation of conductors by driving is provided in A.10.5.6.

A.9 Reassessment of pile capacity for existing structures

A.9.1 General

In accordance with/ISO 19901-9:2019, Clause 9 is limited to the capacity reassessment for driven [
and conductorsimaking the foundation system of fixed steel offshore structures.

A.9.2 Geotechnical and foundation data

No additional guidance is offered.

A.9.3 Evaluation

vity
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fter

iles

NoO additional gUIGaI’ICE 1S oltered.
A.9.4 Assessment

A.9.4.1 General

No additional guidance is offered.
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A.9.4.2 Pushover response of pile foundation systems

The following guidance is offered for how the pile foundation and conductor system should be treated in
pushover analyses:

— Effects of cyclic actions: The cyclic stress-strain behaviour of the soil can be assessed from a series of
laboratory tests or centrifuge tests, which can then be used in an analysis together with the cyclic load
history to evaluate the performance of the whole foundation system. Cyclic pile loading tests can also

e USed a5 Teference to understand the HRely TeSponse during a4 pUSHover anatysis. Additomnat
guidance about the cyclic behaviour of piles is provided in A.8.3.2;

— (onductors: Care should be exercised in how the platform and conductor guide framing -that
donstrains and engages the conductors is modelled so that the lateral displacements of the conductors
at the seafloor are consistent with the behaviour of the overall structure under a given loading
dondition, and that the conductor guide framing will fail at the appropriate loading levels:

Other risk implications than for a pile foundation should be considered, if the conductors fail before the
platform system. These are not considered in this document; specific advice from well.specialists should
be gought in these cases.

Caution should be exercised if increasing the shear strength of the soil to accoutitfor unexpected survivals
of pile foundation systems in extreme loading events. The limited availablefinformation to date suggests
that the performance of platform foundation systems in hurricanes is consistent with predictions based
on (lesign capacities [150. When increasing the strength of the soilin an attempt to explain a pile
foundation system survival in an extreme loading event, the following factors should be considered:

a) If the axial capacity of the pile is mostly due to sands acting in skin friction or end bearing, then
increasing the undrained shear strength of clay layers aloné (a common practice due to its simplicity)
will have very little impact on the axial capacity.

b) If sands are present, use of CPT-based methods of prédicting skin friction and end bearing will provide
more reliable estimates of pile capacity (see 8.1.4):

c) If the pile system is failing in shear, the capacity of the system is much more sensitive to the bending
homent capacity of the piles and condugcters than to the shear strength of the soil. A relatively small
increase in bending moment capacity, such as with an average versus a nominal steel yield stress, can
have a greater effect on the capacity of the pile system.

d) The shear strength of the soil*is being used as a convenient surrogate for lateral and axial soil
resistance, since the soil shear strength can be changed easily as input to a pushover analysis.
However, the relationship'between lateral or axial soil resistance and shear strength is not directly
proportional. Increasing the undrained shear strength of clay layers causes them to be treated as more
heavily over-consolidated in the design recipe for axial side shear. In this case, the greater the
Undrained shear strength, the less sensitive the axial capacity will be to an increase in the undrained
ghear strength

When a CPT;based method is used for predicting the pile capacity in a pushover analysis, consistent axial
response ef‘the pile foundation system as represented by shear and end bearing transfer t-z and Q-z

— the=Shape of the t-z and Q-z curves can be defined in accordance with 841 and 8 4 but with the
maximum soil-pile unit skin friction, tmax, at any depth along the pile length, and the representative
end bearing resistance, Qp, determined with the CPT-based method;

— an appropriately brittle ¢t-z curve should be adopted.
A.9.5 Time-dependent effects on pile foundations
Ageing over a period of about one year leads to significant gains in the shaft friction of driven piles in

sands in first-time loading. Smaller gains have been observed for driven piles that are re-tested and, by
inference, working piles that experience high levels of cycling. Until such time as the mechanisms of
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ageing are better understood, and if field measurements confirming ageing effects on piles or conductors
in similar conditions do not exist, adopting the lower bound ageing characteristics presented in Reference
[147] can be considered.

Sensitivity analyses should be performed where increases in pile shaft capacity due to ageing can result
in structural issues.

flowline
A.10.1 General

No additional guidance is offered.

A.10.2 Geotechnical investigation

No additional guidance is offered.

A.10.3 Foundations for manifolds and subsea production structures

No additional guidance is offered.
A.10.4 Steel catenary risers

A.10.4.1 General - seabed response in vertical plane

Riser interaction with the seabed involves complex mon<linear processes including plastic penetrTion
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 uking
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 spfing
stiffness should consider the amplitudecof vertical displacement and other effects such as the cyclic
motion of the riser. While the soil respense will also be affected by out-of-plane motion of the riser) the
discussion in this subclause is restricted to vertical stiffness of the seabed.

The conceptual description of-thé seabed resistance as shown in Figure A.18 for a robust action dycle
involving soil-riser separation/is complex. Following initial riser penetration into the seabed, unloagling
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.18. With continued uplift,
the net resistance force goes into tension (‘pipe-soil suction’ in Figure A.18) until maximum uplift
resistance of the Soil is reached and the pipe begins to detach from the soil. Uplift resistance decrepses

until the pipe-completely detaches from the soil. Upon re-penetration, the pipe comes back into corjtact

, 3 ovidedin this subclause ormotions in the vertical plane has bee arg develdped
based on model test for typical deep-water clay deposits with an overlying crust about 1 m in thickness
overlying normally consolidated clays. The results and conclusions derived from these tests should not
be considered appropriate for other soil conditions.

NOTE The uplift resistance is referred to here as ‘suction’ although, strictly speaking, under submerged conditions
pore pressures normally remain positive. For consistency with much of the published literature, the term ‘suction’
is retained, understanding that it refers to a net upward force acting on the seabed, accompanied by a decrease in
pore pressure relative to ambient conditions.
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C
Key
1 [|Initial penetration 7  Re-penetration following lift-off
2 |Uplift 8 Ultimate penetration resistance, Qu= NcsuD
3 [Further uplift resisted by suction 9  Ultimate suction resistance, Qu-suc
4 |Suction decays if uplift continues a _ "Negative reaction (i.e. suction)
5 |Suction releases with re-penetration b~ Normal seabed reaction force, Q
6 |Further penetration c  Penetration, z

Figure A.18 — Randolph & Quiggin soil model characteristics for different modes [294]

A.10.4.2 Design for ultimate limit state

No additional guidance offeted.
A.10.4.3 Design for fatigue state

A.10.4.3.1 General

No additional guidance offered.

A.10.4:3.2 Design options

A.10.4.3.2.1 Elastic model

For initial conservative screening evaluations, an elastic stiffness can be used. Examples where an elastic
stiffness model have been used are given in References [90] and [78]. If the SCR has a lazy wave
configuration, the motions at the touchdown point will be reduced versus a standard SCR. The motions
can be sufficiently small to minimize cyclic loading effects. Both model tests and analytical models suggest
that the soil stiffness, k = AQ/Az, normalized by the maximum bearing pressure (N.s.) for pipe
displacements, Az, of 0,000 3D to 0,002D (where D is pipe diameter) ranges from about 200 to 300. A
normalized stiffness k/(Ncs,) of 200 is therefore recommended. For such small displacements, it is also
not likely that the pipe will significantly penetrate and form a trench. A bearing capacity factor (N.) in the
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range 5 to 6 should be used to determine the vertical soil stiffness. Many deep-water offshore deposits
are characterized by an upper crust with fairly uniform shear strengths (s.) that can be up to 15 kPa in
the upper 1 m to 1,5 m. There is often a reduction in shear strength below the crust followed by an
increase following a normally consolidated trend. Due to uncertainties in the pipe penetration, the
strength reduction below the crust should not be used to determine the vertical soil stiffness, but the
shear strength through the crust should be used. Qualified geotechnical advice is recommended to
determine the appropriate shear strength.

For a standard SCR without a lazy wave configuration, the expected motions will be greater and the|soil
will likely experience more inelastic deformations and reductions in stiffness from cyclie~loading.
Sectional model tests on a 0,51 m diameter pipe in Gulf of Mexico clay subjected to 1-year winter stprm
conditions have shown that even for a small number of cycles the average normalized elastiostiffness|can
be considerably less than the 200 to 300 range for the small displacements noted above [9L. [The
recommended normalized value for initial screening for a standard SCR is therefote reduced to [L00.
However, for this case, the pipe will likely penetrate further into the soil and form/a trench, becauge of
the inelastic displacements and the effects of cyclic loading. Therefore, a higherbearing capacity factor of
8 is recommended to determine the soil stiffness from the normalized valug.

A.10.4.3.2.2 Non-linear models

Non-linear models are recommended if the SCR does not meet fatigue requirements with the elgstic
screening model described above.

Two types of non-linear are available. The first developed byRandolph and Quiggin [2941 is depicted ahove
in Figure A.18. This model has the advantage of directly inputting the shear strength profile rather than
interpreting a single representative value. The various)input parameters for this model are describdd in
detail in Reference [294]. Although the model does not explicitly account for cyclic loading effects, th¢ re-
penetration of the pipe, especially for case where the'pipe separates from the soil with lift-off, will proyide
much lower stiffness values than for case without lift-off. This non-linear model is available in|the
commercial software code Orcaflex™. Geotechnical expertise is advised in the selection of the input
parameters.

The other non-linear model is based on sectional tests performed on Gulf of Mexico and Angolan soi] [891.
These tests cyclically loaded an instrumented sectional riser with a prototype pipe diameter of 0,51 m
and length of 100 m. The predicted versus measured fatigue profiles were then compared after 120 cyjcles
of loading. The non-linear soilLmodel was based on shorter (< 1 m long) segment tests that were cygled
vertically. The tests were‘performed with a few hundred cycles of loading. Based on the segment dafa, a
hyperbolic soil model"was derived which showed very good agreement between the measured [and
predicted results for_the sectional tests. The non-linear soil model was a hyperbolic model, which
represents an assemblage of points after the soil has degraded for a few hundred cycles. The hyperholic
formulae for the-Gulf of Mexico and Angola soils are the following:

oy Zn (A44)

S @Bz

n
Yo (1= X)Zyy (A45)

Qnu
5= QX tArd6)
nu
where

Qn  is the normalized force per unit length of pipe (Q/(NcsuD));
Z,  isthe normalized displacement (z/D);
X is a curve fitting parameter (approximately 0,85 to 1,0);

Zn  isthe normalized displacement at Q,, which is the normalized force at or near the peak action.
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For Gulf of Mexico soil, the parameters X, Zn,, and Q.. that best fit the experimental results were 0,96, 0,10
and 0,35, respectively. For Angolan soil, the best fit parameters were 0,98, 0,10 and 0,125, respectively.

A.10.4.3.3 Trenching effects

The formation of a trench during the life of an SCR can have an impact on the SCR fatigue life. The trench
can be modelled explicitly in the SCR fatigue analyses or correction factors applied depending on the
location, direction of loading-vessel position and trench depth.

Details on modelling the trench shape are given in Reference [295]. Their analyses using a non-linear soil
model for a trench with a maximum depth of 5 pipe diameters using three possible trench geometries\s
sunmmarized in Table A.5 for Gulf of Mexico soil.

Table A.5 — Relative lengths of fatigue life for GoM soil and max. depth of 5D

Platform Motion Position Average for 3 trench geometries Range
Near 2,11 1,65=2,44
Far 1,03 0,727 - 1,19
Cross 1,05 0,97 -1,10

NOTE  Numbers represent ratio of fatigue life for an SCR with a 5D trench relative to aflat’seabed, modelled using a non-
ling¢ar seabed model (from Reference [295])

Experimental results for a 3D trench indicate the ratio of fatigue life for the trench condition versus a flat
seabed is 1,05 89. The boundary conditions for these tests\(no moment at loading point) are best
represented by the ‘far’ platform motion position, which.compares favourably to the average Gulf of
Mesxico ratio (1,03) shown in Table A.5.

The|trench depth is difficult to determine and, in addition to the vessel motion positions, will form as a
result of mechanical pipe-soil interaction and potential erosional processes. If field observations can
verify potential trench depths (3D to 5D maximum depth) based on similar vessels and SCRs, Table A.5
can|be used to adjust fatigue calculations based on a flat seabed. For the ‘near’ platform motion, the lower
bound value of the range is recommended, For the ‘far’ and ‘cross’ positions, the average is recommended.
If the trench depth cannot be verified,.no/adjustments to the flat seabed results should be applied.

A.10.4.3.4 Cyclic and consolidation effects

The| results regarding the combined effects of cyclic loading and consolidation are somewhat mixed.
Cyclic loading for undrained-eonditions will result in significant reductions in the soil stiffness, especially
for [cases where the pipe-separates from the soil 9. Soil consolidation from the dissipation of pore
pressures developedfrom cyclic loading will consolidate the soil and result in increases in stiffness over
long time periods{The combined process is further complicated by the potential for water entrainment
aftefr a pause period with no cyclic loading followed by an event that can cause significant fatigue damage.

When evaluating the potential effects of cyclic loading the following information should be considered:

a) Load-controlled segment tests (see Reference [369]) in kaolin soil performed in a centrifuge ona 1 m
diameter prototype pipe showed a decrease in stiffness for continuous loading for about 60 days

(prototype time for consolidation). From 60 days to 1 800 days of continuous loading, the soil stiffness
increased to levels 2 to 3 times the initial stiffness. The dimensionless time factor for 90 %
consolidation for a pipe embedded half a pipe diameter is about 2 [16%], The dimensionless time factors
for the 60-day and 1 800-day cases were 0,5 and 12, suggesting partially drained and fully drained
conditions. API RP 2RD indicates that the loading at the touchdown point is displacement rather than
load-controlled.

b) Displacement controlled segment tests (see Reference [33]) in Angolan soil on a 0,174 m diameter
pipe subjected to 600 cycles with 18 day pause periods after 200 and 400 cycles indicate that after
each pause period the soil secant stiffness increases. The tests were performed with displacements
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sufficient to cause separation of the pipe from the soil. For 50 to 100 cycles after each wait period, the
soil stiffness returns to the same degradation trend observed before the wait period. The stiffness
degradation appears to be continuing beyond 600 cycles. The dimensionless time factor, T, at the end
of the testing was 5,65, suggesting full consolidation. The continuous degradation of the soil suggests
that upon re-penetration of the pipe into the soil water entrainment occurred, negating consolidation
effects, acknowledging that in these tests the pipe was locked in place during the pause periods and
did not penetrate or reconsolidate the soil under self-weight or the forces that can occur in a typical

SCRtouchdownn Zone.

c) Displacement-controlled segment tests in Gulf of Mexico soil (see Reference [4]) soil on a 0,065 m pipe
were performed with a 1 000 cycles of loading and pause periods every 100 cycles. The times for the
first 7 pause periods were between 1 to 2 hours. The final two pause periods were 2,5 and 13 hdurs.
In contrast to the displacement-controlled tests on the Angolan soil described in item b), the pipe [was
free to settle during the pause periods. After each pause period, the soil stiffness increased and then
degraded with additional cyclic loading. For these tests, however, there was d\long-term increage in
stiffness of a factor of about 1,5 to 2 from the stiffness observed after 100-cycles to end of the first
seven packets of loading. The final two packets of loading appear to suggest that the increase|has
levelled off. When the test was complete, the soil stiffness appears to be.continuing to decrease. This
tests likely represent an upper limit on pipe settlement. The field case will depend on the lev¢l of
excess pore pressure developed by the cyclic loading, the pipe flexibility and the constraints of the
pipe from the vessel and pipeline away from the touchdown zone. The dimensionless time factor, [, at
the end of the 1 000 cycles was 29, suggesting full dissipation-of pore pressures.

d) Sectional centrifuge test in Gulf of Mexico soil (see Reference [89]) on a 0,51 m diameter prototype
pipe loaded for about 120 cycles indicated a continudl increase in fatigue life, suggesting a decreage in
soil stiffness. The displacements for the test corresponded to a 1-year winter event. The ove¢rall
decrease from the first cycle of loading to 120 cyeles suggests about a factor of 4 decrease in stiffijess.
The dimensionless time factor, T, after the 120 cycles of loading was about 0,07, suggesting mostly an
undrained response. Subsequent loading'events included 40 cycles of a 100-year event, 80 cycles|of a
1-year event followed by a pause period of about 1,8 days prototype time for consolidation, another
40 cycles of a 1-year. event and another 40 cycles of a 100-year event. The dimensionless time fa¢tor,
T, at the end of this testing sequence was 0,24, suggesting a partially drained condition. Although drI'ect
fatigue determinations were not made beyond the initial 120 cycles of loading, the measured moment
data for the final 1-year event:shows a further reduction in the maximum moment, suggesting that the
cyclic degradation effects were more dominant than the consolidation effects.

e) Centrifuge displacenient-controlled segment tests (see Reference [177]) on a 0,5 m diameter pipe
were conducted dn-kaolin clay consolidated to provide an overlying crust (with OCR up to|20)
transitioning tonermally consolidated clay at depth. Cyclic tests included conventional displacemnent
limited tests‘with ranges of + 0,02D up to 0,2D, but also hybrid tests that were load-controlled dufing
penetration) but displacement-controlled uplift to above the seafloor at each cycle. The latter typge of
tests showed similar cyclic evolution of unload stiffness to the displacement-controlled tests, in gpite
of the~greater potential for water entrainment. The data illustrate the effects of over-consolidation
ratio, with lower regain in stiffness (after initial remoulding) for the tests in soil with OCR [ 5,
compared to the tests in normally consolidated soil.

The information in items a) to €) should be used to help determine the combined effects of cyclic loading

and consolidation. Additional testing should be considered, especially for soil conditions different from
those typically found in deepwater (circa 1 m crust overlying normally consolidated clay) or for clay soils
outside of those already investigated with model tests like those described in items a) to e). Additional
model tests are also suggested if the potential reduction in soil stiffness beyond a few hundred cycles of
loading is required to achieve the required fatigue life.

Either segment or sectional tests can be performed. Segment tests are on short pipe sections and can be
performed either under 1-g conditions or in a centrifuge. Sectional tests are on 100 m plus long prototype
sections of the SCR that extend through the touchdown zone [89. These tests are most practically
performed in a centrifuge. An advantage of these tests is that they can simulate interactions between the
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pipe and soil along the length of the section which will help determine the impact of the pipe settlement
during pause periods.

For both segment and sectional tests displacement- or load-control can be considered. Expert advice is
recommended on selection of the type of loading. There is still some debate which one or a combination
of the two is most appropriate. However, API RP 2RD indicates the motions at the TDP are displacement
controlled. Segment tests should include testing over a range of displacements including those sufficient
to cause pipe-soil separation. Sectional tests should be performed mostly at displacement or loading

levdls that cause the most fatigue damage (1/2-year to 2-year events). Larger events can be considered
to ipvestigate their impact on cyclic degradation and consolidation. The overall testing should be
performed for several thousand cycles and for time periods sufficient to investigate significant
conpolidation effects (T > 2), with the dimensionless time factor, T, determined following Reference|[369].

A.10.5 Geotechnical design for top tension risers

A.10.5.1 General

Thi§ subclause provides additional information and guidance pertinent to géotechnical design of
confluctors for top tension risers.

A.10.5.2 Jetted conductors

A.10.5.2.1 General

The|conductor is the well foundation and its main function is to resist the axial and lateral loading actions
implosed at the wellhead. In stiff clays and sands conductofs are generally grouted into pre-drilled
oversized holes or driven in-place. However, a technique.analogous to wash boring, called jetting, is a
feadible alternative for installing conductors in soft clays that are often encountered in deep water.
Havling originated in the Gulf of Mexico, conductors are ftow jetted in most deep-water basins in the world
(188l In recent years, many jetted conductors have successfully been installed. Very little literature has
been published regarding jetting design, practice;and case histories of failures. References [188] and [2]
present design approaches and examples of case histories.

Thelapproach for estimating the short-term'axial bearing capacity of a conductor is based on the principle
of the weight on bit (WOB) available:for"jetting and reciprocation to penetrate a conductor [88l. This
impllies that the immediate capacity.is not controlled by the soil conditions, but rather by the available
weight on bit and the installationanethod. Physically, the last soil resistance measured during installation,
whikh is given by the last WOB-méasured, is equal to the immediate capacity. Maximizing the WOB during
jetting is therefore of prim€importance. This last WOB should be maximized and should be equal to at
leagt 80 % of the available \WOB during jetting. The available WOB will typically be calculated by adding
the pelf-weight of the sutface conductor, the weight of the wellhead housing, the weight of the drill collars,
and| the drill ahead-tool. Application of this method for estimating long-term axial bearing capacity of
jett¢d conductors-is demonstrated in Reference [376]. Common terms used in conductor jetting
opefation are:

— hottom hole assembly (BHA): the portion of the drill string inside the conductor from the landing or
running tool to the drill bit;

— drilt=atread O0I. 4 OO0 iTitar .-'l"': OO0 Tedri pipe and BHA S CITIDIY CdlIl D€
released from the tool, leaving the tool on the well conductor, allowing continued drilling while the

conductor remains in place;

— drilling assembly: composite of drill pipe and BHA;

— weight on bit (WOB): the portion of total weight of drilling assembly not supported by the drill rig; the
weight of the drilling assembly supported by the soil.

A.10.5.2.2 Short-term axial bearing capacity
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The relationship given in 10.5.2.2 for the change in average friction factor along the conductor, Aa;, was
derived from installation data obtained in the deep water Gulf of Mexico [188l. Using the same approach
outlined in Reference [188], Aa; for conductor installations in deep-water Angola seabed was established
as presented in Reference [129]. The same approach can be used to develop site-specific Aa; relationship
with appropriate calibration and validation against field installation data.

A.10.5.2.3 Long-term axial bearing capacity

The experiments conducted in Reference [376] simulated normally-consolidated to lightlyrofer-
consolidated (1,0 < OCR < 2) deep-water Gulf of Mexico seabed conditions. A similar approageh [eap be
used to investigate long-term axial bearing capacity of jetted piles in other regions.

A.10.5.2.4 Soil-structure interaction for well integrity assessment

Response of a top tensioned riser (TTR) system near or below the BOP stack largelytdépends on the|soil
behaviour under a specific loading condition. Riser-well-soil interaction analysis is carried ouft to
investigate the following two conditions as part of the TTR system design:

— strength: the reaction of the riser at the ultimate limit state when the véssel has moved a considerable
distance from the mean position;

— fatigue: the fatigue that occurs within the system as a result of repeated cyclic motions with a range of
amplitudes and frequencies.

The firstloading scenario can occur when a vessel is drastically shifted from its original /normal operating
position as a result of a drift-off or a drive-off event. Théformer has to do with loss of station keeping
caused by an environmental loading (e.g. loop current) whereas the drive-off loading can be intentipnal
(i.e. the vessel is moved to facilitate drilling operations). In either case, the loading can be considered as
a slow monotonic condition that occurs withintens of minutes to hours. Because this problem is
concerned with the limit state condition of the'system, the soil response at both low and ultimate dtate
conditions is important to the overall conductor design assessment.

Given the often large differences in the structural stiffness of various components in a TTR system aljove
and below seafloor, it is often difficult to assess whether softer or stiffer estimates of soil response|will
yield conservative predictions forthe design. Stiffer estimates would be more likely to suggest a critical
bending moment will occur above seafloor, while softer estimates would suggest more critical moments
below seafloor. The situation‘bécomes more complicated for the system components that have a capgcity
sensitive to combination ‘of axial and bending actions, for example the connection at the lower mafine
riser package (LMRP).

The fatigue problem:is governed by the cyclic actions that occur throughout the life cycle of the riser.
These actions can joccur from the:

— environmental actions on vessel and top portion of the riser;
— vortexinduced vibrations (VIV) on the riser.

Analysés have shown that the peak loading actions are not necessarily the major contributors to| the
fatigue damage. Rather smaller loading actions caused by more frequent loading events are respongible
for most of the fatigue damage. Therefore, characterization of the soil response at small amplifude

displacements is particularly important for the fatigue problem. The p—y curves developed for ultimate
limit state design of pile foundations for steel jackets subjected to monotonic and cyclic storm or
hurricane loading are applicable to the case of well strength analysis. However, they are not suitable for
fatigue limit state (FLS) assessment of TTR well systems [3761.

The approach for the development of p-y curves for FLS assessment of TTR well systems is based on the
degraded soil secant stiffness (unload-reload stiffness) at the steady-state condition in sands and clays.
Results from model tests have indicated that damping in clays can play a role in fatigue damage. As such,
p-y models have been developed to cover a range of complexity from fatigue p-y curves only to fatigue p-
y curves coupled with soil damping (modelled by dashpot). Fatigue p-y curves without soil damping are
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typically used for base case level studies (initial analysis) that are carried out first. If fatigue life does not
pass the acceptance criterion, more refined analysis can be carried out, which includes hysteretic soil
damping and/or obtaining more geotechnical information to increase accuracy of soil parameters. For
complex situations and/or where site-specific soil samples are available, laboratory testing is
recommended to develop fatigue p-y curves. An example of the apparatus and approach is given in
Reference [376].

- - 11 1
A.16:5-3-Gevtechmicalinmput towell strengtirassessmrent

No additional guidance is offered.
A.10.5.4 Geotechnical input to well fatigue assessment

A.10.5.4.1 General

Conftext on the development of the soil-structure interaction for well fatigue analysis, which form the
basis of the guidance outlined in this subclause are provided in References [370], [373] and [374]. The
approach has been validated through field monitoring programs. Reference [254] presents specifics of a
field monitoring program of an instrumented well installed in the North Sea with the seabed comprising
laydred clays and sands. Reference [306] compares the stresses measured.in-the field during drilling
operations to those obtained numerically from a full three-dimensional (3D} finite element (FE) analyses
model of the blowout preventer (BOP), wellhead (WH), conductor, and surface casing versus the field
megsured data obtained. The numerical analyses used the backbone'\p-y response outlined in earlier
editions of this document and API RP2GEO and the spring-only méthod presented in References [370],
[378] and [374]. Sensitivity studies were also performed. They concluded that the spring-only method
yielfls good prediction of the stresses measured in the field ifithe conductor and the surface casing.

Reférence [196] presented field measurements made at the'lower marine riser package (LMRP) location
fromh monitoring a well installed in normally consolidated to lightly over-consolidated clays in deep-
water Gulf of Mexico and evaluated performance, of'the spring-only method presented in References
[370], [373] and [374] through 3D FE numerical;modelling and fatigue analysis. The numerical model
congisted of the well system below the LMRP*to 50 m below the seafloor and simulated sea states
observed during the drilling operation. Thé.measured motions and fatigue damage obtained from the
loggers were compared to those estimated-from predictive methods using the spring-only method and it
wag concluded that the spring-only:model performs satisfactorily in predicting the deformations
(displacements and rotations) measured at the top of the LMRP; hence, providing a more accurate
prediction of the system (LMRP;:wellhead and casings) response and thereby, its fatigue damage.

Refe¢rence [148] presented_a detailed well monitoring program with improvements made to the
alggrithm and measurement accuracy technique for the purpose of well fatigue assessment in layered
sand and clay seabed~The sand layers ranged from loose to very dense and the clay strata consisted of
soft{to very stiff at-depth. Reference [244] conducted fatigue analysis using the backbone p-y outline in
earlier editions ©f-this document and API RP2GEO and the spring-only method outlined in References
[378] and [374]. They concluded that the predictions made with the spring-only method provided BOP
response similar to those observed in the field. However, the use of the API model significantly
overestimated ‘measured’ conductor fatigue life above the seafloor. Ultimately, the spring-only method
wag considered more suitable for wellhead fatigue assessment than the backbone p-y curve in earlier

editions of this document and APT RPZGEU.

The guidance given specifically states that the soil-structure interaction in the fatigue analysis model
should not be done with simulating the vessel/rig in offset position. This is solely to avoid erroneous
numerical results arising from user errors or limitations in the existing tools and software packages. The
issue of vessel offset and soil response was investigated for a wide range of motions and initial offsets in
the centrifuge tests presented in References [373] and [374]. The soil response was found to be
independent of the initial offset positions (i.e. the soil degradation and resistance in both with and
without offset were found to be the same). Shape and characteristics of fatigue p-y differ from those of
monotonic p-y. The stresses needed for input to well fatigue analysis is typically obtained through
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numerical analysis with the model of the well and foundation soil (represented by p-y springs) combined.
If the intention is to specifically evaluate fatigue damage from a situation where the vessel /rig is in offset,

separate simulations will be required for each offset motion and fatigue motion phases with

the

appropriate p-y used to model the soil response for each loading condition (i.e. monotonic p-y for offset

loading and fatigue p-y for fatigue loading).

A.10.5.4.2 Clays

A.10.5.4.2.1 Spring-only method

No additional guidance is offered

A.10.5.4.2.2 Spring-dashpot method

Soil-structure interaction analysis may include material damping (hysteretic) in theseils and struct]
materials as well as the foundation radiation damping. The energy dissipated during each load-un
loop is termed hysteretic damping. Radiation damping (also known as the) geometric damping
geometric attenuation) differs from material damping in which elastic energy is dissipated by visc
hysteretic or other mechanisms. Estimating each type of damping in a system is often difficult du
complex interplay of material damping and radiation damping in thedynamic solution. The effects

ural
oad
b Or
ous,
e to
can

be approximated in a linear analysis by introducing equivalent viscous damping with energy dissipation

equal to that dissipated by hysteresis, an example of which wasdemonstrated in Reference [374].

Simplified models of soil pressure-displacement (p-y) behayieur are generally applicable to condit
involving (1) monotonic loading associated with a well strength analysis or (2) repeated loading cy
associated with a fatigue analysis. In the former loading'scenario, the backbone curve most approprig
characterizes soil resistance, while a fully degraded:{steady state” p-y loop best describes soil resistd
for a fatigue analysis. Transient loading, such asoccurs in earthquake or impact loading, involve
intermediate case between these extremes wheve soil resistance degrades from the backbone cury
various levels of reduced stiffness that can approach the fully degraded steady state condition. Such c
can warrant a full nonlinear p-y model capable of tracking this evolution (see Figure A.19).
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Figure A.19 a) Degrading p-y model Figure A.19 b) Experimental data
Key Key
1| Initial excursion (backbone) 1 First cycle measured
2| Unload cycle N 2 First cycle model
3| Reload cycle N + % 3 Last cycle measured
X| Lateral soil displacement, y 4 Last cycle model
Y| Lateral soil pressure, p X Normalized lateraldisplacement, y/D
Y Normalized lateral soil pressure, p/suD

Figure A.19 — Full degrading p-y.model [18]

Back-analysis of centrifuge test data in normally consolidated clay (see Figure A.19 b)) shows that a
conjplete description of the evolution of soil resistancesander cyclic loading can be described by a model
in Reference [183] comprising the following comporents:

— g hyperbolic model per Formula (A.47) for the'backbone curve;
— d power law model per Formula (A.48)).for unload-reload cycles;

— g stiffness degradation model per Eofmula (A.49) describing the reduction in stiffness with increasing
numbers of loading cycles N.

Lo Kmax A47
suD ~ 1+fKmax(8y/D) (&y/D) (A47)
AP = R;Ky(Ay/D)"s, B (A.48)

-t
Rp(N +1/2) <Ry(N) [1+ {0,5R, (W)} t] (A49)

The stiffness reduction factor R equals 1 for N=1/2 and is updated after each half-cycle, i.e. after each
load reversal. This permits analysis of varying amplitudes of cyclic displacement Ay, during unloading
vergus reloading. Thus, the stiffness degradation component of the model can accommodate decaying
motion‘ahd purely random motion. This approach to describing stiffness degradation under cyclic
loajing follows the approach presented in References [181] and [182] for describing elemental soil

stiffness degradation during cyclic loading.

The model employs five input parameters: K4, and f to describe the initial stiffness and curvature of
the backbone curve, K, and n to describe the unload-reload loop, and a stiffness degradation parameter
t, which is a function of cyclic displacement magnitude Ayc,./D. The first four parameters are depth-
dependent. Table A.6 shows parameters [183] derived from centrifuge test data on a 0,914-m diameter pile
in a normally consolidated kaolin test bed subjected to 500 loading cycles having a displacement
amplitude at the pile head equal to 0,05 D, where D is pile diameter. Applied loading in this case was
symmetric, i.e. cyclic loading was applied with zero initial displacement offset. Reference [183] presents
input parameters derived for other conditions of applied loading and initial offset.
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Figure A.20 a) illustrates the procedure for evaluating the parameter t in Formula A.49 from stiffness
degradation data for a given cyclic displacement magnitude Aycy.. Figure A.20 b) shows a compilation of
fits to experimental data for various cyclic displacement magnitudes Ay... These data are derived from
centrifuge tests in soft clay having applied pile head displacements of 0,025 D (M1) and 0,05 D (M2). For
actual implementation into a numerical model, the t versus Ay, shown in Table can be expressed in
tabular form.

The parameters given in Table A6 and Table A 7 have heen derived from r‘pnfriﬁlgp testing simul ting

fatigue loading (<0,05 D) on a 0,914-m diameter pile. While Formulae (A.47) to (A.49) can be applichble
to larger cyclic motions, the model parameters require re-calibration.
Table A.6 — Degrading p-y model parameters for soft clay
Depth z/D Backbone curve Cyclic unload-<reload
Kmax F Ko n
0 688 0,136 2 62,37 0,653 3
1,04 2351 0,226 5 24,13 0,3489
2,07 2867 0,2195 25,57 0,3316
3,11 3326 0,146 8 62,77 0,442 5
4,15 3957 0,1011 131,84 0,5221
5,19 4912 0,081 6 245,90 0,586 5
6,23 5331 0,0749 333,60 0,6212
7,27 3059 0,060 0 640,79 0,7501
8,31 1 180,01 0,823 0
9,34 1 500,00 0,907 5
1 v 0,18
Y | .
09 % 0,16 . .
0,14 = S
0,8 "o
0,12 .
0,7 0,1 °
0,6 0.08 [u— =
0,06 |
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Figure A.20 a) Reductloln factor R¢ versus load Figure A.20 b) Degrading parameter ¢ versus Aye
cycle
Key Key
1 Model X Cyclic displacement Aycyc
X Load cycle N Y Degradation factor t

Y Soil resistance reduction factor, Rt

Figure A.20 — Conceptual diagram of seabed stiffness
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Table A.7 — Degradation parameter t versus cyclic displacement magnitude Ayc,./D

Dycyc/D t

0 0
0,002 0,04
0,003 0,058
0,005 0,07
0,007 0,085
0,010 0,093
0,014 0,110
0,018 0,125
0,022 0,158
0,05 0,158

A.10.5.4.3 Sands

No additional guidance is offered.
A.10.5.5 Geotechnical considerations in conductor driving analysis

A.10.5.5.1 General

Adequately predicting and mitigating tip damaging and,the propagation of tip indents/buckles of
confluctor pipes driven in very dense sands, cemented;soils, weak rock or in presence of boulders is a
critical design issue, as the wall thickness and tip aniiulus area of conductor pipes are generally smaller
than for foundation piles, thus increasing this riskrand any damage at pile tip will render well drilling
implossible. Recommendations in this respect aré-provided in subclause.

Driying closely spaced and relatively flexible conductor pipes can generate risks of interaction
coniplicating the subsequent drilling operations. One option that can be considered is the installation of
confluctor pipes with inclined shoessothat some conductor pipes deviate away from the adjacent pipes.
The|installation of conductor pipes with inclined shoes is described in this subclause.

A.10.5.5.2 Conductor pipe-installation

The|process involving cofiductor pipe installation is similar to pile driving. Pile installation considerations
are described in 8.7.12.Some additional guidance specific to conductors are provided in this subclause.

A.10.5.5.3 Minimum wall thickness

A.10.5.5.3.1.General

Thelmifhimum wall thickness requirements for piles can be insufficient to mitigate the risk of local over-
stressing for conductors. For instance, wall thickness values as small as 14 mm (~0,55 in) to 16 mm

(~0,63 in) are generally not acceptable for 0,762 m (30 in) to 0,914 m (36 in) diameter conductor pipes.

A.10.5.5.3.2 During driving
The following is recommended for implementation during conductor pipe driving:

a) The allowable maximum driving stresses as estimated from wave formula analyses should possibly
be decreased to less than 80 % to 90 % of the yield strength in the following cases (often associated
with larger uncertainties):

— use of steam or diesel hammers instead of hydraulic hammers;
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— maximum driving stresses not predicted at or close to pipe head (e.g. above the driving shoe or
close to the pile tip);

— presence of hard driveable layers (with noticeable tip reflection ratio, i.e. ratio between reflected
and incident stress wave).

b) The wave formula analyses undertaken to predict the driving stresses should take into account soil
variability, particularly to simulate the effect of local harder layers/pockets at pile tip.

c) For foundation piles, the total stress during driving should be estimated at any point along|the
conductor pipe and should include the driving stress, the weight of the hammer assembly-and| the
bending stresses due to inclination of the conductor pipe/hammer as well as due to conductor pipe
deviation.

A.10.5.5.4 Driving fatigue

Driving fatigue assessment for conductor pipes follows the same guiding rules”as for driven piles,
particularly if the sections are welded.

If the conductor pipe segments are connected by means of mechanical connectors, larger stress
concentration factors (SCF) can possibly be applicable. The applicable)SCF should be defined by] the
manufacturer.

A.10.5.5.5 Conductor tip damage and buckling

A.10.5.5.5.1 General

The potential to damage the tip of the conductor pipe as'well as to propagate any potential damage dufing
driving should be verified. The risk is considered highest in the following conditions:

— in presence of very dense sands, cemented s@ils, very weak rock or boulders;

— for the case of drive-drill-drive installation sequences, after drilling when driving is resumed (without
soil support on the inside of the conductor pipe);

— at shallow depth or when the shaftresistance is small compared to the end bearing resistance.

Although the results of wave forthula analyses give some insight into the potential of pile tip overstresgsing
during driving, this type of analysis remains a 1D analysis that does not properly capture the potential
for localized buckling.

A.10.5.5.5.2 Damadge during driving

Lateral and nearyertical pointloading actions that can cause local damages, evaluated using upper bound
theory for amcassumed plastic hinge mechanism, are presented in Reference [3]. These formulae were
verified by‘means of 3D elastoplastic finite element analyses.

The dynamic point loading actions acting locally on the conductor pipe tip during driving should be
evaltiated and compared to the loading actions that can cause damage. This requires some assumptjons
to\be taken regarding the proportion of the conductor pipe annulus hitting a harder layer or an obstacle,

such as a boulder, and the static resistance to be overcome (for a boulder, this will be the force requjired
" P — i H 4 Frt—thre—boutder—wirict - j.i"tave

equation analyses simulating the selected scenarios either in a 1D traditional wave equation model or a
dynamic 3D FE model will then be performed. An example of wave equation model of a large diameter
pile hitting a boulder is presented in Reference [175], which provides:

— A stiffness criterion based on the ratio conductor pipe diameter/wall thickness and the elastic moduli
of soil and pile. This allows verifying whether the soil elastic response is stiffer than the one of the pile.
Otherwise, any inwards pile deformations will spring back and recover elastically.
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— A strength criterion as a function of the wall thickness and the soil strength. There should be enough
pressure from the soil acting on the initial small damaged area of the pile tip to cause further yielding
of the steel.

If the high-level evaluation indicates a potential for damage/imperfection propagation, a numerical
model simulating pile extrusion, such as presented in Reference [128], may be implemented.

A.10.5.5.6 Installation with inclined shoes

To feduce the risk of interaction of closely-spaced conductor pipes, the peripheral conductor piles can be
devjated away from the group. Installing an inclined (bent) driving shoe will allow creating a tendency
for the pile to deviate in a particular direction. Predicting the path followed by the conductor pipe during
driviing is necessary so that the lateral deviation can be controlled.

As ¢onventional beam-column theory will not be applicable in this case. Reference [336]@eéscribes a
simple finite difference model to predict the path of a bent shoe during driving, extending the equations
presented in Reference [274] for deviation of curved/bent piles. The parameters acting on the deviation
of the pile are the axial tip and side resistance of the pile, the lateral soil resistancé,Jand the length and
inclination of the driving shoe, with the latter three parameters having most effec¢t.

A.10.5.6 Geohazards for well installations

A.10.5.6.1 Mass transport complexes

Proper identification and geotechnical characterization of mass transport complexes (MTC) that will be
pengtrated by conductors is necessary to assess the perfermance of conductors with respect to
instpllation and field service. MTCs can exhibit different stréngth characteristics than conformable
deppsits, which can affect installation and performance of the conductor.

A.10.5.6.2 Excess pore water pressure

Porg water pressure in the seabed soils is typically hydrostatic. In some geological settings, excess pore
water pressures can exist. Reference [124] provides a brief review of these settings. The presence of
uncpnsolidated sediments and in situ pore.water pressures that exceed hydrostatic values constitutes a
hazard to the well drilling equipment andieperational crews. Itis recommended for site characterization
to include evaluation of excess pore water pressure for well installation purposes.

A.10.5.6.3 Earthquake ground motion

Grouund motions caused by€arthquakes will induce additional actions on the conductor. These actions
can| be evaluated during)integrity analyses considering that the conductor BOP stack and other
appurtenances respond’as a single degree of freedom. P-y curves for soil-structure interaction should
congider the cyclic-nature of the loading action as well as its relatively larger magnitude compared to
motjions caused by ether environmental actions, such as currents.

Bechuse permanent wells and their conductors are unattended, the magnitude of the ground motions for
integrity analyses does not have to follow the considerations in ISO 19901-2, which apply for fixed steel
structutes and fixed concrete gravity structures for which exposure incorporates first and foremost life
safgty,with secondary consideration for environmental exposures caused by system failures, and

economic losses to the owners and operators. Subsea field architectures that only include subsea
gathering and distribution systems and structures, present no direct exposure to human life. For this
reason, the decision to incorporate earthquake actions are typically designed with consideration given to
mitigation and prevention of hydrocarbon releases and tolerable levels of damage.

Tolerable levels of damage include consideration of costs associated with production down time and
schedule, and costs for replacement and rehabilitation of damaged facilities. An example of an evaluation
of tolerable levels for hydrocarbon releases used by industry in the Gulf of Mexico is provided in
Reference [152].
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A.10.6 Foundation design for riser towers - general

A.10.6.1 General

No further design guidance is offered.

A.10.6.2 Foundation options
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A.10.6.3 Loading actions and safety factor

No further design guidance is offered

A.10.6.3.1 Loading actions

No further design guidance is offered

A.10.6.3.2 Recommended safety factors

No further design guidance is offered

A.10.6.4 Soil design parameters

No further design guidance is offered
A.10.6.5 Design challenges

A.10.6.5.1 General principles

In the design of riser tower foundations in uplift, the following aspects should be considered:
a) penetration and retrieval;

b) holding capacity including long-term-aplift capacity;

c) long-term displacement;

d) soil reactions to be used for.the'structural design

More information on these design aspects can be found in References [197], [13], [79], [88] and [109].

The capacity should be-checked both for the permanent actions and for the sum of permanent and cyclic
actions. If the cyclic actions are small compared to the permanent actions, the permanent actjons
condition can be (critical because the strength can be smaller for this condition than for the condiftion
where the cyclic-actions are included.

The undraified’shear strength for the permanent actions should be reduced to account for long term cieep
effects (seee.g. References [227], [219] and [335]). For sustained loading action due to loop currents fthat
are expected to last several days up to two weeks, it is recommended to apply a strength reduction factor
of 20°% on the undrained shear strength. The same 20 % reduction is recommended for long-term
permanent actions.

Tha affact of nora encc redictribhib-an—-and-cuwrellinbnecharld—asleca-be-cancidered—sikneca-thi an la to

The-effect-of porepressureredistribution-and-swelling-should-alse-be-considered,since-thiseanle
reduction in effective stresses and undrained shear strengths, and hence reduce the capacity under
transient wave loading action 2191, In cases where the permanent action acts for many months or more, it
can also be necessary to consider whether drained or partially-drained conditions can develop, and the
extent to which full base suction can be maintained. References [88] and [94] show that the capacity of a
typical suction caisson of depth to diameter ratio between 4 to 6 under a sustained loading action in
normally to slightly over-consolidated clay can be only about 70 % of the capacity for a rapid loading
action. This reduction, however, only considers the loss in reverse end bearing (base suction). An
additional reduction in undrained shear strength of 20 %, should also be considered. Therefore, the
reduction in base suction should include both the reduction in shear strength and the reduction from
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drainage for base suction. Numerical analyses with specific geometries and soil conditions will provide
better estimates of the potential reductions from drainage long term creep effects.

Drainage and pore pressure redistribution can also influence the undrained shear strength under cyclic
loading actions, but the shear strength for the sum of permanent and cyclic loading actions will be higher
than for the permanent loading actions due to rate effects (see e.g. Reference [9]).

The potential of gapping for suction caissons along the wall above stiffeners or sections with increased

wallthickmess shoutd beevatuatedtrcases withrring stifferrers; it s recessary toevatuate tire poterntiat
of ttapped water between ring stiffeners (see e.g. Reference [13]). If gapping or trapped water is possible;
the leffect that such gaps will have on the drainage path and resistance due to lack of contact along/the
wal| should be considered.

The|capacity of suction caissons can depend on passive underpressure inside the caisson that contributes
to reverse end bearing (REB). If REB is relied upon, proper sealing can be critical, especially/for the part
of the underpressure generated by long period environmental actions, such as loop currents)If the anchor
top[valve seals cannot be guaranteed, either a back-up cap behind the valves or a menitoring program
sholild be considered to assure the desired integrity over the lifetime of the sucti¢n caissons. Seepage
simplations through an unsealed valve can be conducted to evaluate the effeét of a leak on bearing
capacity. If proper sealing is not ensured, the suction caissons should be designed to resist sustained
uplifft action without taking REB into account, or with a reduced REB taken{into account allowing for the
effert of leakage. If REB is not taken into account, the capacity is calculated from the skin friction of the
inner and outer walls with appropriate adhesion factors. The increase of’capacity with time and the REB
capacity with closed versus open top are described in A.11.5.2.2.4 and A.11.5.2.2.7.

Sustained permanent tension and creep fatigue for long perigds'of several years or more was further
assgssed in Reference [197], which showed the drainage effect in relation to phenomenon known as
stress relaxation around the pile perimeter. The effect of drainage can result in increased soil strength
and| foundation capacity. The tests also showed thatthe magnitudes of time effects on soil strength
incrjease with increasing water content and plasticity. and presented governing relationships for creep
behpviour.

A.10.6.5.2 Assessment of effect of sand layers on suction anchors

A simple seepage check on drawdown efia suction pile with the tip in sand layer is recommended. The
calqulated flow should ensure thatthe' vertical displacement of the pile for the duration of the peak
dynpmic action remains small and within the elastic range of soil plug load-displacement response.

As i|lustrated in Figure A.21, the'discharged water flow, @, can be calculated by:

_ 2mkH b (A50)
Ln (%) Yw
whare
k iS'the coefficient of permeability of sand layer;
H is the sand layer thickness;
p is the applied underpressure;
r is the radius of the suction anchor;
ra is the radius of influence soil under suction, which is typically about 5 times the anchor
radius;
Vw is the water unit weight.

Using Formula (A.50), the flow across the suction pile for the duration of the peak dynamic action can be
calculated, from which the potential uplift of the suction plug can be calculated. This will determine if the
vertical displacement is sufficiently small to ensure that suction anchor stability remains satisfied.
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Figure A.21 — Illustration of water flow in sand layer below a suction pile under tension

A.10.6.6 Inspection and monitoring

An inspection program should be considered as integral part of the foundation design. The inspection
program should inglude the use of instrumentation to monitor critical aspects of the foundation
performance, during.both installation and operation.

If at any time“during the service life of the structure, the inspection program reveals conditiong, or
behaviour,which are detrimental to the integrity of the foundation or structure, maintenance or remgdial
action shiould be carried out, as necessary.

A.10.7 Geotechnical design for flowlines and pipelines

A.10.7.1 General

Pipeline design considers ultimate and fatigue limit states related to the stresses in the pipeline and the
movements of the associated end connections, including sections that transition into a catenary riser or
lift off the seabed into a termination assembly.

Geotechnical analysis leads to estimates of pipeline embedment and the force-displacement response in
the axial and lateral directions. The simplest axial and lateral pipe-soil interaction (PSI) model comprises
limiting friction factors for each direction of movement, while more complex models capture features,
such as the accumulation of soil berms beside the pipe during cyclic motion.

© ISO 2022 - All rights reserved 149


https://standardsiso.com/api/?name=aded27837a1e11dcf6078821c41c440a

ISO/DIS 19901-4:2022(E)

In PSI calculations, the vertical pipe-seabed contact force during operation should be assumed equal to
the submerged weight of the pipe and contents over the main length of a pipeline, remote from end or
inline connections. It should be considered whether an alternative assumption or model is more
appropriate in the following situations:

a) close to where pipelines terminate at a point of fixity;

b) along very short pipelines (e.g. spools); or

c) where pipelines are supported on crossings or by buckle management structures.

Examples are given in Reference [57].

Thel method of estimating PSI parameters can be refined over the project development depending on
project drivers, as highlighted in Figure A.22. More detailed data and models generally lead to,narrower
deslgn ranges of PSI parameters. The potential influence of PSI parameter uncertainty)on design
out¢omes and project costs for different aspects of pipeline design is discussed in Reference[359].

Detailed advice on methods of geotechnical PSI analysis is provided in the SAFEBUCK Guideline and DNV
F114 Recommended Practice (see References [307], and [111]and [377]).
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Figure A.22 — Example of pipe-soil interaction workflow during a project (based on Reference
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A.10.7.2 Actions on pipelines

The geotechnical PSI analysis should consider all applicable actions on the pipeline, because they affect
the rate, duration and frequency of loading, and therefore the resulting soil response.

The actions and motions imposed during laying govern the pipeline embedment at the start of operation
and initial in-service performance. The actions on a pipeline after laying include hydrodynamic or
thermal loading, internal and external pressure and changes in self-weight from changes in contents,

inclpding Tapidcyctes of thangmg weight fronrstug flowAmetement of pipetime camratsobesubjectedto
actipns from adjacent sections of pipeline including a connected catenary riser, and from end
conhections.

Acchmulation of axial movements (pipeline ‘walking’) can occur due to operating cycles of internal
pressure and temperature, which can affect external connections. Where walking leads to.intreased
conipressive axial forces, a risk of lateral buckling of the pipeline arises. A pipeline can also besusceptible
to ekternal loading from debris flows and turbidity currents that arise from submarine slides and snag or
impact loading from foreign objects.

A.10.7.3 Soil reaction forces

A.10.7.3.1 Pipeline-soil interaction models

The| geotechnical PSI analysis should provide PSI parameters that fully.define the PSI response for the
type of pipeline analysis being undertaken. For example, for initial design, the pipe-soil response can be
repyesented solely by limiting values of axial or lateral pipe-seil‘fesistance, or by bi-linear elastic -
perfectly plastic behaviour in the axial and lateral directions. The,pipe-soil response can be incorporated
intg a structural model of the pipeline by attaching pipe-5¢il' model elements at intervals along the
pipe¢line. This approach is analogous to the t-z and p-y actionh'transfer methods of analysing pile response.

The| limiting pipe-soil resistance is typically expressed as an equivalent friction factor applied to the
effertive pipeline weight. However, axial and lateral'friction factors are not intrinsic soil properties, but
are [affected by other parameters, such as the embedment and the drainage condition, with the latter
depending on the duration (or rate) of loading-or movement and cumulative consolidation of the seabed
overl the operational life.

To qapture more complex effects of intefaction, particularly the large displacement behaviour, additional
aspects of the response can be modelled, including brittle break-out behaviour and cyclic berm growth
during lateral movement, as shown in Reference [63].

A.10.7.3.2 Low, best and high estimates of soil and PSI parameters

The|geotechnical PSI analysis should consider best estimates and also both low and high estimates of all
soilparameter inputs,sifice the low and high estimate pipe-soil resistance forces do not necessarily result
from the corresponding extreme inputs. Also, for different design aspects, either high or low pipe-soil
resistance canc-beé most onerous, as illustrated in Figure A.23 for lateral buckling and walking. The
selection of soil'parameter inputs should follow the guidance in 5.3.

Suitble test methods for determining soil strength parameters are described in ISO 19901-8. Additional
advjceon the determination of near-surface soil parameters for pipeline design is discussed in References

2% 1 rq4r41 oy h] 1 ] 1 - - - 5 S - +1 Pl
[34’ ] dll0 T171]. IOl dlldlysSlsS 11dS a pdI'tiCuldl TCYUITCIIICIIU 10T PIPE=5011 HICT 14T SUITIIgUL PIOpPCIlIcS,

which are discussed in A.10.7.5.

To consider the full range of PSI parameters, the geotechnical PSI analysis can be performed
deterministically (e.g. by combining ‘best’ or ‘worst’ combinations of parameters in individual
calculations), or probabilistically (by considering the statistical distribution of input variables, e.g. via a
Monte Carlo method as described in Reference [357]). Since deterministic approaches cannot correctly
capture the likely range of PSI resistance (see e.g. Reference [357]), probabilistic approaches are more
reliable.
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Figure A.23 — Design impact of low and high values ef PSI resistance (based on Reference [111])

A.10.7.3.3 Drained and undrained behaviour during pipe-soil interaction

In fine-grained sediments, pipeline laying is usually an undrained process. Dissipation of the lay-indyced
excess pore pressures typically takes days~or weeks. Lateral pipeline movements in respons¢ to
hydrodynamic action or thermal expamsion generally involve undrained deformation, althdugh
consolidation between events can cause'disturbed soil to regain strength. Axial pipeline movements|can
be drained or undrained in fine-grained soil since the relevant drainage distances are shorter thar for
lateral movement.

In coarse-grained sediments, pipeline installation and operation will generally occur under fully drajned
conditions. In intermediate. soils, such as silts, silty sands and silty clays, it can be necessary to consjder
both drained and undrained conditions.

In a design analysis, the anticipated durations of axial and lateral pipeline movement or loading should
be compared with the relevant rates of consolidation to establish whether drained, undrained or
partially-draimed conditions will prevail. It can be necessary to perform analysis of both short and Jong
duration/pipe movements relative to the soil consolidation to bracket the expected range of|PSI
parameters.

Approeximate durations are provided in Reference [160] for consolidation under vertical or lateral
pipeline loading, and in References [297] and [367] for axial pipeline movement. Key valuep of
dimensionless time, Tso, for 50% dissipation of pore pressure are provided in Table A.8. The dimensipnal

time, tso, is calculated from Tso using the coefficient of consolidation, ¢y, and pipe diameter, D. This time
can be compared to the duration of a loading or movement event, teven: to estimate the relevant drainage
condition(s). Since the transition between undrained and drained conditions spans approximately a
factor 100 in time, if tevent > 10ts0, then drained conditions can be assumed, and if tevent < ts0/10, then
undrained conditions can be assumed [1601. [367], For the intermediate range, both undrained and drained
conditions can be considered, or a more detailed analysis can be performed to justify a narrower range
of conditions.
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Table A.8 — Consolidation periods during pipe-soil interactions (based on References [160],
[297] and [367])

Dimensionless time, Tso = cvtso/D Tso0
Vertical loading 0,1
Lateral loading 0,02
Axtattoading 6,005

A.10.7.4 As-laid pipeline embedment

A.10.7.4.1 Introduction

In sfrong but mobile soils, such as sands, the as-laid embedment will initially be a smallAtaction of the
diarheter, but can be subject to change during the operational life if sediment transport occurs (see
A.1(.7.7). For softer seabed conditions, such as lightly over-consolidated clays, carbenate muds and silts,
the ps-laid embedment is usually stable with time.

On a hard or rocky seabed, the embedment of a pipeline is negligible. Instead, the available pipe-soil
resistance is controlled by the friction coefficient of the pipe coating - hard‘seil / rock interface, and for
latefral pipe movement the local slope, or ruggedness, of the hard soil / recksurface has a strong influence
(seg¢ Reference [165]).

A.10.7.4.2 Static penetration resistance

In undrained conditions, the vertical resistance, V, of a pipeliné penetrating into undrained soil should be
calqulated as the sum of two resistance terms, one related to the shear strength at invert level Sy invers and
one|representing the buoyancy force due to the submerged unit weight, /, of the displaced soil:

% w b y'al

D = QSu,invert (E) + /o (T) (A.51)
where

D is the pipeline diameter;

w is the pipe invert penetration;

A’ is the embedded ¢ross-sectional area of the pipe (see Figure A.24).

The| constants a and b vary. with the shear strength profile and the pipe-soil roughness, and a cut-off
fun¢tion improves accuracy at shallow depths (for w/D < 0,1), as discussed in References [289], [290],
[246] and [34]. The buoyancy factor, fi,, represents enhancement of the buoyancy force due to soil heave
aroyind the pipe,

Valgies of a ~6, ~ 0,25,and f;, = 1,5 can be used, in the absence of site-specific or more advanced analysis.

For|drained conditions, estimation of pipeline embedment is more uncertain due to the influence of soil
denkity ‘and dilatancy as well as the friction angle. Experimental observations show an approximately

linehar rp]nfinnchip hetween penetration resistance divided hy pipe diameter and embedment, _when a

pipe is pushed vertically into the seabed (see e.g. Reference [381]).

The drained penetration resistance can be estimated directly from the CPT profile (see e.g. Reference
[352]) or bearing capacity calculations can be used by analogy with a strip foundation (see e.g. Reference
[111]).

The long-term embedment of a pipeline laid on coarse-grained soils is often controlled by sediment

transport, particularly in shallow waters, where seabed currents and wave action are significant (see
A10.7.7).
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Figure A.24 — Pipeline embedment notation

A.10.7.4.3 Static lay effect: force concentration at touchdown point

The static force concentration at the touchdown point should be estimated using the following approfach,
in the absence of site-specific or more detailed analysis.

For a pipeline of submerged weight (per unit length) W', the maximum' vertical action Vmax within| the
touchdown zone is a function of the pipeline bending stiffness El)\the horizontal component of near-
seabed lay tension T, and the seabed stiffness k (defined as: the ratio of penetration resistance to
embedment, V/w, in units of modulus or KN/m/m). Vimax/W* should be estimated as describedl in
Reference [289]:

Vinax EIk\0:25 (A.52)
nes ~ 0,6+ 04 (57)

This relationship is accurate in the range Tol5 / ((EF%5 W') > 1, with progressively greater over estimaltion
of Vmax for lower values.

A.10.7.4.4 Dynamic lay effects

Metocean conditions, vessel motien,) changes in pipeline tension and hydrodynamic loading of|the
hanging pipe will induce a combiuation of vertical and horizontal motion of the pipeline at the seafloor
during laying. Even small lateralot vertical movements can cause disturbance, local softening and erofion
of the seafloor in the touchdown zone, increasing the pipeline embedment.

The duration that an element of pipe is exposed to these motions at the seafloor depends on the lay [rate
and the length of the touchdown zone. Interruptions in laying, or poor metocean conditions, can lead to
deeper local embédment of the pipe, while rapid lay, such as during the final lay-down of the susperlded
catenary, will léad to reduced embedment, as shown in References [352] and [350].

The geotechnical PSI analysis should use the fully remoulded strength profile as input into Formula (42)
to allow for dynamic lay effects in estimating the as-laid pipeline embedment in undrained conditipns.
Formulge (42) and (43) are then solved simultaneously, iterating where necessary.

This'use of the fully remoulded strength has been validated from many field observations to be accurate,
on average, as described in Reference [359]. In general, this experience is based on the remoulded

4 £l s dat 3 A £ i+l 1 4 1 £ LT 1 4 'y £ + irad + 3
oLl Cllstll UClllS UCTLCTIITITNICU 1T UILIT LIIT 1dst LyLlC ul a Ly\,ll\, 1 udal PCIICLI UIIITLCT tTOL LAllTITU UUU CLUILISIS ent
with the recommendations in ISO 19901-8, which indicates that the test should involve ten cycles unless
no further degradation is evident over three or more cycles.

The use of this strength value can underestimate the embedment during periods of high swell or
downtime during lay, while overestimating it during benign conditions or during final lay-down of the
pipeline catenary (see e.g. References [351] and [352]) or for soils that do achieve repeatable T-bar
resistance within ten cycles. Therefore, the geotechnical PSI analysis should also consider the potential
impact that a wider range of undrained strength will have on the as-laid embedment and the subsequent
pipeline response.
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Field observations of pipeline embedment after laying are valuable to validate designs and to allow
pipeline response predictions to be updated, as shown in References [324] and [209].

For projects where the embedment can have a critical influence on one or more pipeline limit states,
centrifuge model tests with detailed simulation of the lay process can be used to reduce the as-laid
embedment uncertainty, as described in Reference [353] and [145].

A.10.7.5 Axial soil resistance

The| geotechnical PSI analysis should assess the axial pipe-soil resistance using a method based on the
framework shown in Figure A.25, reflecting recent research and practice (see References [356], [320]
and|[172], and the summary provided in Reference [359]). The method is outlined as follows.

Axial pipeline movement involves shear failure at or close to the pipe-soil interface. The submerged pipe
weipght, W', controls the normal stresses at the pipeline-soil interface. The normal force, &, from the
integrated normal contact stresses around the pipeline periphery exceeds the vertical contact force due
to the curved shape of the pipe surface. The resulting wedging factor, { = N/V defines the resulting
enhpncement of the normal force by this wedging effect, and varies with embedmernt as described in
Ref¢rence [354]:

N 2sin@, z z A.53
({=—= —D for —<05 (=127 for —>0,5 (4.53)
V. 0y + (sin6pycosb,) D D
with the pipe-soil contact half-angle éy (in radians) given by:
2z
Op = cos™! (1 - E) (A.54)

In drained conditions, the steady (‘residual’) axial resistance (or traction) Tres is controlled by the large-
displacement interface friction angle, dr.s, enhanced by the wedging effect. Laboratory tests show that &yes
varies with stress level and interface roughness (see-References [256], [51] and [348]). The drained
residual axial resistance, Tresq, expressed as a friction factor, Tresa/W', is:

Tres,d (A.5 5)
WI
In undrained conditions on soft normallyconsolidated (or lightly over-consolidated) clay that has fully
renmoulded during pipe lay, it can be assumed that the pre-consolidation pressure of the surficial soil
confacting the pipe is controlled.by the pipe weight, if this weight has been applied to the seabed for
sufffcient time for the soil to censolidate. Using this assumption, a SHANSEP or Cam clay-type model can

be ysed to assess the undrained residual axial friction factor, Tresu/ W’ as described in Reference [12]:

Su—int—res) <W’max>m (A-56)
nc

= {tanb, e

TT@S u
——=(R,,0OCR™ = (

W[ nc O_Iv0 WI
The| parameter.Ruc = (Su-int-res/G'vo)nc is the normally-consolidated interface undrained strength ratio, at
large displagements. The index parameter, m, is equivalent to the plastic volumetric strain ratio in Cam
clay or thé-SHANSEP over-consolidation index. The apparent overconsolidation ratio, OCR, is the ratio
betyeen the previous maximum pipe weight (e.g. when flooded for hydrotesting), W'nax and the current

pipe weight, W'. This reflects the level of over-consolidation and therefore enhanced strength created by
any previous elevated pipe weight, and is applicable if that elevated weight was sustained for sufficient
time for full consolidation. If partial dissipation has occurred, a fraction of this change in strength can be
relied on. The parameter, m, is typically in the range 0,5 to 1. The interface strength parameters, J, Rnc
and m, depend on the soil and interface type.

The interface model parameters should be measured in low stress interface shear box tests, as described
in References [356] and [51], or via shallow penetrometer devices (see References [366] and [310]). The
drained parameter, o, can alternatively be measured via tilt table tests (see Reference [256]). As an
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alternative to site-specific testing, databases of other relevant testing can be used to estimate these

parameters, such as Reference [348], but the uncertainty is likely to be greater.

Values of key interface strength parameters for soft clays from the database of Reference [348] are shown

in Table A.9. These can be applicable for initial design estimates in the absence of site-specific data,
should be confirmed during the design process via site-specific testing.

Table A.9 — Database values of pipe-soil interface properties (from Reference [348])

but

Normally-consolidated residual | Drained interface strength ratio
interface undrained shear tan(s,,.)
strength ratio res
(Su,int,res , )
o no’/ nc¢
Low estimate (P10) value 0,22 0,34
Best estimate: median (P50) value 0,33 0,50
High estimate (P90) value 0,46 0,89

As described in A.10.7.3.3, the relevant interface drainage condition&hould be considered. This depsg
on the duration of the pipe movement and any history of previous movement. In clay, it is common
the primary consolidation period exceeds the duration of any startup or shutdown event, so movem
are undrained. However, full consolidation occurs during the-intervening operational period. In sang
is common that consolidation occurs more rapidly than,the mobilization of axial resistance, so {
drained conditions apply throughout. If consolidation occurs concurrently with continuous

nds
that
ents
s, it
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movement, it leads to a transition in axial resistance from undrained to drained values that cam be

quantified by the period required for 50 % of this<transition, tso (see Figure A.25 as well as A.10.7.3.3

For soft clays, consolidation between movements leads to contraction and an increase in undra
strength. This process of ‘consolidation hardening’ causes the axial resistance to rise towards the dra
value over several cycles, as observed inodel tests (see Reference [320]), and in situ SMARTPIPE 1
at the seafloor (see Reference [38]), as well as being replicated in coupled numerical analysis
Reference [367]). Field observatigons of pipeline walking and expansion behaviour appear to confir
build-up in axial resistance over{the operating life of pipelines laid on soft clays and silts, as reporte
References [171] and [142].

The geotechnical PSI analysis should consider the potential for consolidation hardening and adopt de
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values of axial friction that encompass any range of axial friction created by consolidation hardening ¢ver

the design life. If consolidation hardening is expected to occur, the design undrained axial friction ca
defined on a cycle-by-cycle basis, converging towards the drained value with increasing cycles (s
methods are@provided in References [355] and [111]). Alternatively, a simpler approach, but which
lead to a wider range of pipeline responses, is to consider design cases that span the full range of g
frictionifor the entire life, i.e. ensure the design is acceptable if the initial undrained resistance applie
the full)design life, and also for the drained value to apply for the full design life.
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Figure A.25 — General model for residual axial pipe-soil resistance (from Reference [359])

).7.6 Lateral pipe-soil resistance

).7.6.1 General

ral pipe-soil resistance during break-out and large amplitude cyclic movement is influenced by the
edment of the pipeline, the vertical loading acting on the pipeline, the soil properties and the history

of p‘[evious movéments.

ndrained‘jconditions, two characteristic types of large amplitude lateral response can occur
ending on the pipe weight, characterised by the ratio W’/s.D for undrained conditions. For ‘light’
s (With values of W’ /s.D below about two), the pipeline tends to rise after breaking out from its initial

pos

tion. The lateral resistance reaches an initial breakout value (Hy in Figure A.26 a)) before reducing

to a

residual resistance (Hres) where the pipeline sweeps horizontally with a berm of soil being pushed

ahead of the pipe.

Subsequent cycles of lateral movement lead to a steady increase in the restraint provided by the
increasing size soil berms deposited at the end of previous cycles and any further embedment into the
seabed (see Figure A.26 b)), which can be important for accurate modelling of pipeline fatigue (see
Reference [63]).
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For values of W'/s.D greater than about two (‘heavy' pipes), the pipeline typically embeds further after
the initial break-out resistance is mobilised. This increasing embedment, coupled with the growth of a
soil berm adjacent to the pipe, leads to a steady increase in the lateral resistance (see Figure A.26 b)).

In drained conditions the ‘light’ pipe type of response is observed.
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(a) Typical load-displacement response (b) Typical cyclic evolution pf
resistance components
Key
X1 Lateral displacement, u/D A Firstload response
Y1 Equivalent lateral friction, H/W' B Cyclic response
X2 Cycles of lateral displacement, N C  Berm resistance and extent increase with cycles
Y2 Equivalent lateral friction, H/W! D  'Heavy' pipe
E  'Light' pipe

Figure A.26 — Large amplitude cyclic lateral pipe-soil responses (from Reference [359])

A.10.7.6.2 Monotonic lateral resistance parameters

The lateral PSlparameters, Huri, and Hres, can be estimated using theoretical yield envelopes or empitical
expressions:

Yield envélopes for predicting Hyk define limiting combinations of vertical and horizontal pipetsoil
resistance. The approach is similar to the methodology given in A.7.7.1 for shallow foundations.|For
undrained conditions, yield envelopes for shallowly-embedded pipelines are given in References [290],
[245], [246] and [232]. For drained conditions, yield envelopes for shallowly-embedded pipelines| are
given in References [381] and [338]. For more complex soil strength profiles, project-specific numefical

analyses can be performed using finite element software or similar.

Empirical expressions for lateral PSI parameters have been developed from model testing in drained
conditions (see e.g. Reference [345]) and undrained conditions (see e.g. Reference [359]). These methods
generally express Hpr and Hres as the sum of components that vary with pipe weight (‘friction’) and soil
strength (‘passive’). Since the expressions evolved from distinct sets of model tests, they can be reliable
only for the conditions for which the model tests were performed.

Empirical expressions for lateral PSI parameters are subject to significant uncertainty and their relevance
should be established for a particular design situation. Since the expressions evolved from distinct sets
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of model tests, they can give erroneous results outside the conditions for which the model tests were
performed. It is therefore necessary to confirm, on a case-by-case basis, whether the design inputs
(pipeline and soil parameters) are within the range of the data that underlies any empirical expression
for lateral PSI parameters.

High calculated values of Hyw, i.e. significantly above unity, can be ignored if it is demonstrated that they
are not relevant because a buckle will not initiate from loading in the horizontal direction. In the situation
of Hyy > 1, the flowline can buckle upwards initially. In this case, the resistance to motion is the pipe

submerged weight, which is equivalent to a friction factor of 1,0. A cap of 1,0 may be applied on Hyx if it
is shown that the likely pipeline buckling mode is upwards rather than lateral, such that an upwards
buckle offers lower resistance than a lateral buckle. The as-laid out-of-straightness in the vertical'and
horizontal direction influences the likely buckling mode, as well as the soil resistance to movement in
each direction.

A.10.7.6.3 Advanced aspects of lateral PSI response

The| geotechnical lateral PSI analysis should consider whether standard calculation-tmodels for pipeline
embedment and axial or lateral resistance (see e.g. References [111] and [307]), arve-able to adequately
capture the pipe-soil interaction behaviour in non-standard conditions. Such cenditions can include:

— Unusual site-specific soil strength profiles or layering;

— partial drainage;

— dyclic lateral movement and the build-up of additional resistancein soil berms;
— pipeline responses close to structures or within spools;

— g high variation in embedment over short distance of pipeline (e.g. free spans);
— 1jegions of pipeline that are affected by sediment transport or scour (see A.10.7.7).

Pot¢ntial analysis methods to adopt in these conditions are discussed in References [57], [359] and [349].

A.10.7.7 Sediment transport and scour

If thle geotechnical PSI analysis identifiesthat seabed mobility can occur, the design process should assess
the potential impact on pipeline limit states.

If the seabed is mobile, scour beneath a pipeline can form a free span. The suspended sections of the
pip¢line can sag into the scour hole, or sufficient length of the pipeline can be undermined to cause the
remaining span shoulders te fail in bearing due to the pipe weight, resulting in lowering of the pipeline
relative to the seafloor.-Sediment can also be deposited around the pipe. A consequence of these
progesses is that the pipeline embedment can evolve with time and free spans can form and remain stable
or cpn evolve, migrate,or be eliminated (see References [104], [330] and [210]).

Spaps can be subjected to vortex-induced vibration leading to fatigue, greater exposure to submarine
slides and arehange in the hydrodynamic stability (see e.g. References [210] and [211]). Scour and
sediment transport can also affect the pipeline behaviour at engineered buckles due to the evolving
embedment and resulting changes in lateral resistance.

Scheduled manitoring of scour and sediment transport can form part of a dpqign strategy for limit states

that evolve gradually over time such that intervention is possible if required (e.g. fatigue and pipeline
walking). Observations of existing nearby pipelines can be useful to quantify the likely behaviour of new
pipelines.

Laboratory techniques to quantify the erosion properties of natural seabed sediment samples are
described in References [60] and [248]. Methods for assessing the likelihood of scour and sediment
transport and the subsequent changes in embedment are described in References [330], [122] and [123].
Techniques for assessing the condition of pipeline free spans are outlined in Reference [113]. Mitigation
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methods, such as rock dumping and other stabilisation methods, can be used to rectify unacceptable
spans.

A.10.7.8 Damping from pipeline-seabed interaction in free span analysis

free

Pipeline free spans or slugging-related issues for a pipeline bridging over a sleeper require assessment
for fatigue potential. The stiffness and damping provided by the soil supports can have a significant
influence on the fatigue rate. Reference [113] provides practical advice on the assessment of free span

behaviour. Recommendations of soil damping ratio in Reference [113] are provided based om
classification (clay - for three consistencies from very soft to hard; sand - loose, medium or dense)
free span length. Damping ratios from 0,5 % to 3 % are specified, increasing with soil stiffiiess
reducing with span length.

In contrast to these recommended levels of damping, recent work discussed in Reféerence [334]
shown significantly higher damping levels for a partially embedded pipe on the seafloor in very soft
Their results were obtained by modelling a 0,3 m (1 ft.) diameter pipe embedded 0,25D, varying
amplitudes and frequencies of motion to determine both hysteretic and radiation damping ratios.

soil
and
and

has
flay.
the
The

analyses considered both types of damping and a combination rule propdsed to determine the suin of

both components (see Figure A.27).

The results indicated very significant and greater levels of damping¥ersus what is usually considerg
design, including the advice in Reference [113]. For example, for loading periods from 0,1 sto 1 s (
to 10 Hz), the damping ratio from radiation damping alone was_about 0,2. For very long loading per
(100 s), where radiation damping is negligible, the damping ratio ranged from about 0,22 to 0,39
displacements = 0,006D to * 0,04D.

Preliminary sensitivity analyses have been performéd to assess the potential impact of these
damping ratios on the fatigue of a pipeline span. Theé'pipe diameter considered was 0,46 m (18 in) w
the span length was about 50 m. The results shew significantly reduced displacements at the shoul
and mid-point of the span for higher damping.levels. In addition, abouta 15 % to 25 % reduction in
stress range at the mid-span was observed for damping ratios greater than 20 %. This level of st
reduction will increase fatigue life or allow longer acceptable span lengths.

Analyses similar to those performedby Reference [334] can be used to define appropriate damping rg
for other conditions.
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0,70 — — ——
0,60
0,50
0,40
0,30
0,20
0,10
0,00
0,1 1
Key
X Normalized period, T/T* + FEA (exp), 0,02
Y Damping ratio (combined), D (@) FEA (exp), 0,01
Theoretical maximum material hysteric/damping e FEA (std), 0,01
e=——t— Maximum combined damping B FEA (std), 0,004
| Comb. Damp. Rule, SA displ./dia.=0;04 ® FEA (std), material hysteric damping only
— 4003 D Dhuyst + @ X Drad
— 1 _002 Dnyst Material hysteretic damping ratio
o..J...001 a Fraction of energy not dissipated by material hysteresis
__ 1l __o0,006 Draa Radiation damping
10,004 Displ./dia Displacement / pipe diameter
_ 1 _o003 FEA Finite element analysis
,,,,,,,,,,, 0,002 EXP Explicit solution
| 70,000 2 or less (radiation damping only) SA Single amplitude
O FEA (exp) radiation damping only STD Standard (implicit) solution
X FEA (exp), single amplitude displacement/pipe diameter =0,04 T Period
A FEA (exp), 0,03 T* 100 * pipe diameter / shear wave velocity
A FEA (std), 0,03

Figure A.27 — Damping ratios for 0,3 m diameter pipe resting on seafloor (from Reference
[334])
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A.10.7.9 Submarine slides and density flows: simulation and pipeline impact analysis

A.10.7.9.1 General

This subclause sets out a recommended procedure for the simulation of submarine slides and density
flows (both referred to as ‘flows’ here) and the resulting pipeline impact analysis following the steps
listed in 10.7.2.

A.10.7.9.2 Rheology characterization

Characterization of flow materials is typically carried out using a rheometer. Flow characteristics 6f goils
can be described using non-Newtonian rheological models, such as the Herschel-Bulkley model, which
can be expressed using either fluid mechanics (Formula (A.57) or geotechnical notation (Formula (A{58),
as:

T=1, +Ky" (A.37)
% B (A.58)
Su,op = Suo 1+77<. >
yref
where

Ty (Or suo) is the yield stress or strength at very low or zero strain rate y,
K is a (dimensional) ‘consistency’ parameter,

n is a dimensionless viscosity parameter, whilen (=) express the dependency of strength on
strain rate.

T and syuop both represent the mobilized or apparent shear stress (strength). The alternative forms of
Formulae (A.57) and (A.58) are fully interchangeable and achieve the same objective of a rate dependlent
mobilized ‘strength’ of the flow material (seé.e.g. References [52], [225], [226] and [99]). Selecting the

reference strain rate J ror to match the strain rate in conventional geotechnical element tests allows ¢lata

from different tests to be combined.

The parameters in Formulae (A57) and (A.58) should be estimated through laboratory testing that
covers the relevant range of strength, shear strain rate and moisture content. Using a vane-in{cup
rheometer in accordance t0 "ASTM D2196 BB1l is recommended for high strain rate testing. It is
recommended to conduetithe rheology tests at soil temperatures representing the site conditions for a
range of moisture contents.

A.10.7.9.3 Flow.simulation

Simulation efthe run-out process of a submarine slide or flow can be performed numerically uking
techniqués.of varying complexity. It is common for depth-averaged Eulerian models to be used, with the
slide rurnining out over a 3D bathymetry (see References [344], [323], [260], [230] and [184]). More
complex analyses, using computational fluid dynamics or a large deformation finite element method,can
also'be used to simulate slide behaviour, as shown in References [146] and [120].

Analyses of submarine slide and flow behaviour are often calibrated on a site-by-site basis, using relic

slides that are identified from the bathymetry, geophysical data and sample dating (see e.g. References
[73], [146] and [230]).

A.10.7.9.4 Mobilized shear strength of slide / flow material

In assessing the impact force on a pipeline, the relevant flow velocity v is the relative velocity between
the moving density flow (or soil) and the pipeline. This is important for conditions where a flow might
engulf a pipeline and carry it forward until such point where equilibrium is achieved between the forces
exerted on the pipeline by the decelerating flow and the structural forces induced in the deformed
pipeline. Appropriate values of operational shear strength need to be assessed, taking account of the
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strain rate dependency of soil stiffness and shear strength. The nominal shear strain rate in the soil
flowing around the pipeline, y, is expressed as:

y= 2 A.59
P=fy (A59)

Use f = 1 when calculating 7 to find t and Renx to use in the fluids-based approach (Formula (A.61)). Use
f=0,9 when calculating s..., and Reun to use in the geotechnical-fluid hybrid approach (Formula (A.64)).

Thi§ difference in definitions of nominal shear strain rate originates from the calibration of each
appfoach.

A.10.7.9.5 Impact forces on pipelines

The| forces arising from pipeline-flow interaction, including situations at the onset of a slide, can be
estimated analytically using the estimated properties of the flow material. When a flow)impacts a
pip¢line, the force that is applied to the pipeline depends on (i) the inertia (mass density)‘efthe material,
whirh is deflected around the pipe, and (ii) the strength (or mobilized shear stress) within the material,
whifh is deformed as it flows around the pipe. The relative influence of the material\inertia and strength
depends on a non-Newtonian Reynolds number:
pv?  pv? A.60

RenN = - OI‘E ( )
Approaches to estimate impact forces have initially developed from fluid dynamics-based principles
where the force is assumed to be generated by fluid drag, with veloeity dependent drag coefficients. For
valyes of Renn greater than 2, drag forces dominate and models/based on fluid mechanics alone, with
veldcity dependent drag coefficients, can be used (see Reference [371]). Subsequently, a combined
geofechnical-fluid approach (see References [358], [292], [308] and [222]) was developed using the data
presented in Reference [371], which is also suitable atdow Re.n where the strength of the debris can
donpinate the impact force. Both methods are outlinedin this subclause. Impact forces can be calculated
using both methods, which should yield similar results. In case of a discrepancy, reference should be
made to the experimental and numerical dataset given in Reference [371] that underpins the two
approaches, and other relevant data, in order to compare the suitability of each calculation method.

The|force also depends on the angle of attack of the flow relative to the alignment of the pipeline, § where
6= D0° for flow perpendicular to the pipe axis, and &= 0° for flow parallel to the pipeline.

Onge of the following expressions for impact forces should be used. Both can be evaluated for comparison,
and|if there is an unacceptable discrepancy between the methods, then reference should be made to the
underlying data to evaluate which approach is most suitable.

a) Hluids-based approach

Hor the two extremes of attack angle, the pipeline force per unit length, F, is:

X 1
Fod90 = [CD,90 (Epv2>] D and Fg=o = Cpyo (EPVZ) D (A.61)

Vhere iis'the depth-averaged flow velocity over the height of the pipe. For fully-engulfed flow around
pipe,‘the velocity-dependent drag factors are given by [3711:

Q <

C 14 4 17 p —125 ] Yal ano 1 a2 po—1.1 (AN

D,9O — 1,7 T 17,J l\CnN dliu UD,O — J,v0 T J,4 INC N 5O
For a laid-on-seafloor pipeline 371l;

CD,9O = 1,25 + 11,0 Re.,;]%'ls [A.63)

b) Geotechnical-fluid hybrid approach

In the geotechnical-fluid hybrid approach, the impact force for perpendicular attack comprises two
terms. The first term relates to inertial loading, with a drag factor, Cp.oo, and the second relates to
strength loading, with a bearing factor, N,.q0. The axial impact force includes an adhesion factor, fa:
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1
Fo—00 = [Cos0 (20V2) + NysoSuop| D and  Fy_g = fagSuopmD (A.64)

For fully engulfed flow around a pipe, Cp9 = 0,6, Np9o = 11,9 and f.0 = 1,4. Lower values may be used
for a smaller depth of soil above the pipe, or if the flow only passes over the exposed upper part of the
pipe (see References [232] and [386]).

For general impact angles (0° < 8 < 90°), the solutions from Formula (A.61) and Formula (A.64) for an
engulfed pipe can be used to derive parallel and perpendicular components of force per unit pipe length

[371]:
Perpendicular force, Fy ,¢rp = Fg=q¢ sin 6 and Parallel force, Fg_y cos 8 (AJ5)

Alternatively, a yield envelope approach can be used to evaluate the normal and lateral force coefficignts
for a given direction of flow, €. The envelope can be represented by extending the geotechnical apprgach
above to an envelope of the following form [2921:

No Vo, ()Y . _ PR (A.66)
<_Np—90) + (fa,o) = 1 with N, = N,,_q(sin8)

Using Formula (A.66), values of N, and f, can be found for general values of 6. Separate loagling
components in the parallel and perpendicular directions are then calculated by substituting these factors
in place of Np.90 and fi.o in Formula (A.65), and taking v as the normal component, v sin 6. The drag

coefficient, Cp.go is replaced for inclined attack to be Cp = Cpgo / sin-é (see Reference [292]).

Numerical studies provide guidance on the selection of parameters p, g and r for inclined attack [see
References [292] and [222]).

A.10.7.9.6 Additional considerations

Formulae (A.60) to (A.66) are for horizontal dragforces in the flow direction. Vertical forces in the form
of gravitational and vortex induced vibrations(VIVs) were also observed in the flume experiments|and
numerical analyses. VIV can cause fatigue stresses on pipelines. Reference [377] presents the calculated
Strouhal number versus the Renn from th€experiments and numerical analyses.

Glide blocks and out-runner blocks, dbe intact pieces of cohesive sediments that depart from the parent
flow often due to hydroplaning and stretching. The framework outlined in A.10.7.9.2 and A.10.7.9.3|can
also be applied to determine the'flow characteristics of such material for simulation while geotechnpical
approaches are more suitable-for estimating the impact forces. Reference [375] provides an example of
the determination of flow'characteristics and impact forces.

A.11 Geotechnical design of anchors for floating structures

A.11.1 Genéral

This clause-provides recommendations for the geotechnical design of anchoring systems for floating
offsherelstructures and mobile offshore units. It is applicable to stationkeeping systems with caterfary,
semi=taut-line or taut-line moorings. Since there is no ISO document available with respect to vertical
tethering (TLP structures), reference is made to API RP 2T 24, The torpedo anchor of Figure A.33 is
another example of a vertically tethered anchor with different design recommendations and sdfety

factors than for a TLP.

The options that are available for anchoring floating structures include:

— drag embedment anchors;

— anchor piles, comprising driven, suction, vibro-driven, jetted, or drilled and grouted piles;
— plate anchors, including drag-embedded, or direct-embedded plate anchors;

— other anchor types, such as gravity anchors and gravity-embedded anchors (free-falling ‘torpedoes’).
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Recommended design criteria and ultimate limit state (ULS) design safety factors for anchoring systems
are given in ISO 19901-7. In selecting anchor options, soil conditions, required system performance and
reliability, installation and the test loading (where relevant) should be considered. The structural
strength of anchors and mooring lines should be demonstrated to be adequate with respect to the
required anchoring capacities.

The design of the anchoring system should ensure that allowable limits of stress, displacement and
fatigue in the anchor, and cyclic degradation in the surrounding soil are not exceeded during and after

instpllation. The anchoring system above the seafloor should include provisions for inspection and
maintenance.

A npmber of design and installation issues for driven piles, suction piles, plate anchors, and gravity-
embedded anchors, all of which are capable of resisting vertical forces, are addressed in A.11.5 through
A.11.7. These issues include anchor ultimate holding capacity (UHC) evaluation, installation,~and pull
testing.

Sonje of the technological aspects of the design of suction piles, plate anchors andgravity-embedded
anchors are still under development. Specific and detailed recommendations are given in this clause to
the extent possible. General statements are also used to indicate that some particular aspects should be
congidered, and references are given for further guidance.

A.1[1.2 Soil investigation

Seafloor and soil conditions should be investigated for the intended site‘to provide data for the anchoring
sysfem design. Details about equipment and procedures for marine’soil investigations are provided in
1SO(19901-8.

It i recommended to perform a high quality, high-resolution geophysical survey over the entire areal
extént of the foundation system. The survey should use géophysical equipment and practices appropriate
to the water depth of interest and provide high-resolution imaging of the seafloor as well as detailed
strz:ltigraphic information to a reasonable penetration below the zone of influence of the foundation
sysfem. The survey should include the mapping@and description of all seafloor and sub-bottom features
thatf can affect the foundation system. This\'survey should be subjected to a realistic geological
interpretation so thatit can then serve as a gtiide to develop a scope of work for the vertical and horizontal
extgnt of the geotechnical investigation-(i-e. number, depth, and location of soil borings and/or in situ
tests, such as cone penetrometer tests and CPTU) and to aid in the interpretation of the acquired
geotechnical data. Further information on geophysical marine survey is provided in 19901-10.

The|stratigraphic data thus ohtained should be integrated with geotechnical data collected subsequently,
or with existing geotechnical data (if any), to assess constraints imposed on the design by geological
features, and to allow fof soil data interpolation and/or extrapolation in the event the anchor locations
are shifted due to changes in mooring line lengths and/or headings, field layout, platform properties, and
mogring leg properties. Guidance about the integration of geophysical and geotechnical data is provided
in1$0 19901-10

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
expectéd zone of influence of the actions imposed by the base of the foundation and should exceed the

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.

The content and scope of a deep-water 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
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across the mooring pattern. 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

Traditional drag embedment anchors (Figure A.28) were initially used for mobile (temporary)-tmooring
operations. Drag anchor technology has advanced considerably in recent years. Engineering and testing
indicate that the new generation of fixed fluke drag anchors develops high holding power e¥en'in soffsoil
conditions. A high efficiency drag anchor is generally considered to be an attractive option for moofring
applications because of its easy installation and proven performance. The anchor segtion of a moofing
line can be preinstalled and test loaded prior to floating structure 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.28 — Traditional drag embedment anchor

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,

© ISO 2022 - All rights reserved 167


https://standardsiso.com/api/?name=aded27837a1e11dcf6078821c41c440a

ISO/DIS 19901-4:2022(E)

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 (see Reference [194]), jetting (see Reference [188]) or drilling and grouting techniques can

be ¢

onsidered for other types of anchor piles. Disturbance of soil during vibro-driving, jetting or drilling

operations should be evaluated.

A.11.3.3 Suction anchor piles

Suction anchor piles can be used for large deep-water mooring systems and can be designed for very high

mo
Syst
pile

ring line tensions. They are typically tall steel cylindrical structures with or without internal stiffenep
ems. The cylinder unit is open at the bottom and closed at the top (see Figure A.29). A suction anchor
is installed by first lowering it into the soil to self-penetration depth (i.e. penetration due to the

submerged pile weight). The remainder of the required penetration is achieved by pumping the trapped
water from the inside of the pile. The differential pressure thus created (generally called ‘undér-pressure’

or 'y

uction’) results in an additional driving force on the anchor top, which drives the pile into the soil. As

the penetration increases, the driving force needed normally increases, requiring a gkadually increasing

diff4

brential pressure.

Key
1 padeye

2 anchor top cover with installation aids, venting hatches and anodes

Figure A.29 — 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 partis 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 anchor .wall a]E an
optimal depth below the seafloor. The location of the optimal line attachment point depends on the shear
strength profile, the shear strength at the clay-anchor wall interface, the mooring line-inclination| the
submerged anchor weight, and the depth-to-diameter ratio of the anchor. The optimallocation is typigally
two-thirds to three-quarters of the length of the anchor pile downwards from the séeafloor.

As suction anchors are shallow structures compared with driven piles, deep,soil borings are not required,
but more detailed soil data are needed at shallow depths than for driven piles. Suction anchors have
mainly been applied in cohesive clay type soils. Suction embedment penetration through sand or granular
layers is feasible, provided the suction anchor design takes this intd.account [337l. Penetration into llluon—
cohesive granular type soils requires special considerations which are described in A.11.5.2.2.1.

Suction anchor length-to-diameter ratios can vary from 2:1 for stiff clay soils to as much as 7:1 for yery
soft clay soils. Suction anchors are often designed with large-depth-to-diameter ratios in soft clays sjnce
the upper part of soft clay deposits provides limited bedring capacity and skin friction.

A suction caisson is a suction anchor that is relatively shallow in height and is designed for relatiyely
small penetration. The submerged weight of the suetion caisson can make up a large part of the ancHor’s
vertical holding capacity. A multi-cell concreté’ structure with a large footprint and a shallow gkirt
penetration is an example of suction caisson (see Figure A.30 and Reference [329]). The vertical capdcity
is derived mainly from its self-weight plus*possibly some skin friction and internal suction. Horizontal
resistance is generated by skirt penetration and friction between the soil layers subject to shear.

NN I
R RRARRRRARRRRR

NN NN,

R R RN

%

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.30 — Suction caisson anchor
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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

Drapg-embedded plate anchors are embedded to deep penetration in a manner similar to drag.anchors.
Durjing installation, the anchor is first placed on the seafloor, and as the anchor is pulled along the
seafloor, it penetrates the soil. Initially, the anchor dives more or less parallel to the fluke;progressively
rotdting until the target depth is achieved. Following embedment, the anchor fluke js‘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 orientation of
the line.

These drag-embedded plate anchors are often referred to as vertically loaded anchors (VLA). Two VLAs
are [commonly used by the offshore industry: Stevmanta (see Reference [305]) and DENNLA (drag-
embedded near normally loaded anchor) (see Reference [141]). The Stevmanta anchor uses a bridle
systiem to convert from its installation configuration to its plate anchor operational orientation whereas
the DENNLA anchor uses an articulated shank (Figure A.31).

a) Dennla Mk4 b) Stevmanta
Key
1  normal (or near normal) loading mode
2 installation mode
NOTE Theseanchorsare examples of suitable productsavattablecommerciatty Thisinformation s given for

the convenience of users of this document and does not constitute an endorsement by ISO of these products.

Figure A.31 — Drag-embedded plate anchors (VLA)

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.
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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.32). 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 3621,

a) Plate anchor b) Installation
Key
1  mooring line 6  SEPLA anchor
2 forerunner 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 keying plate anchor
NOTE This anchor.is an example of suitable product available commercially. This information is given fof the

convenience of users of-this document and does not constitute an endorsement by ISO of this product.

Figure A.32 — Suction-embedded plate anchor (SEPLA)

A.11,3.5 Gravity anchors

Gravity anchors are deadweight anchors which commonly consist of concrete or steel blocks, scrap njetal
or'other materials of high density. Their uplift capacity is primarily derived from their own submefgged
weight. Their 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 typically require relatively hard seabed
conditions to provide sufficient bearing capacity.

Gravity anchors are typically more suitable for small mooring systems in relatively shallow water, where
holding capacity requirements are limited and/or where ballast can be added relatively easily to the
gravity anchor. Gravity anchors are generally not used for large deep-water mooring systems.

Gravity anchors can be designed with skirts for enhanced horizontal capacity, to improve the bearing
capacity (if needed), to mitigate piping below the edges of the structure base induced by rocking motions
and to ensure that scour does not undermine the base.
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A.11.3.6 Gravity-embedded (free-falling) anchors

Gravity-embedded anchors are commonly shaped as ‘torpedo’ steel structures which penetrate the
seabed by free-falling and are used as anchoring solution in soft clayey soils. The anchors are lowered by
means of an installation line to a designated free-fall drop height above seafloor and penetrate to the
target depth below seafloor by kinetic energy obtained during the free-fall (see Figure A.33 and
References [53], [220] and [383]).

Grayity=-embeddedanchorsobtaim significant horizomntat—and-inchimedhotding capacity by tateratsoit
resistance against the wings and friction along the soil-steel interface.

4

300-3 000 m
N

b) ‘Torpedo’ pile 53]

¢) OMNI-Max anchor [387] d) Deep penetrating anchor [164]
Key
1 1nstallation line o anchor
2 release unit 6  drop height
3 lead line chain 7  seafloor
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 document and does not constitute an endorsement by ISO of these products.

Figure A.33 — 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

L 1= 1a-tla. £ aof H 1 nH A L £ £+l +1 alaxl dadls ld
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normally cause favourable redistribution of the mooring line tensions. This is expected to help|the
mooring system survive environmental actions exceeding those from the ULS design situation,

Evaluation of the holding capacity of drag anchors is addressed in this subclause and in Referéence [1[16].

The holding capacity of a drag anchor in a particular soil condition represents the maximum horizontal
steady pull that can be resisted by the anchor at continuous drag. This includes the resistance of the chain
or wire line into the soil for an embedded anchor, but excludes the friction of the.chain or wire onf the
seafloor.

Drag anchor holding capacity is a function of several factors, including:

— Anchor type: fluke area, fluke angle, fluke shape, anchor weight, tripping palms, stabilizer bars,|etc.
Figure A.34 shows drag anchors commonly used by the offshore industry.

— Anchor behaviour during deployment: opening of the flukes, pénetration of the flukes, depth of byrial
of the anchor, stability of the anchor during dragging, soil-behaviour over the flukes, etc.

Furthermore, a long drag distance can be required foran“anchor to reach full penetration and develop
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 lecation where the seafloor is congested with subsea
installations.

Due to the wide variation of these factors, predicting the holding capacity of a drag anchor is difficullt. A
verification of the holding capacity can he determined after the anchor is deployed and testloaded. If drag
anchor holding capacity does not meet*design capacity, contingency measures should be taken finto
account.

Anchor performance data for thé_specific anchor type and soil condition should be obtained if possjble.
In the absence of credible anchor performance data, Figure A.35 and Figure A.36 can be used to estimate
the holding power of drag anchors commonly used to moor floating vessels, acknowledging that| the
holding capacity curvesin Figure A.36 and Figure A.37 do not include a design safety factor and are based
on the assumption that the anchor reaches full penetration.

Figure A.36 and Figure A.37 are reproduced from Reference [23], except that the holding capacity cutves
for the Moorfast (or Offdrill II) and Stevpris anchors were upgraded, based on model and field test data
and field experience. The design curves presented in Figure A.35 and Figure A.36 represent, in gengral,
the lowerbounds of the test data. The tests used to develop the curves were performed at a limlited
numper'of sites. As a result, the curves are for use in generic soil types such as soft clay (i.e. normally
consolidated clay with undrained shear strength increasing monotonically with depth) and sand.

Recent studies indicate, however, that several parameters, such as soil strength profile, lead-line type

(wire Tope versus chain), cyclic actions amnd anchor soaking, cam significamtty inftuence —amchor
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 Figure A.35 and Figure A.36.

As Figure A.35 and Figure A.36 only provide anchor holding capacity estimates, more detailed analyses
are needed, if uncontrolled anchor drag cannot be tolerated in congested subsea locations where it can
cause damage to existing subsea installations. If it is impractical to apply an installation tension required
to completely avoid future anchor drag, it can 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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E Thesé& anchors are examples of suitable products available commerecially. This information is given for
onvenience of users of this document and does not constitute an endorsement by ISO of these products.

Figure A.34 — 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 [125]. Significant deviations from this 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
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holding capacity in clay accentuates with increasing degree of mobilisation of the anchor capacity. 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 [101],

A.11.4.3 Effect of lead-line type in clay

FiC}d tCDtD Cllld qua}_ytiual atudica iudi\,atc t}lclt ill DUft L,}a_y, VV]llCll t}lC }cad }illC ib DtCC} VVilC }iuc, dll dIl hOI'
can penetrate deeper and give significantly higher holding capacity than when a chain lead-lineris used.
For the limited cases studied, an anchor connected to steel wire line provided 15 % to 40,% "higher
holding capacity than the same anchor connected to chain. This is in good agreement with the reqults
from a full-scale test programme. The studies were limited to high efficiency anchors in soft clay with a
fairly constant shear strength gradient. A side effect is that the required anchor installation tensidn is
reached with less drag, if a wire lead-line is used instead of a chain lead-line.

A.11.4.4 Effect of cyclic loading in clay
Cyclic loading affects the static undrained shear strength, s,, in two ways.

a) During a storm, the rise time from mean to peak loading can be.about 3 s to 5s (1/4th of a wave
frequency tension cycle), as compared to 0,5 h to 2 h in a static consolidated undrained triaxial fest.
This higher loading rate leads to an increase in the undrained shear strength and, consequently, irff the
anchor holding capacity.

b) As a result of repeated cyclic loading during a storms.the undrained shear strength decreases. [The
degradation effect increases with increasing over-cgnsolidation ratio of the clay.

The cyclic shear strength values used in geotechnical\design are generally based on cyclic laboratory tests
with periods of typically 1 s to 10 s and therefore account for both these effects.

More information about the prediction of cyclic loading effects are provided in References [116], [1[17],
[16] and [10]. More general considerations about the effects of cyclic loading in clay are described in
A.8.3.2.3.

A.11.4.5 Effect of anchor soaking-in clay

Soil set-up due to thixotropy(can lead to a significant increase in anchor holding capacity in a few hours
or days after installation(see for example results from temporary stoppage during instrumented field
tests reported in Referenice [103]). Over the subsequent weeks, soil set-up due to thixotropy effiects
gradually increases in combination with soil consolidation (dissipation of excess pore water pressurg).

Generally speaking, drag embedment anchors should therefore be installed without stoppage. A
temporary interruption before reaching the prescribed installation tension can prevent further an¢hor
penetration, if the increased tension required to restart the anchor after stoppage is higher than the[pull
availablefrom the installation equipment. The consequence is that the long-term anchor capacity i 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.

Ill [} dcaisu oituatiuu, ill VVhiLh thC au\,h\u iuatallatiuu tCllDiUll ib iutcudcd tU ClioulcT DtatiUll}\CC})illS 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 be reduced for anchor
penetration depths less than 2,5 fluke widths and should be set to zero, if the fluke penetration depth is
very shallow (see further discussion in Reference [116]).
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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.

Itis

not advisable to apply a high uplift angle at the seafloor during the initial shallow penetration of the

anc
pen

10T, ULllUl Wibﬁ, full pclctl dLiUll dC[JLh Uf LilU dllLllUl Cdll [)Ubbi‘Ui_y I1OLU ‘UC dLiliCVEd. AfLUl lCdLllillg d
etration depth greater than 2 to 2,5 fluke widths, the mooring line uplift angle at the seafloor can be

gradlually increased. This issue is discussed in some detail in Reference [116].

Sigr
anc

ificant evidence supports the use of a non-zero uplift angle at the seafloor on drag embedment
nors that penetrate sufficiently deep into soft clay. The following additional guidelines are.proposed

in this respect:

a)
t
i
b) 1
q
c) 4
H
d) 1
3
4

Iplift angles at the seafloor should not be accepted for certain operations with mobile meorings where
he soil conditions have not been thoroughly investigated or the anchor installation tension is
hsufficient to ensure deep anchor penetration.

'he maximum uplift angle at the seafloor should be assessed in accordance with the principles
utlined herein under the design situations for the ULS intact and redunédancy checks.

\ zero uplift angle should be maintained until the recommended migimum anchor penetration depth
as been reached.

'he anchor holding capacity should be reduced by a factor R, which is a function of the seafloor uplift
ngle, and accounts for the reduced friction due to shorter embedded line length. The R values in Table

.10 are applicable for Bruce FFTS Mk. IV and Stevpris Mk.'V anchors.
Table A.10 — R values for Bruce FFTS MK. IV and Stevpris MK. V anchors
Seafloor angle (°) 0 5 10 15 20
R 1,0 0598 0,95 0,89 0,81

In

up
For
sign
anc

—

A1l
May

eas that are susceptible to seabed trenching, the effect of possible trenching in combination with

ift should be evaluated to ensure sufficient anchor capacity.

taut-leg mooring systems, where mooring lines with seafloor angle greater than 20° impose
ificant vertical forces on the*anchor at all times, a typical solution is to use anchor piles or plate
nors for which design guidelines are provided in A.11.5 and A.11.6.

1.4.7 Drag distance-and penetration depth in soft clay

)y factors affect\the drag-penetration depth relationship, including site-specific soil data (e.g. soil

stratigraphy, seafloor shear strength, average shear strength gradient, soil sensitivity), and the size and

typq
Ref4

cha

e of ancholt For screening-level analysis, drag distance and penetration depth estimates from
erence257] are presented in Figure A.35 and Table A.11, respectively. This information is valid for
n lead-lines and shear strength gradients of 1,4 kPa/m to 2,0 kPa/m. Deviation from this range can

affe

ct-these values, especially the penetration depth estimates.

If the anchor design relies on further penetration to reach holding capacity, the additional drag to resist
the design intact actions should not over-load neighbouring lines.
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Hook anchor Y1 percent of maximum capacity
anchor types Bruce, FFTS Mk. III / Bruce TS / Danforth / GS (type 2)2 / Y2 corresponding safety factor
LWTa / Moorfast / Navmoor / OffdrilliHa / Stato / Stevmud / Stevpris MKk.
11
4 anchor types Boss2 / Flipper Deltaa / Stevdig? / Stevina a  Assumed based on geometric similarit}es.
Figure'A:35 — Holding capacity versus drag distance in soft clays [257]
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Table A.1 — Estimated maximum fluke tip penetration [257]

Anchor type Normalized fluke tip penetration
(fluke lengths)

Sands/Stiff clays Mud (e.g. soft silts
and clays)

SLOCKIESS (1IXed ITUKe) 1 3

Moorfast 1 4
Offdrill I1
Boss 1 4.5
Danforth

Flipper Delta
GS (type 2)
LWT

Stato

Stevfix

Stevpris Mk. 111 1 5
Bruce FFTS Mk. 111
Bruce TS

Hook

Stevmud

A.11.4.8 New anchor designs

New anchor designs and improvements to(existing anchors continue to be developed. However, well
confrolled instrumented tests and field pérformance data are insufficient for predicting the performance
of many of these innovative high efficiéncy anchors, although results from such tests can still be used to
calibrate anchor prediction tools (see“A.11.4.9). Just as important as the ultimate holding capacity is the
ty to predict drag-penetration-tension relationships for mobilized loadings, which are much less
than the ultimate holding capadity. In the absence of better information, the holding capacities of these
anchors can be conservatively estimated from:

abil

new

wh

Hn

re
Hy
Hs

= Hq (Av/ Ag)? (A.67)

is the helding capacity of new design;

issthe’holding capacity of reference design (e.g. Bruce FFTS Mk. III or Stevpris Mk. III in Figure
AC36 and Figure A.37) of the same weight;

AIA
As

n

isthe fluke area of new r‘]ncign;

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 A,/As can be obtained from anchor manufacturers.
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a Bruce FFTS Mk. 111, Stevpris Mk. 111 f Danforth, GS, LWT
b  Navmoor, Stato, Bess g  Stockless, fixed fluke
c Bruce TS, HodksStevfix h  Bruce, cast
d Flipper Delta) Stevin, Stevdig i Stockless, movable fluke
e Moorfast, Offdrill 11
NOTE A, Fluke angles set for soft clay seafloor condition as per manufacturer’s specification
NOTE.2/1 kip = 4,448 kN.
NOFE 3 This figure was reproduced from Reference [257], except that the holding capacity curves for the Mooffast

(or Offdrill II) and the Stevpris anchors were upgraded. The design curves reflect data valid for anchor desig
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The design curves in this figure do not include a design safety factor and assume that the anchor reaches full
penetration (see A.11.4.1).

NOTE 4 These anchors are examples of suitable products available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of these products.

Figure A.36 — Anchor system holding capacity in soft clay
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Fluke angles set for sand séafloor condition as per manufacturer’s specification.

a Navmoor, Boss f Stato, 30° pulse angle
b Stevin g Danforth GS, LWT
¢ |Stevfix, Stévdig h  Moorfast, Offdrill 11, 20° fluke angle, Hook
d Stevprisystraight shank, Bruce TS i Stockless, 35° fluke angle
Brice, cast j Stockless, 48° fluke angle

NOTEZ 1 kip=4448kN

NOTE 2  This figure was reproduced from Reference [257]. 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 and assume that the anchor
reaches full penetration (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 document and does not constitute an endorsement by ISO of these products.

Figure A.37 — 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 and ultimate anchor capacity. Recommendations for these tools to yield
reliable predictions include the following:

a)~Theamatyticat toot shoutd-becatibratedagainst resutts fronmr highquatity mstrumremnted-tests by field
testing or centrifuge testing performed on the type of anchor of interest.

b) The soil properties should be well known, which is not necessarily the case when designing [and
installing drag embedment anchors. Where the soil properties are uncertain, suitable upper and logwer
bound soil parameters should be established, and the anchor design should be based on the nmore
conservative prediction.

c) Users should be aware of the tool’s limitations and should be familiar with moering operations.|For
example, some tools typically show that the anchor penetration increases continuously, leading to
higher and higher anchor holding capacity. In such cases, the user should-consider limiting therfrag
distance for calculating the anchor holding capacity to a distance that does not result in unacceptable
vessel excursions.

d) Empirical formulae or field experience, if available, should be uséd to support analytical predictigns;

e) The analytical tool should be able to handle layered soil profiles. Some tools can handle layered clay
profiles with sand layers of limited thickness while other'tools cannot model layered soil profiles

A.11.4.10 Anchor holding capacity in sand

No significant study on the behaviour of drag embedment anchors in sand has been carried out sincg the
US Navy’s study [257]. Anchors do not achieve déep penetration in sand and no uplift resistance can be
relied upon from shallow penetration anchors in any soil conditions, i.e. the line uplift angle at|the
seafloor should be zero. Moreover, scour effects on anchor embedment should be taken into accgunt
when drag anchors installed in sand are\still visible at the seafloor.

Contrary to anchors in soft clay, anchers in sand do not gain any additional capacity from post-installaftion
effects due to thixotropy, conselidation or cyclic loading effects. In this case, the initial anchor installation
tension should be set high enough to provide the required safety factor for the anchors and the moofing
system accounting for theiuncertainty in the loading calculation [116],

The limited capacity-ef/mobile offshore drilling units (MODU) winches can result in shallow an¢hor
penetration during installation in dense sand. In some cases anchors are visible at the seafloor 3fter
installation. In the“cases of shallow penetration, it is not recommended to assume that the anchors
continue to pénetrate upon overloading. Anchor penetration during installation should be estimated[and
the anchor\capacity at estimated penetration depth should be evaluated using the analytical method
presented.in Reference [259].

A17.4.11 Anchor holding capacity in soils other than soft clay and sand

Predicting anchor holding capacity in hard clay, calcareous sand, coral or rock seafloor and layered|soil

profites s comptexamd-isdepemdentupom thedetaitedsoit/rock datafor thetocatiomof eactramchor
cluster. In these soils/rocks, the anchor penetration is often very shallow, which means that the same
precautions as recommended for anchors in sand (see A.11.4.10) should be followed.

Figure A.35 and Figure A.36 should not be used for carbonate and calcareous materials. Anchor
performance in similar seabed conditions or limit equilibrium methods should be used for design as
described in Reference [80]. In carbonate or calcareous materials, the effect of the imposed loading
regime (e.g. impact of short-term, sustained loading and cyclic/dynamic loading on soil strength) should
be taken into account (potential cyclic degradation) as described in A.6.3.
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A1l

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:
Pew =chw Wew (A68)
where
D H 4l 1 - H 1. 1 1l e
I cw IS5 UIT UlldIlll Ul WIT'T II1IT uuu,uus Lal)dblL_y,
f is the coefficient of friction between chain or wire line and the seafloor;

Lew is the length of chain or wire line in contact with the seafloor;

W’'ew  is the submerged unit weight of chain or wire line.

The|coefficient of friction depends upon the nature of the seafloor and on the type of mooringline. Static
(starting) friction coefficients are normally used to compute the holding power of the line and sliding

coe

ficients are normally used to compute the friction forces on the line during mooritig deployment.

If miore specific data are not available for chain and wire line, the generalized coeffi¢ients given in Table
A.12 can be used for various seafloor conditions, such as soft mud, sand and clag-Guidance for calculation

of t
coe
coe
pos

he seabed friction is also provided in Reference [116]. However, industry experience indicates that
ficients of friction can vary significantly for different soil conditions, @ang higher values for the sliding
ficient of friction have been encountered. In calcareous and carbonhate materials, lower values are
sible (see Reference [325]), coupled with low chain embedmentin dense or cemented materials.

NOTE Considerations about capacity generated by friction along the ‘mooring line apply to all types of anchors
witH deeply embedded anchor line attachment padeye, not to drag@nchors only.

A1l

Dra
geo

— 1]

For

Table A.12 — Mooring line friction coefficients

Anchor type Coefficient of friction
f
Static Sliding
Chain 1,0 0,7
Wire line 0,6 0,25

1.4.13 Installation of drag anchors

b anchor installation tolerances should be established and should be considered in the anchor’s
fechnical, structural;and installation design. Typical tolerances to be considered are:

llowable deviation from target heading of the mooring line attachment to limit padeye side loadings
nd rotationalkmoments on the anchor padeye;

ninimum.penetration required before test loading to achieve the required holding capacity.

drag'anchors used in permanent moorings, the anchor design should incorporate adequate

inst

[lation 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

info

rmation to be monitored and recorded includes:

a) drag anchor installation line tension versus time;

b) 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;

c) direction of anchor embedment;

d) drag distance;
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e) 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.11.4.14 Out-of-plane loading of anchors

In areas prone to revolving storms, MODUs experiencing a one or multiple line failure can exert forces on

t}lC Cllll,}lUl that dl' T Uut Uf lJ]ldllC tU tllC iuatauatiuu dll CLtiUll. T]llib Ldll CdustT d lCduLtiUll ill t}lC }lU]l lng
capacity of the drag anchor and potentially anchor dragging [151]. On the other hand, drag anchorsareplso
capable of generating significant holding capacity in the out-of-plane direction.

For MODU moorings where the possible consequences of out-of-plane loading are seen as a'xisk, posdibly
due to nearby infrastructure, this should be taken into account in the design of the anchoring system.
Selection of the appropriate drag anchor in combination with sufficient installation tension to fully enfbed
the anchor, can increase the out-of-plane resistance of the drag anchor. Out-of-plahe loading can plso
cause additional drag distance to reach ultimate holding capacity and should be considered in the defign
of the anchor pattern. The structural capacity of the drag anchor should also be’'evaluated for out-of-plane
loading.

A.11.5 Geotechnical design of anchor piles
A.11.5.1 Driven anchor piles

A.11.5.1.1 Basic considerations

Driven anchor piles can be designed to provide adequate capacity for both catenary and taut-leg moofing
systems. The design of driven anchor piles buildsien-the strong industry background in the evaluatidn of
geotechnical properties and the axial and lateral capacity prediction for driven piles, as developed|and
documented in this document. The recommerided design criteria from ISO 19902 and from this document
should be applied for the design of driven anchor piles, but with some modifications to reflect| the
differences between mooring anchor piles’and fixed platform piles.

The design of a driven anchor pile should consider four potential failure modes:

a) pull-out due to axial forces;

b) overstress of the pile and mooring line attachment padeye due to lateral bending;
c) lateral rotation and/or translation;

d) fatigue due to environmental and installation actions.

In mostanchorpile designs, the mooring line is attached to a padeye located on the pile below the seafloor
to enhancethe’lateral capacity. As a result, the design should consider the mooring line angle at padeye
connection-resulting from the inverse catenary through the upper soil layers. Calculation of the|soil
resistance above the padeye location should also consider remoulding effects due to this trenching of the
mootring line through the upper soil layers.

Drlven anchor piles in soft clay typlcally have aspect ratlos (penetratlon -to- dlameter) of 25 to 30. Riles

deﬂect laterally and fall in bendmg before translatlng laterally asa rlgld body

As argued in Reference [238], static p-y curves can be considered for the calculation of lateral soil
resistance. Cyclic p-y curves can be more appropriate for fatigue calculations. A modification to the
current p-y curves (as described in 8.5 and A.8.5) has been proposed in Reference [326] to ensure that
lateral displacements are not over-predicted. Degrading the p—y curves for lateral displacements by more
than 10 % of the pile diameter should be considered. In addition, when lateral displacements associated
with cyclic actions at or near the seafloor are relatively large (e.g. exceeding y. as defined in 8.5 for soft
clay), reducing or neglecting the soil-pile skin friction through this zone should be considered.
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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.
Infgrmation on coupling between vertical and horizontal capacities can be found in A.11.5.2.2.5)Axial
safdty factors consider that the pile is primarily loaded in tension, and are therefore higher than for 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 hot complete
befgre significant forces are imposed on the anchor pile.

As the lateral failure mode for piles is considered to be less catastrophic than thévertical mode, lower
factprs of safety are recommended for lateral pile capacity. Use of separate safety factors for vertical and
latefal pile capacities can be straightforward for simple beam-column analysis.fSee A.11.5.2.2.3 item c}],
but{more complex methodologies do not differentiate between vertical and-lateral pile resistance. The
safdty factor should be in accordance with the ISO 19901-7 criteria and’the guidelines of A.11.5.2.2.5.

A.11.5.1.3 Basic considerations for structural strength design

The| structural strength design for driven anchor piles should.be based on the guidance provided in
[S0|19902 and ISO 19901-7. Pile stresses should be limited by the provisions of ISO 19902 under ULS

intact condition.

An:For piles should be checked for fatigue caused by in-place mooring line forces. Fatigue damage due
to plile driving stresses should also be calculated and combined with in-place fatigue damage. For typical
mogring systems, fatigue damage due to pile driving is much higher than that caused by in-place mooring
line|forces.

Further guidance on fatigue damage design for driven piles can be found in References [114], [179] and
[65].
A.11.5.1.4 Installation of drivenranchor piles
Reféer to 9.2.3.

A.11.5.2 Design of suction anchor piles

A.11.5.2.1 Basicconsiderations

A suiction anchor can take many forms, ranging from a gravity base with skirts to a no-ballast suction
anchor thatresists all applied actions by soil friction, lateral resistance and reverse end bearing (REB).
Typiically,‘the suction anchor will have a closed top, but if that is not the case the reverse end bearing can
still|beZmobilized by the sum of inside skirt wall friction. It should be checked that the contribution from

inside skirt wall friction do not exceed the reverse end bearing which can be the limiting factor after
significant set up has occurred for a slender anchor.

Generally, a suction anchor is technically feasible for soft to medium hard soils. For very soft soils, a
suction anchor extends deep into the soil in order to reach competent bearing material. For very hard
soils, it is sometimes not possible for the suction anchors to penetrate deep enough to provide adequate
in-place strength. Some useful information for the design of suction anchors is provided in References
[18],[118] and [174].

The design of suction anchors for floating systems includes the following aspects:

184 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=aded27837a1e11dcf6078821c41c440a

