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[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee

has been

established has the right to be represented on that committee. International organizations,

governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1.In partlcular the different approval criteria needed for the dlfferent types

of ISO dogumen

ISO/IECD

[SO draw
patent(s).
rights in
patent(s)
this may
WWW.iso

.pbrg/patents. [SO shall not be held responsible for identifying any or allysuch patent rightq.

les of the
irectives, Part 2 (see WWW.is0. org/dlrectlves)

5 attention to the possibility that the implementation of this document may involve-the|use of (a)
ISO takes no position concerning the evidence, validity or applicability of any claimged patent
respect thereof. As of the date of publication of this document, ISO had not.r'eceived ngtice of (a)
which may be required to implement this document. However, implemefiters are cautioned that
hot represent the latest information, which may be obtained from the patent database ayailable at

Any trad{
constitutd

For an ex

related tp conformity assessment, as well as information about ISO's adherence to the Wo

Organizat

e name used in this document is information given for the convenience of users and| does not
e an endorsement.

blanation of the voluntary nature of standards, the meaning of ISO specific terms and e

ion (WTO) principlesin the Technical Barriers to Trade(TBT), see www.iso.org/iso/foreword.html.

This docyment was prepared by Technical CommitteeISO/TC 67, Oil and gas industries including lower

carbon en
Standard
in accord

This thirg
revised.

The main
— guida

— guid3
renay

ergy, Subcommittee SC 7, Offshore structuresiin collaboration with the European Commmittee for
zation (CEN) Technical Committee CEN/TG32, Oil and gas industries including lower carbpn energy,
ince with the Agreement on technical coepération between ISO and CEN (Vienna Agreenpent).

| edition cancels and replaces the.second edition (ISO 19901-4:2016), which has been t¢chnically

changes are as follows:
nce extended on representative and design values for soil parameters (Clause 5);

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

— requit:ements added on installation resistance, yield envelope approaches for ultimate limit ptate, and

perfo

— new
curveg

mance-/based design for shallow skirted and intermediate foundations (Clause 7);

hinified-CPT method for axial capacity in sands to replace the former main text methodl, new TZ
definition in sands, new unified CPT method for clays introduced into the Clause A.8, new PY curve

meth

odaloov for clavs torenlace the existing method (Clause 8)-
5 o4 i 5 le—ee’sssl

— new requirements added on reassessment of pile capacity for existing structures (Clause 9);

— anew clause for pipelines, conductors and risers (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 on offshore structures prepared by TC 67 (i.e. ISO 19900, the ISO 199

01 series,

[SO 19902, ISO 19903, ISO 19904-1, the ISO 19905 series, ISO 19906) constitute a common basis covering
those aspects that address design requirements and assessments of all offshore structures used by the
oil and gas industries worldwide. Through their application, the intention is to achieve reliability levels
appropriate for offshore structures, whatever the type of structure and the nature of the materials used.
Application specific requirements for different energy industries are given in the relevant standards. For
example, for the offshore wind industry, IEC 61400-1 and IEC 61400-3-1 outline the design requirements

(e.g. return periods) for offshore wind turbine support structures.

This documentmay he
it should e verified th
upon it, dre consistent with those used in the development of the design methods. For exampl
design m¢thods of Clauses 8 are not necessarily applicable to the design of monopiles for which
than 10 apd their validity for such cases should be assessed. Offshore wind structures cah also h
requiremgnts, such as a characterisation of foundation stiffness, that are beyond the scope of this
Referencd should be made to the overarching application specific codes and standardssuch as [EC €

[t is impoftant to recognize that structural integrity is an overall concept comprising models for ¢
actions, sfructural analyses, design rules, safety elements, quality of work,‘quality control proce
national fequirements, all of which are mutually dependent. The modification of one aspect of
isolation fan disturb the balance of reliability inherent in the overall concept or structural sy
implicatigns involved in modifications, therefore, should be considered in relation to the overall re
all offshofte structural systems.

For geotechnical design (engineering science dealing with the'properties of soil: sand, silt, clay
some additional considerations apply. These include the~time, frequency and rate at which aq
applied, the method of installation, the properties of the surrounding soil, the overall behavig
seabed, effects from adjacent structures and the restlts of drilling into the seabed. All of thesg
other relgvant information, should to be considered-in relation to the overall reliability of the stru

The International Standards on offshore structures prepared by TC 67 are intended to proy
latitude ip the choice of structural configurations, materials and techniques without hindering iy

this case,
ns acting
e, the pile
/D is less
ave other
ocument.
1400-3-1.

escribing
Hures and
design in
stem. The
iability of

ind rock),
tions are
ur of the
, and any
Cture.

ride wide
novation.

Geotechnjcal design practice for offshore.structures has proved to be an innovative and evolvirg process

over the yjears. This evolution is expected-to continue and is encouraged. Therefore, circumstanceg
when the| procedures described in~this document or the International Standards on offshore
prepared|by TC 67 (or elsewhere]) are insufficient on their own to ensure that a safe and economi
is achieve(d.

Seabed sdils vary. Experience gained at one location is not necessarily applicable at another. Exti

can arise
tructures
Cal design

a caution

is necessqry when dealing with unconventional soils or unfamiliar foundation concepts. Sound engineering

judgment|is therefore necessary in the use of this document.
Some backgroundito and guidance on the use of this document is provided in Annex A.

[SO 19903 provides requirements and detailed guidance on foundations for mobile offshore units.

Figure 1 set outs a typical workflow for design of offshore foundations with reference to other relevant

International Standards.

© IS0 2025 - All rights reserved
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Collection of site condition data, foundation requirements and input
data:

Seabed conditions are known and possible hazards identified - ISO 19900 and
IS0 19901-10.

Geophysical/geotechnical data are collected and soil properties at the site are
sufficiently understood (e.g. strength, stiffness, durability, permeability) - ISO
19900 and ISO 19901-8.

Nearby developments and potential for interaction are assessed - ISO 19900.

NOTE
mobile off3

Determination of physical environmental conditions (which included met-
ocean.) - ISO 19900 and ISO 19901-1.

Seismic design requirements are addressed - ISO 19900 and ISO 19901-2.

Actions on the foundation are assessed (e.g. weight, pipeline interface€Joads,
snag loads, cyclic etc) - ISO 19901/ 19902/ 19903.

Foundation Design:

Detailed geotechnical data are available - 19901-8,
Seabed hazards are accounted for by avoidance, mitigation or appropriate
allowance within the design - 1SO 19901-8 £ 1S@.19901-10.

Relevant criteria are met for geotechmical design under ULS, ALS, SLS and FLS
with design tolerance included - }ISO 19900/19901-4.

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

Installatioh and decommissioning of the foundation can be achieved within
relevant constraints - [SO 19901-4.

In-service inspection or maintenance requirements are defined and
implemented (e.g. scour, settlement, seismic) - ISO 19901-4 and ISO 19901-9.

Specific design and installation constraints can apply for structures in arctic regions (see ISO
hore'units, especially for jack-ups (see ISO 19905) and for anchors for floating units (see ISO 199(

can be an literativ

19906), for
1-7 Design

level of details and objectives are required in the various design stages.

Figure 1 — Flowchart showing typical design process for offshore foundations

© IS0 2025 - All rights reserved
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Oil and gas industries including lower carbon energy —
Specific requirements for offshore structures —

Part 4

Geotechnical design considerations

1 Scope

This docyiment contains provisions for geotechnical engineering design that are applicable t
range of ¢ffshore structures, rather than to a particular structure type. This documient outlineg
developed for the design of shallow foundations with an embedded length (L) to-diameter (D) r4
0,5, intermediate foundations, which typically have 0,5 < L/D < 10 (see Clause 7)and long and flg

foundatio

This doct
conducto
guidance

This docu
industry.

ns with L/D > 10 (see Clauses 8 and 9).

iment also provides guidance on soil-structure interaction aspects for flowlines, o
s (see Clause 10) and anchors for floating facilities (see Clatise“11). This document cont
pon site and soil characterization, and identification of hazdrds (see Clause 6).

ment can be applied for foundation design for offshore'structures used in the lower carb

2 Normative references

The folloy
requirem
the latest

ying documents are referred to in the textin such a way that some or all of their content ¢
ents of this document. For dated refererices, only the edition cited applies. For undated r
edition of the referenced document'(including any amendments) applies.

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

ISO 1990
structureg

[SO 19901
investigat

ISO 1990
structures

[SO 19907

1-7, Oil and gas industries)including lower carbon energy — Specific requirements fo
— Part 7: Station-keeping systems for floating offshore structures and mobile offshore unit

jons

1-9, Oil and.gas industries including lower carbon energy — Specific requirements fo
— PartQ:Structural integrity management

, Petroleum and natural gas industries — Fixed steel offshore structures

a broad
methods
wtio L/D <
xible pile

isers and
ains brief

bn energy

bnstitutes
bferences,

" offshore
s

-8, Oil and gas industries including lower carbon energy — Offshore structures — Part 8: Marine soil

" offshore

ISO 1990:

Dot 1 o £ L e | aad Val £ £Lal £ 4
yrourvicurir v rrtvuturul yuo ITIUUS LI ITS wuUritrcic U_IJDIIUI cotructeurco

[SO 19904-1, Petroleum and natural gas industries — Floating offshore structures — Part 1: Ship-shaped, semi-
submersible, spar and shallow-draught cylindrical structures

[SO 19905 (all parts), Oil and gas industries including lower carbon energy — Site-specific assessment of mobile

offshore u

nits

ISO 19906, Petroleum and natural gas industries — Arctic offshore structures

DNV-RP-F110, Global buckling of submarine pipelines

DNV-RP-F114, Pipe-soil interaction for submarine pipelines

© IS0 2025 - All rights reserved
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3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

[SO and IEC maintain terminology databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

31

action
external loading applied to the structure (direct action) or an imposed deformation or acceleration
(indirect pction]

EXAMPLE An imposed deformation can be caused by fabrication tolerances, differential settlémpent (3.18),
temperature change or moisture variation. An imposed acceleration can be caused by an earthquake,

[SOURCE:ISO 19900:2019, 3.3]

3.2
action fagtor
partial fagtor whose value reflects the uncertainty or randomness of the actioit

3.4
basic varjiable
variable [representing physical quantities which characterizecactions and environmental ipfluences,
geometri¢ quantities, or material properties including soil properties

[SOURCE:ISO 19900:2019, 3.7, modified — Note 1 to entry has been removed.]

3.5
design adtions
combinatjon of representative actions and partial Safety factors representing a design situation [for use in
checking the acceptability of a design

3.6
design v4lue
value derjved from the representativevalue (3.11) for use in limit state (3.9) verification

Note 1 to [entry: Design values can be different in different design/assessment situations due to differgnt partial
factors.

Note 2 to fentry: The term characteristic value” used in ISO 19900 is not used in this document; and hoth terms
“characterfstic value” and<representative value” are considered equivalent for geotechnical and foundation design.

[SOURCE:|ISO 1990032019, 3.14, modified — Note 2 to entry has been added.]

3.7
drained ¢ondition
condition|whereby the applied stresses and stress changes are supported entirely by the soil skdleton and
do not cause a change in pore pressure

[SOURCE: ISO 19901-8:2023, 3.9]

3.8

effective foundation area

reduced foundation area having its geometric centre at the point where the resultant action vector intersects
the foundation base level

© IS0 2025 - All rights reserved
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39
limit state
state beyond which the structure or structural component no longer satisfies the design/assessment criteria

[SOURCE: ISO 19900:2019, 3.31]

3.10

material factor

partial factor applied to the representative strength (3.19) of the soil, the value of which reflects the
uncertainty or variability of the material property

Note 1 to entry: See ISO 19900.

3.11
represenftative value
value assigned to a basic variable (3.4) for verification of a limit state (3.9) in a design/assessment gituation

[SOURCE:ISO 19900:2019, 3.40, modified — Note 1 to entry has been removed.]

3.12
resistange
ability of h structure, or a structural component, to withstand action effects

[SOURCE:ISO 19900:2019, 3.41]

3.13
partial r¢sistance factor
factor usgd for limit state (3.9) verification, the value of which teflects the uncertainty or variability of the
foundatiop resistance (3.12) including those of material properties

3.14
scour
removal df seabed (3.15) material caused by currents;waves or ice

[SOURCE:ISO 19900:2019, 3.45, modified — "or ice" has been added.]

3.15
seabed
materials|at or below the seafloor (3.16); whether soils such as sand, silt and clay, cemented materigls or rock

Note 1 to pntry: Offshore foundations are most commonly installed in soils, and the terminology in this|document
reflects thfis. However, the requitements equally apply to cemented seabed materials and rock. Thus, the[term 'soil’
does not exclude any other matetial at or below the seafloor.

3.16
seafloor
interface petweencthe sea and the seabed (3.15)

3.17
serviceability
ability of astrU

[SOURCE: ISO 2394:2015, 2.1.32]

ed actions

3.18
settlement
permanent downward movement of a structure as a result of its own weight and other actions

3.19
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.

© IS0 2025 - All rights reserved
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3.20

undrained condition

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

[SOURCE: ISO 19901-8:2023, 3.44]

3.21
undrained shear strength
maximum shear stress at yielding or at a specified maximum strain in an undrained condition (3.20)

Note 1 to entry: Yielding is the condition of a material in which a large plastic strain occurs at little or no stress
increase.

[SOURCE:ISO 19901-8:2023, 3.45]

4 Symbols and abbreviated terms

4.1 Symbols for shallow and intermediate foundation design

A actual (cross-sectional plan) foundation area

A effective foundation area depending on eccentricity of actions

Ay vertical projected area of the foundation in the direction*of sliding

A, projected area of skirt tip

A side surface area of skirt embedded at a particular penetration depth
Aigealized | 1dealized rectangular foundation area, fordrregular foundation shapes
b, bq, by bearing capacity correction factors related to foundation base inclination
B minimum lateral foundation ditnension (also foundation width)

B’ minimum effective lateral foundation dimension (also foundation effective width)
C compression index of{sgil over loading range considered

c' effective cohesion

d,dg d, | bearing capacity correction factors related to foundation embedment depth

D foundation diameter (for circular foundations)
Dy depth below seafloor to foundation base level
e eccentricity of action

e initial void ratio of the soil

ey eccentricity of action in coordinate direction 1
e, eccentricity of action in coordinate direction 2

unit skin friction resistance along foundation skirts during installation
F bearing capacity correction factor to account for undrained shear strength heterogeneity

90949, correction factors related to seafloor inclination

© IS0 2025 - All rights reserved
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elastic shear modulus of soil

soil layer thickness

horizontal action

horizontal action on effective area component of the base
design value of resistance to pure sliding

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

ultimate horizontal capacity in yield surface design method
bearing capacity correction factors related to foundation action inclination

correction factors that account for inclined actions, foundation shape, depth of embednpent, incli-
nation of base, and inclination of the seafloor

coefficient of passive earth pressure

drained horizontal soil reaction coefficient

undrained horizontal soil reaction coefficient

maximum lateral foundation dimension (also foundatiof length)

maximum effective lateral foundation dimension (als$6 foundation effective length)
overturning moment

moment capacity in yield surface design method

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

drained vertical bearing capacityfactors, as a function of ¢’

in situ vertical effective stress at skirt tip level inside the skirts of a skirted foundatior
in situ vertical effective.stress at skirt tip level outside the skirts of a skirted foundati¢n
unit end bearingresistance on foundation skirt tip, during penetration

design value-efvertical bearing resistance in the absence of horizontal actions
vertical getion

desigitaxial pile capacity, i.e. the design resistance of the pile

skirt friction resistance

end bearing resistance from skirt tips

soil resistance during skirt penetration

vertical capacity in yield surface design method
radius of the base of a circular foundation
undrained shear strength

undrained strength of crust
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540 undrained shear strength at foundation base level (skirt tip level for skirted foundations)
Sy,ave average undrained shear strength from seafloor to foundation base level
Su,2 equivalent undrained shear strength below foundation base

S Sqr 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

6 interface friction angle between soil and foundation

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

0} effective angle of internal friction angle of the soil for plane strain conditions

y’ submerged soil unit weight

YD permanent action factor

YL live action factor

Ym material factor

K rate of increase of undrained shear strength with’depth

[0 in situ vertical effective overburden stress-at foundation base level (skirt tip level when skirts
are used)

00,2 effective vertical stress at level of\a.given soil layer

v Poisson’s ratio of the soil

v foundation base inclination angle in radians, in calculation of inclination factors

Oy O displacements at foundation base level under overturning and torsion loading

Y

4.2 Symbols for pile foundation design

: : -D?
Apile gross endyarea of pile, Ay = =
2
AN . A D;
Ap pile displacement ratio, 4. =—%=1- (—’]
Apige D
Ay cross-sectional area of pile annulus, 4, :%(D2 - D7)
A, side surface area of pile in soil

C,, C,, C; dimensionless coefficients determined as function of ¢, for p-y curves for sand
D pile outside diameter

pile inside diameter, D; =D -2 WT

© IS0 2025 - All rights reserved
6


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

9y

pfa

Pmo

P
Prd

P'm(2)

ISO 19901-4:2025(en)

mean soil particle diameter

diameter of CPT tool, Dqpr = 36 mm for a standard cone penetrometer with a cone area of 1 000 mm?

relative density of sand, for CPT-based methods 1 and 4
initial modulus of subgrade reaction

unit skin friction

unit skin friction at depth z

unit skin friction in compression at depth z

unit skin friction between sand soil plug and inner pile wall, for CPT-based method-4
unit skin friction in tension at depth z

limiting unit skin friction value

distance above piletip=L -z

initial modulus of subgrade reaction, for p-y curves for sand

coefficient of lateral earth pressure at rest

embedded length of pile below original seafloor

length of soil plug in sand layers

Stress exponent to calculate Q,,

dimensionless bearing capacity factor

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

atmospheric pressure (p, = 100 kPa)

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

foundation model using-the design actions for extreme conditions

design value of a%ial action on the pile, determined from a coupled linear structure and
foundation model using the design actions for permanent and variable actions or the de

action for opérating situations

mobilised/lateral soil resistance-displacement relationships for fatigue analysis after t}

loadspeload secant stiffness and hysteretic damping have stabilized (pg,yy, curves)

pilé outer perimeter = w D,

nonlinear

nonlinear
sign axial

e soil un-

mobilised lateral soil resistance-displacement relationships under monotonic lateral loading (p,,,-

Ymo CUrves)

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

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

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

in situ effective mean stress at depth z
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qc,tip

Qf,i,clay

ISO 19901-4:2025(en)

unit end bearing at pile tip

representative CPT cone resistance at depth z, in stress units

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

corrected cone resistance as defined in ISO 19901-8:2023, 8.3

mobilised end bearing capacity in Q-z curves

skin friction capacity in compression

skin friction capacity in tension

cumulative skin friction capacity of clay layers within soil plug, for CPT-based method 3
limiting unit end bearing value

end bearing capacity

representative value of axial pile capacity

representative value of axial pile capacity in compression

representative value of axial pile capacity in tension

normalized cone resistance, Q, :[(qt -0y )/pa ](pa -, )

representative undrained shear strength

undrained shear strength at depth z

mobilised skin friction for axialshear transfer t-z curves
maximum skin friction forfaxial shear transfer t-z curves
residual skin friction-fort-z curves

lateral pile displacement, for p—y curves

depth below briginal seafloor

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

axial'pile tip displacement, for Q-z curves

depth below seatloor 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, t,,,, is reached, for t-z curves

axial pile displacement at which residual soil-pile skin friction, t.., is reached, for t-z curves

dimensionless skin friction factor, for cohesive soils

dimensionless skin friction factor, for cohesionless soils
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Oy constant volume friction angle at sand-pile wall interface

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

0} representative effective angle of internal friction of sand, for drained triaxial conditions

y' submerged soil unit weight

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

Ywater unit weight of water

YR Pe partial resistance factor for extreme conditions

YR,Pp partial resistance factor for permanent and variable actions for operating situations$

y parameter to determine the dimensionless skin friction factor for clays at depthiz. ¥ =s,(k) /0’,, (2)

0'10(z) |insitu effective horizontal stress at depth z
0,,(z) |insitu total vertical stress at depth z

o'y, (z) |insitu effective vertical stress at depth z

)’

o) in situ effective vertical stress at pile tip

vo,tip
Azgg global scour depth

Az local scour depth

e base natural logarithms approximately 2,718
In natural logarithm (base e)

4.3 Symbols for soil-structure interaction for auxiliary subsea structures, risers and
flowlinep

D flowline pipeline or conduetor diameter
fe dimensionless cyclic factor
fi dimensionless.time factor
fv dimensiontess velocity factor
G ax initial‘elastic (small strain) shear modulus of soil
lateral (horizontal) soil resistance

nax Maximum value of normaliZed Secant Stiifness on initial untoading or refoading
Ip plasticity index of soil
k, secant stiffness of equivalent spring, k, = AQ / Az
N integrated normal force
N, dimensionless bearing capacity factor
Qsmax maximum suction (uplift) force, per unit length of pipeline
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Q. limiting penetration resistance, per unit length of pipeline
Sy undrained shear strength

SuDss undrained shear strength in direct simple shear mode
Sur remoulded undrained shear strength

T drained axial resistance per unit length of pipeline

%4 vertical action on pipeline

z depth to flowline, or pipeline, invert

AQ change in vertical force, per unit length of pipeline

Az change in vertical displacement

Az, uplift (break-out) displacement

1) interface friction angle at soil-pipeline interface

u pipeline-soil friction coefficient

4 dimensionless enhancement factor

¢ dimensionless time factor

Oy dimensionless velocity factor

Op half-angle of pipeline-soil contact perimeter.

4.4 Symbols for design of anchors for stationkeeping systems

a acceleration of a gravity embedded anchor

A fluke area of a drag anchor

Augs effective area of a pldate)anchor accounting for shape and projected area
Ay, plan view inside(area of suction anchor pile where underpressure is applied during injstallation
Ainside inside lateratarea of suction anchor pile wall

A, projected area of a gravity embedded anchor/line

Agp tipieross-sectional area of an anchor pile

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

B fluke width of a drag anchor

Cp drag coefficient of a gravity-embedded anchor/line

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

Fy bearing resistance of a penetrating gravity-embedded anchor/line
Fyrag hydrodynamic drag force action on a gravity-embedded anchor/line

F¢ frictional resistance of a penetrating gravity-embedded anchor/line
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FOS

axial

FOS, combined
FOS lateral
H

H
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ultimate holding capacity (UHC) of a plate anchor

factor of safety with respect to axial loading of anchor

factor of safety with respect to combined axial and lateral loading of anchor
factor of safety with respect to lateral loading of anchor

horizontal action component

holding capacity of drag anchor under horizontal action

fluke length of' a drag anchor

=~ =

cw

Su,tip AVE

Su,DSS

o~

<

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

dimensionless holding capacity factor for a drag anchor
dimensionless bearing capacity factor

holding capacity of mooring line chain or wire rope
total penetration resistance of an anchor pile

resistance along the sides of an anchor pile

resistance at the tip of an anchor tip

soil strength strain rate factor

soil sensitivity

undrained shear strength at the point in question

average undrained shear stfength within the failure zone at the design penetration d

rected for effects of cyclic loading

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

tip penetration depth

undrained shear'strength obtained from direct simple shear tests
time

timé.of anchor retrieval

free-fall velocity of a gravity-embedded anchor

: S T

X =

vertical action component

submerged weight of a gravity-embedded anchor
submerged weight of anchor

submerged unit weight of chain or wire rope
embedment or penetration depth

required underpressure to embed a suction anchor pile

© IS0 2025 - All rights reserved
11

epth, cor-

atanchor


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

crit
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-

S @ T 93
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critical underpressure causing failure of soil plug inside a suction anchor pile

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

empirical reduction factor accounting for progressive failure of a plate anchor

fluid density

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

axial

elateral

4.5 Abl

ALS
BOP
CPT
FEM
FLS
FOS
OCR
PFD
REB
RP
SCR
SD
SLS
SRD

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

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

breviated terms

accidental limit state
blow-out preventer
cone penetration test
finite element method
fatigue limit state

factor of safety
Overconsolidation ratio
partial factor design
reverse end bearing
reference point for actiopn transfer
steel catenary riser
standard dewiation
serviceability limit state

soil Fesistance to driving

TDP

touch-down point

UHC
ULS
VLA
WT

ultimate holding capacity
ultimate limit state
vertically loaded anchor

pile wall thickness
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5 General requirements

5.1 General

The design methodology inherent to this standard is based on the partial factor design (PFD) determnistic
approach with specified action factors and material factors (see ISO 19900). Requirements regarding
partial factors for actions and the combination of actions into design situations are given in the relevant
International Standards for offshore structures prepared by TC 67, i.e. ISO 19900, the ISO 19901 series,
ISO 19902, ISO 19903, ISO 19904-1, the ISO 19905 series, ISO 19906.

In some design situations, two representative values can be defined, an upper and a lower value. By
considering the appropriate representative value for a design in combination with specified action factors and
material factors, geotechnical and foundation designs result in an offshore structure with a level O‘fi[eliability

in agreenjent with the requirements of ISO 2394 and ISO 19900. Reliability-based (5.4) and fisktinformed
(7.7.2) degign approaches, that shall follow principles of ISO 2394 and ISO 19900 if adopted, canbe yised.

The matgdrial factor for soil can be expressed as the ratio of the representative value of the yndrained
shear stre¢ngth 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 on the shear strength of the soil.shall not be lower|than 1,25
in determjinistic PFD when assessing the ULS. It may be increased by assessing:

— the consequences of failure;

— the a¢curacy of the applied calculation method and the model uficertainty;
— how the representative shear strength of the soil material was determined;
— whether the type of structure is new;

— 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 materipl factors
(resistange fators for piles), which aim to restlt in comparable overall foundation reliability with that
achieved from the use of the working stress design (WSD) methodology in API RP2GEO [21l. Fqr shallow
foundatiopns, this comparison is outlined jn References [182] and [85], which highlights that broadly
comparaljle foundation size should be obtained to resist a given set of representative values of actjions from
either mefhod. Although the design recommendations are largely aligned in this document and ARl RP2GEO
[21] the PFD or WSD methods candead to differences in the design outcome.

The design shall account for,static, cyclic, and dynamic actions without causing excessive deformations or
vibration$ in the structure~Fhe design shall address the possibility of movement of the seabed (soils) and
any actiofs resulting from-such movements on the structure. The potential for disturbance to fpundation
soils by conductor installation or shallow well drilling shall be assessed (see 8.7.11).

The guiddnce herein’does not necessarily apply to unconventional soils such as carbonate material (see 6.3),
volcanic gandserhighly sensitive clays.

5.2 Desigheases-andpartialfactors——————————————————————

The design cases that shall be addressed with the corresponding values of partial factors are given in:

a) IS0 19900 for offshore structures;

b) 1SO 19902 for fixed steel offshore structures;

¢) IS0 19903 for fixed concrete offshore structures;

d) ISO 19904-1 and ISO 19901-7 for floating offshore structures;
e) the ISO 19905 series for jack-ups;
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f) ISO 19906 for arctic offshore structures.

The resistance factors applicable to the design of pile foundations are given in 8.1.1 (also ISO 3421:2022
[176]). The material factors applicable to the design of shallow and intermediate foundations designed
with the PFD approach are given in 7.3.1 and 7.3.2. 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 value of the soil shear strength. This differs from the practice for design of piles, where
aresistance 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.

5.3 Representativeanmddesignmvatuesof geotechmical parameters

5.3.1 Guidelines

This subdause provides guidelines for selecting the representative value of geotechnical parameters in the
partial fagtor design (PFD) approach.

Estimation of the representative and design values for geotechnical parameters typically considers the
following

a) datafrom experience;

b) the nmeasurable physical quantities that correspond to the typeés+and definitions of of repr¢sentative
valueg of the geotechnical parameters required for limit state'verification in the calculations;

c¢) the appropriate factors or transformation functions, to ‘convert the acquired parameter values from
laborptory and/or in situ tests or other methods, to geetechnical parameters;

d) the agsumptions in the calculation method(s);

Additiongl guidance on the selection of the representative value and uncertainties is given in 5.3.2 pnd A.5.3.

5.3.2 Determination of representative and design values of soil parameters
For soil parameters, the determination of.the representative value shall include site-specific data, puch as:
a) geological information; depositional processes and stratigraphy;

b) the extent and quality of marine site investigation and possible environmental factors;

c) resulfs of in situ tests;including geotechnical and geophysical investigations (refer to ISO 19901-8 and
[SO 1p901-10), laboratory tests, and physical model tests;

d) the upcertaintiés in the soil parameters required for calculations and uncertainties of parameter values
availgble from*the marine site investigations, and data from design tables;

e) methpduncertainty (due to the analysis method);

f) when site-specific data are incomplete, results of correlations (general, regional or site-specific) for
similar soils under similar geological settings and similar stress conditions;

g) monitoring data;
h) impact of in-service activities (e.g. consolidation, seabed disturbance).

Figure 2 schematizes the steps for the selection of a representative value and the corresponding design value
for soil parameters. The columns in the figure present the sources of data or information, the measurements
made, obtaining the derived values, the representative value and the design values for soil parameters. The
uncertainties associated with the steps in the determination of the soil parameters are listed, but the list is not
exhaustive. A design usually requires more than one basic variable and more than one representative value.
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Sources of information Measured values Derived values Representative 'Design value, fy
for basic variables value, fr or Rr Design resistance, Ry
N\ 4 N\ 4 N\ 4 N\ v N\
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
4. Sampling and direct and/or indirect column; if enough (volume of soil) fr/ymor Re/yg
laboratory tests measurements, data, calculate mean, - Alignment of
5. Physical model tests sometimes requiring standard deviation derived value with ¥m = material factor
6. Correlations measurements of per stratum calculation method 7R = resistance factor
7. Design tables other parameters

8. Experience
9. Expert opinion(s)

Uncertainties Uncertainties Uncertainties Uncertainties
- Inherent soil variability - Data scatter - Transformation - Failure extent
- Testing procedures - Measurement error uncertainty - Strata definition in
- Equipment selection — Statistical uncertainty - Stress/depth model
D P- i < P < 5 1L H 5
for soil volume - Spatial variability calculation method
- Strata definition within each stratum
N\ J N\ RN N J L J

Figure 2 — Steps in selection of a representative value and design value for soil param¢ters

When there are enough data available, statistical analyses may be used to estimate the mean and| standard
deviation|(uncertainty) of the derived value for soil parameters in a stratum. When combining flata from
different pources, statistical methods, such as Bayesian updating, can be uséd to assess the uncertainty in
the derivgd value.

The reprdsentative value to use in the verification of a limit state ind@design situation:

— is an pstimate of the value(s) affecting the limit state which:aecounts for uncertainty;
NOTE 1 [The uncertainty to be covered by the selection of a Fepresentative value is that of the soil garameters
and soil pgrameter values governing the limit state, where the uncertainty is due to both lack of knowledﬁe and the
natural and spatial variation of a soil parameter, and where_ the soil parameter value suits the calculation method for

verificatioh of a limit state.

— accoynts for the extent of the ground volume involved in the limit state, possibly the effectls of time,
brittleness, soil fabric and structure, and,construction processes;

— accoynts for transformation of data to-the reference scale of the soil parameter required for vgrification
of thd limit state, where applicablé;

— isnot{one particular fractile of the results of laboratory tests on soil specimens or results of insitu tests.
— consifers both project-spegific information and a wider body of geotechnical knowledge and experience;

— incorporates the designer's expertise and experience.

As an example of thésselection of a representative value, when the average value of the soil sheaf strength
over a larjge soil volume governs the design of a foundation (e.g. axial skin friction capacity of long friction
piles), thd representative value can be taken close to the mean shear strength value because of the larger
scale varjations over the volume. When foundation resistance involves a smaller volume of soi] (e.g. end
bearing o i ' ' '

The following guidance is presented for selection of a representative value where estimates of the mean and
standard deviation of derived values of a soil parameter are available for a uniform soil stratum [198][199][217];

— 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 of the representative value, 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 of the representative value.

— 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
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value of the cone resistance can be taken close to the mean value, at a value of, for example, mean -
0,15 SD of the representative value. When the cone resistance is used through a transformation of the
measurement (e.g. calculation of undrained shear strength), the transformation introduces additional
uncertainty that can be accounted for by the selection of a representative value using a larger standard
deviation. Local data, engineering experience and engineering judgment can support selection of values
different than those suggested by the above guidance.

The selection of the representative value does not require further adjustment of the resistance factors and
material factors that are given in 5.2.

For soils, the representative value for stability is often different than the representative value for installation

(e.g. pile driving or skirt penetration resistance). In such cases, the representative value should be selected
accordingtothe conditions that are critical for a limit state

For spring stiffness, lower and higher values can lead to different stresses in a structure: [Fhs implies
multiple design/assessment situations, each of which require selection of appropriate représentatjve values
for soil spring stiffnesses. In many cases, a mean value is appropriate as input for the struetural anjalysis.

The design value is obtained by applying the material factor or the resistance factorfor the calculation in
question (Figure 2).

Additiongl guidance on representative values of soil properties is given in A./5.3/2.

5.4 Reliability-based geotechnical design

The documentation of appropriate levels of performance can be<@chieved for geotechnical structures and
s by the limit state verification described in this document. Appropriate levels of perfformance
may be alfernatively documented with a reliability-based approach.

The goal ¢f reliability-based design (RBD) is to achieve a*more uniform level of reliability than that implied
in existirlg limit state verification approaches. Reliability-based design is particularly suitable for the
representfation of multiple conditions and failure modes and can account for the uncertaintieq found in
geotechnical analysis and design. The process of using a RBD approach can give a better overall undefrstanding
of the senkitivity of the outcome to different inputs, assumptions and uncertainties. The reliability|approach
is well sufted for comparing the safety of sithilar structures and for assessments during the lifefime of an
installatign. Methods for geotechnical RBD analyses can be found in References [20] and [32].

As an additional verification, reliability-based approaches can be used to estimate a reliability level,
described with an annual reliability~index and annual failure probability, to document a margin ofjsafety.

Reliability-based analyses should include an assessment of all the uncertainties in Figure 2. Additional
required |nputs for the reliability analysis are the probability distributions of:

a) soil pprameter values;
b) loadipg cases;

c) geomletry;

d) methbdneet taiut_y.

The identification of the appropriate probability distributions and their mean and standard deviation from
limited data also introduces uncertainties that need to be addressed.

5.5 Testing and instrumentation

Testing and instrumentation can be undertaken to resolve or narrow uncertainty in the behaviour of
structures. Stakeholders should consider the requirement for instrumentation or monitoring of performance
during installation and operation, if conditions outside industry experience are encountered and safety and
economy are of particular concern.
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Possible testing and instrumentation methods include the following:

a) Loading tests, model tests and field tests

Loading tests, model tests and large-scale field tests can be performed to address particular uncertainties in
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 hig]ll degree of uncertainty exists as to how the structure or its foundation will behave.
b) Temporary instrumentation
The strucfture can be fitted with temporary instrumentation where:

— the irstallation method presupposes the existence of measured data for controlof the operati

— anin

¢) Permpnent instrumentation
The strucfture can be fitted with permanent instrumentation where:
— the s3fety or behaviour of the structure is dependent on active operation;

— the sfructure configuration, the soil conditions, or the actions differ substantially from those w
experience has been gained;

— there

otheribehaviour;

— the nethod of removal presupposes the existence of measured data for control of the operatig

6 Site

6.1 General

The deterymination of the values of geotechnical parameters, and the assessment of geological ha

constrain|
surveys a

Detailed ¢

NOTE
soil invest

stallation method is to be applied with which little or no experience has been gained.

is arequirement for monitoring the whole stfucture with regard to penetration, settlemsg

investigation, identification of geohazards and carbonate soils

s result from~an/integrated study of the area using desk study, geophysical and ge
hd interpretation.

ruidancetis/provided in ISO 19901-8 and ISO 19901-10.

[S0.19901-8 and ISO 19901-10 provide requirements and detailed guidance on the performancsg

ith which

nt, tilt, or

yards and
technical

of marine

gations and geophysical investigations for acquiring or defining the soil parameters required for

design.

6.2 Geological modelling and identification of hazards

621 G

eneral

Where geohazards are identified and future activity can impact proposed facilities, the nature, magnitude
and return intervals of these active geological processes shall be evaluated. 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 processes on structures and foundations. Due to
uncertainties associated with definition of these processes, a parametric approach to studies can be helpful
in the development of design criteria.
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6.2.2 Assessment of site geohazards

Where a geohazard is identified, it shall be accounted for in design or through mitigation. A list of potential
geohazards can be found in ISO 19901-10. Examples of geohazards with potential design consequences for
planned facilities include the following.

a) 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, see ISO 19901-2 which provides guidance and requirements on aspects such as design
earthquakes, earthquake hazards (e.g. fault movements, liquefaction, slope instability, mud flows and
rockfalls) and the design of structures and foundations in seismically active areas.

a) Fault planes: In some offshore areas, fault planes can extend to the seafloor with the potential for
verti¢al and horizontal movement.

b) Seaflpor 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 procésses.

¢) Scoupf and sediment mobility: Scour is the removal of seabed soils by currents,)waves and| ice. Such
erosipn can be due to a natural geological process or caused by structural cémponents disrypting 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 off attached
components. Where scour potential is identified, it shall be accounted forih design or through mitigation
[see A.8.1.4.2 c) and A.8.5.6].

d) Shallpw gas: The presence of gas in the pore water of shallow s¢ils can be an important consideration in
geotechnical design.

e) Seabgd subsidence: The nature of the soil conditions and the reservoir and extraction procesges should
be inyestigated to establish whether subsidence of the(seabed is likely to occur during the field life.

6.3 Canbonate soils

6.3.1 General

When pegforming site investigations in frohtier areas, or areas known or suspected to contain garbonate
material, fhe investigation should include diagnostic methods to determine the existence of carbopate soils.
Particularly in sands and silts that-¢ontain in excess of 15 % to 20 % carbonate material, fourjdation or
seabed stjructure behaviour can beadversely affected and a field and laboratory testing programme shall
characterfise these specific sediments (see A.6.3 and ISO 19901-8). Additional guidance is provided in A.6.3.1.

6.3.2 Characteristic features and properties of carbonate soils

For site ¢haracterization, use of local experience is important in the selection of an approgriate soil
investigation and%esting programme. In new unexplored waters, where the presence of carbongte soils is
suspected, selection of an in situ test programme should draw upon any experience with carbonate soils
where gepgraphical 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 soils
and their often poor performance. Numerous pile loading tests have shown that piles driven into weakly
cemented and compressible carbonate sands and silts mobilise only a fraction of the capacity (<15 %)
predicted by design and prediction methods for siliceous material.

Piles installed by driving in carbonate soils have experienced free-fall at stab-in, under hammer weight or
during the driving process. The possibility of pile free-fall shall be assessed and mitigation measures, such
as the use of pile arrestor or other method to reduce the speed of or arrest free-fall, shall be addressed.
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Dense, strongly cemented carbonate deposits can provide a very competent foundation material, but it can
be difficult to obtain high-quality samples when the degree of cementation is highly variable in a given
formation (typical of carbonate deposits). In addition, 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.

6.3.3.2 Shallow foundations

Shallow foundations can be 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
addressegimdesigm

Shallow foundations can be attractive for carbonate sediments that exhibit a significant flegree of
cementatfon, since they give high bearing capacities, good resistance to cyclic actions and-low pofential for
settlemer]ts. However, layered profiles of variably cemented and un-cemented sediments“can intrpduce the
risk of a punch-through type of failure.

Additiondl guidance is provided in A.6.3.3.2.

6.3.3.3 |Assessment

To date, deneral design procedures for foundations in carbonate soils,are not available. Acceptalple design
methods have evolved but remain site-specific and dependent on.lo¢al experience. Additional gfiidance is
provided jn A.6.3.3.3.

7 Design of shallow and intermediate foundations for fixed structures

7.1 General

Shallow fpundations in the context of this document include foundations placed directly on tle seabed
without gmbedment and embedded foundations with a maximum embedment of half the shoftest plan
dimensiof, i.e. an embedment ratio of up to 0,5.

Intermedjate foundations in the context of this document behave 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 mqre flexible piles that are.dddressed in Clause 8. Intermediate foundations are typically gmbedded
into the s¢abed with an embedment between 0,5 and 10,0 times the shortest plan dimension, i.e. embedment
ratios betjween 0,5 and 10,0:

The limitp on embedment ratios stated here are indicative and there is some overlap in the fpundation
behaviouf and desigivmethodologies that can be applicable to shallow foundations, intermediate fopndations
and piles,|as discussed further in A.7.1.

The metHods presented are intended for combinations of permanent action, variable (live) action and
environmental action (i.e. wind, wave, current and ice), that can be considered pseudo-statifally. The
methods in this clause 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).

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

For large concrete gravity base structures and mobile offshore units, the requirements in this clause shall be
supplemented and modified by requirements given in ISO 19903 and ISO 19905-1. See also ISO/TR 19905-2.
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7.2 Principles

721 G

eneral principles

The following general principles shall be adopted in assessing shallow and intermediate foundations.

a) Foundation stability assessment shall demonstrate equilibrium between the action design value(s)

and r

esistance design values. Where the possibilities of excessive displacement and deformation of the

foundation soil are identified, and where these are critical, more complex analysis approaches than
presented in this clause can be appropriate (e.g. 7.7.1 and 7.7.2).

b) Calculations using alternative methods of analysis shall be justified.
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hined calculations shall be adopted when the applied stresses and stress changes are supjported by
the soil skeleton and the pore fluid and do not cause a change in volume i.e. where no-drajnage, and
no dissipation of excess pore pressures, occurs during loading. This can occur.as-a regult of the
floading or the impermeable nature of the soil. In contrast, drained calculations shall be adopted
the applied stresses and stress changes are supported by the soil skeleton*and do n¢t cause a
re in pore pressure i.e. no excess pore pressures arise during loading-Analysis of folindations
ct to partial soil drainage during the loading event is not addressed in this’clause.

pundation embedment

nt of shallow and intermediate foundations is typically provided by peripheral vertical ‘skirts’ that
the seabed beneath the foundation top plate. The confined soil within the skirts is typically called
Jug’. The presence of the skirts will in most cases:

hse foundation stability;

ase foundation displacement;

e impact of seabed scour on the foundation:

used for both shallow and intermediate-foundations.

kirts can be provided to increase stiffness of the foundation plate and prevent a s¢il failure
Im developing within the soil plug. Stability assessment based on loading at skirt tip level shall
t an internal failure mechanism does not form within the skirted compartment, which fan lower
1 capacity. Minimum skirt spacing is covered in 7.4.2. Stiffeners can be provided along pr around

the skirt
againstb

Design

o increase stiffness of the embedded portion of the foundation and provide additional fesistance
ckling. The effect pf'stiffeners on holding capacity shall be evaluated.

thods presented’/for shallow foundations assume full skirt penetration so that the §op of the

internal spil plug is fullyagainst the base of the foundation. The level of skirt penetration after injstallation
(7.8) shall be verified to be consistent with design assumptions and foundation performance¢ shall be

reassess

if it is‘different.

Exampled of'embedment configuration for skirted shallow and intermediate foundations are illuptrated in

Figure 3.
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th peripheral and internal without skirt stiffeners with skirt stiffeners
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Figure 3 — Example of embedment configuration

nt of shallow foundations has historically been idealised by considexing a surface foundation at
n level (i.e. the level of the base of the foundation which is taken asithe level of the tip of he skirts)
in Figure 4. This is the case for the methods presented in 7.5. Seafloor actions shall be transferred
b level, as described in A.7.2.3.

K

X undrained shear strength, s, s,0 undrained shear strength at skirt tip

Y deptth below seafloor, z k  gradient of undrained shear strength increase wjith depth

Sum

Figu

723 S

The load 1
the geote

undrained shear strength at the seafloor

re 4 — Idealizatien of embedded shallow foundation for conventional design appr¢ach

gn conventions, nomenclature and action reference point

eferénce point and load and displacement convention shall be defined and shall be consigtent with
chnical design method adopted.

Formulae

of this clause adopt a load reference point at skirt-tip level, at the foundation geometric centroid,

using a right-handed cartesian system (positively orientated vector space).

7.3 Acceptance criteria

7.3.1 Material and action factors

Partial factors shall be adopted as follows unless adopting a reliability (5.4) or risk-informed (7.7.2) design
approach.
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When assessing accidental limit state, the design value of soil strength may be determined using a material

factor y,,

When ass

=1,0 in accordance with ISO 19900.

essing ultimate limit state (stability), the following provisions apply.

— The design value of soil strength shall be determined using a minimum material factor y,, = 1,25.
Increasing the material factor can be warranted where geotechnical data are sparse or site conditions
are uncertain, or where uncertainty exists in relation to potential failure mechanisms or methods of
analysis.

— Actionfactors, ¥, shall be determined based on requirements from ISO 19901-7,1S0 19901-8, IS0 19901-9,
[SO 19902, ISO 19903, ISO 19904-1, the ISO 19905 series and ISO 19906. The weight of the soil, including
the soil plug within skirts, should normally be calculated with factors equal to unity (see 7.4.1) if it

contr
When ass

a) All a
servi
consq

b) Impo
found
infra
loadi
guidd

7.3.2 Upe of partial factors in design

A soil res
7.5 or wi
presented
can be tra

Alternatiy
derived w

Q4= Qyir\

a*y

ibutes to the total action. In some situations, an action factor below or above 1,0 may he,]
essing serviceability limit state (displacements), the following provisions apply.

ction and material factors may be set to unity when calculating displacements as
Ceability assessment. However, where foundation displacement can-lead to ung
quences or governs design, factors greater than unity shall be used.

ed deformations from external connected objects can impose ot _induce high actio
ation, or vice versa, deformation of the foundation can inducé/high actions becau
tructure it is connected to. Reduced action factors can be selected to characterize thg
g, if the incremental deformations are small and have been robustly characterized
nce is provided in 7.7.2.

stance envelope, incorporating material factors:can be developed with the method prg

in Figure 5. Once an envelope is derived, tlf€¢ design value of actions incorporating acti
nsposed onto this envelope to verify conformance with this document.

rely, the material factor may be applied as a resistance factor on the soil resistance
ith unfactored representative sgil;properties.

ustified.

part of a
cceptable

ns on the
se of the
imposed
. Further

sented in

h numerical methods. Examples of failure eqvelopes for undrained and drained condjtions are

bn factors
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a) Undrained conditions b) Drained conditions
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Key

X  horizontal action 3 applied action

Y  vertical action 4  allowable design actions

1  envelope of design resistance under 5 envelope of design resistance under drained
undrained bearing/sliding

2 design value of action 6  envelope of design resistance under drained

Figure 5 — Soil resistance envelopes and definition of design actions

bearing

sliding

A material factor of y,, = 1,5 shall be used to assess stability at the end of foundation installation i.e. at

“setdownf
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pntal and moment actions are of negligable magnitude; and

neglect is of negligable conquence.
jign considerations

djusting for soil plug weight

Fal formulae presented to calculate ultimate limit state (stahility) of shallow and inte
ns assume there is no difference in the depth of soil inside‘and outside foundation skir
the soil plug weight is offset by the pressure supplied by-the external soil and does not g
h] action. However, in some cases the soil height aboveskirt tip level can be higher insid¢
ide the skirt, such as where significant scour has ésourred or where significant plug
or lower inside the skirt than outside the skirt,@uch as where the foundation (base
5 penetrated deeper than the length of the skirts.

1):

p,in - p,out )

is the change in design value of vertical action to account for differences in vertical effect
at skirt tip level, immwhich the factor for soil weight is generally equal to unity;

as y'x z;,, whéré y' is the representative value of submerged unit weight of soil and z;, is
sentative-depth of soil inside the skirts);

asy™ z,,, where z is the representative depth of soil outside the skirts);

brmediate
ts. In this
ontribute
p the skirt
heave has
plate and

ivhere a meaningful difference exists, theldesign value of vertical action shall be adjusted by

e8]

ive stress

is the representative value of in situ effective vertical stress at skirt tip level inside the skilrts (taken

the repre-

is th&representative value of in situ effective vertical stress at skirt tip level outside the skirts (taken

A

is the representative value of the cross-sectional plan foundation area.

7.4.2 SKirt spacing

The use of skirts on subsea foundations is outlined in A.7.4.2, including guidance on skirt spacing.

The effect of the skirts and associated stiffeners on the following shall be assessed:

a) penetration resistance;

b) ultim

ate resistance.
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7.4.3 Foundation base perforations

Guidance on the use foundation base perforations is provided in A.7.4.3.

Effects of perforations on stability shall be addressed in cases where the total area of permanent perforations

exceeds 5 % of the actual base plate area.

7.4.4 SKirtless foundations penetrating soft soils

In soft soils (e.g. normally consolidated clays), shallow skirtless foundations can penetrate the seabed to the
depth at which the soil bearing resistance is in equilibrium with the applied action (e.g. buoyant self-weight),
which implies no additional margin of safety. Incremental settlements under additional permanent actions,

if any, shatHbe-addressed-

7.4.5 Tensile stresses beneath foundations

Reliance pn tensile stresses (relative to ambient water pressure) beneath foundatipons that rgst on the
seafloor yithout embedded skits shall be avoided, because of the potential disturb@nce to the underlying
seabed dfie to pumping scour, an erosional mechanism whereby rapid movemeiit of water cqn lead to

undermir}ing of the foundation.

Skirted shallow foundations (except those with perforated mudmats) can«résist transient tensio

h through

generatioh of negative excess pore pressures between the confined soil plig and underside of the fpundation

top cover,Cyclic tensile stresses (relative to ambient water pressure) from waves with a few second
may be ddmonstrated as acceptable in design, while longer duration.fensile stresses can be carried

E duration
by skirted

s on clays with low permeability. Reliance on tensile stresses beneath a shallow foundgtion shall

rh are not

The desigh shall address the level of contact between the\soil and the underside of the top plate and the value

b whether

hge paths,

duration pf action and geometry of the foundation have been demonstrated not to jeopardize th¢ negative

excess pofe pressures developed durinig the mobilization of reverse end bearing.

7.4.6 ni-directional actions

A single Igading condition can‘éonsist of combined vertical action (Q), lateral action (H), overturnin

g moment

(M) and torsion (T), i.e,inall six degrees of freedom, when H and M are co-planar. The design c3n include

many loadling combinations.

Under sufh complex'loading conditions, the applicability of effective area approaches, if used, shall be

addressedl. Yield'surface approaches (see 7.7.1) and numerical analyses may be used instead.

7.4.7 Interaction with other structures

Influence 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 individual
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.
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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 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 at seafloor level.

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
effect of Juch erosion on foundation performance and the passive soil resistance along 'the skirts shall be
addressedl.

7.4.9.2 |Piping

The foundation shall be designed to prevent the creation of excessive hydraulig gradients (piping c¢nditions)

in the sofil due to environmental actions or operations performed during or subsequent to |structure
installati(In.

7.4.10 Unconventional soils or soil profiles

The analysis methods outlined in this document were developed primarily for use in seabed donditions
comprisigguniform all drained (sand) or all undrained (clay)-profiles and shall not be used for uncorjventional
soil condifions, such as:

a) partiglly drained conditions;

b) cemepted material;

¢) bedrgck;

d) carbdnate soils.

The effect of seafloor unevenness.shall be addressed.

Surficial ¢rusts of stronger.soil overlying weaker soil can be encountered. In such cases, accountipng for the
surficial qrust typically réduces the foundation size. Methods to account for a surficial crust are presented
in 7.5.1.6 oind A.7.5.1.6«

7.4.11 Selection.of soil parameter values for design

7.4.11.1 (Parameters used in serviceability design

If linear elasticity-based calculation methods are used, selection of representative values for the elastic soil
parameters shall consider the strain levels that are induced in the seabed as a result of the applied actions.

7.4.11.2 Wave-seabed interaction

Hydrodynamic effects due the passage of large waves shall be accounted for by either appropriately adjusting
the representative soil strength, or representative 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 excessive
combinations of vertical displacement, lateral displacement, or overturning rotation of the foundation;
while pure sliding or torsional failure corresponds to a failure mode where the foundation translates or
twists only in a horizontal plane.

7.5.1.2

A clkian

For an embedded shallow foundation action transfer from seafloor to base level (typically skirt tip

foundatiol

7.5.1.3

The form
A.7.5.1.3,

The effec
subject to

With this

7.5.1.4

In the abs
bearing c

qq =1
where

dq
AI

ot
XCTIOTI Cr atrSTCT

h equipped with skirts) should be applied in design.

Idealization of foundation area and the effective area concept

1lae presented in 7.5 for shallow foundations are based on the effectivearea concept,
which also deals with idealization of the foundation area for use with limit equilibrium

Live area method is not intended for use with compressible or.layered soils, or for fo
large overturning moments (relative to foundation capacity),

method, actions are assumed as acting on the effective fouridation area only.

Undrained conditions with constant shear strength with depth

ence of more definitive criteria, Formula (2) shall be used for determining the design va
hpacity for undrained conditions:

S
). UK
Ym

C

is the design value of vertical bearing resistance, and note that Q4 = g4 4"

is the foundation effective area;

is the undrained-bearing capacity factor, equal to 5,14, for plane strain conditions;
is the representative value of undrained shear strength of the soil;

is the material factor (see 7.3);

is7a Correction factor, which accounts for inclined actions, foundation shape, depth of enj

level for a

efined in
ethods.

indations

ue of unit

(2)

bedment,

foumdation base inctimation and seaffoor surface mcHTation:

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

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

For a vertical centric action applied to a rough-based foundation at seafloor level where both the foundation
base and seafloor are horizontal, Formula (2) is reduced as follows for the following foundation shapes for
the design value of material shear strength:

a) Infinitely long strip foundation:
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gy =514 3)

m

b) Circular or square foundation:

qq =6,05-4% @

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 value of unit
bearing Capacity forundeainad con ditianc vaith oot oo i deainad chaoqar ctrapngth tpnoraacing Ay Ximately

POty TOT OO T O I C O CUTTOT CTOTT S vy oI T Ut U P IC OO T o irC o STIcoT St CIrg eI rrrcr coastrg o ppr

linearly with depth under the foundation.

i kB’ \K
qq =1 (NCSUO +ij—c (5)
m

where
44 is the design value of vertical bearing resistance, in which Q4 = q4-A%

is a correction factor given as function of kB'/s,y;

is the undrained bearing capacity factor, equal to 5,14;

S,0 | is 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 shear strength with depgh;
B’ is the minimum effective lateral foundation dimension (see 7.5.1.3);

is a correction factor, which accounts for inclined actions, foundation shape, depth of enjbedment,
foundation base inclination and seafloor surface inclination;

Ym is the material factor (see 7.3).
A is the effective area.

Details fo calculation of F and\K, are provided in Clause A.7.

7.5.1.6 [Undrained cenditions with a surface crust overlying linearly increasing shear strength
with depth

Bearing cppacity.ofa seabed condition consisting of a surficial crust of undrained shear strength, §,cg, over

a linearly|inetreasing shear strength, that can be idealized as illustrated in Figure 6, may be estjmated as
follows.
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Key
X  undrained soil strength, s S.epundrained strength of crust
Y depthibelow skirt zip, z, k  gradient of undrained strength increase witll depth

Figure 6 — Strength profile with surficial crust
The corrgction factor, F, in Formula (5) is modified by a correction factor to acecount for a surfigial crust,
such that
| x F (6)

m C

F  if the correction factor evaluated for Formula (5);
ip the modified correction factor ['F' replaces 'F' iiFormula (5)], accounting for the surfifial crust;
F. ip the crust correction factor, detailed in A.7.5:16.

Under complex loading conditions or more complex crust conditions, the failure envelope paramelerisation
presented by Reference [123] can be more appropriate.

7.5.1.7 |Drained conditions

In the abdence of more definitive criteria, Formula (7) shall be used for determining design value ¢f vertical
bearing capacity for drained conditiens.

’'p’ ’
a4 =0,57'B'N, K, +0,o (Mg~ 1)K, (7)
where
qq is thexdesign value of vertical bearing resistance in the absence of horizontal actions} in which
Q4%=q4 A’ (Where A’ is the effective foundation area);
, are drained bearing capacity factors, as a function of the representative value of ¢";
N, drained bearij ity fact functi fth tati lue of ¢’
» Ky 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 unit weight of soil;

o',o Istheinsitu effective vertical stress at 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).
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Complete descriptions of the K factors and values of N and N, as a function of the effective angle of internal
friction ¢', are given in A.7.5.1.7.

Formula (7) has deliberately omitted any component due to an effective cohesion, c', and accompanying
bearing capacity factor, N... This is mainly because the occasions when it might be appropriate to include a
component for bearing capacity due to a presumed effective cohesion are extremely rare. Further guidance
is given in A.7.5.1.7.

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:

dq = !5’1/ BNy (8)

b) Circular or square foundation:

qq =P.37’BN,, )

7.5.2 Assessment of sliding capacity of shallow foundations

7.5.2.1 |General

When disg¢rete layers of low strength soil are identified during the sjte investigation and interpretatjon, which
can provifle a preferential failure surface, the sliding capacity of th& foundations shall be addressed in detail.

When stapility has been established using the formulae in 7.5:I, the maximum horizontal capacitly shall be
limited tq that determined for the condition of pure sliding;as defined by Formulae (10), (11), (12)jand (13).

If full confact 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 abfence of more definitive criteria;’Formula (10) shall be used for determining undraingd sliding
capacity at the base of a rough foundation (skirt tip level for skirted foundations with appropgiate skirt
depth to 4pacing ratio):

s
Hy =240 |4 (10)
Vm
where
Hy ip the design value of resistance for pure sliding;
s, 1p fhérepresentative value of undrained shear strength at foundation baseplate level (skirt tip level

for<kirted foundations);

Y isthe material factor (see 7.3);
A  isthe representative value of the cross-sectional plan foundation area.

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 can be determined by testing, taking account of the roughness of the
underside of the foundation.

The possibility of drained or partially drained sliding along a sand seam within a competent clay layer
should be addressed.
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7.5.2.3 Drained conditions

In the absence of more definitive criteria, Formula (11) shall be used for determining drained sliding capacity at
the base of the foundation (skirt tip level for skirted foundations with appropriate skirt depth to spacing ratio):

tan¢g’
Hy=0Q
=5

where

Hy is the design value of resistance of pure sliding;

(11)

Q isthe factored verticatactiomrduring the Tetevamnt toading comditions, forwhichaction
less than 1 are recommended in cases where increased vertical action has a beneficia
the calculated capacity;

tang| isthe representative tangent 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 mobilised along, the interface bet
foundatiojn base and the soil (i.e. a fully rough interface is assumed), and that failure does not {
within a ghear band (or shear zone) in the soil. If this is not the case, the interface friction angle (6
the foundation soil and the structure rather than the friction angle/of*the soil (¢’) shall be tak
representfative value of the effective angle of internal friction. The ¢alue of § accounts for the roy
the underjside of the foundation and can be determined by laboratery testing.

If the failyre takes place within the soil (i.e. within a shear band}; the sliding capacity becomes dep
the soil dilatancy angle.

7.5.2.4 [Horizontal seabed resistance above foundation base level

Skirted o embedded shallow foundations can hdve increased resistance under pure sliding resu
soil resistpnce above skirt tip level. This resistanece may be used to offset horizontal actions transfer
foundatiop base, such as when calculatingihc¢lination factors. All contributions to horizontal resist
foundatioE members above foundation base’level should be reduced using the material factor given|

Where injtallation disturbance or soil conditions can lead to lower resistance from the soil abov
level (e.g.|in conditions where sdil tension cracking on the active side of the skirt can occur), th
resistance shall be accounted foy in design.

Where scpur potential exiSts; the effect of scouring shall be addressed in design.

Formulae|(12) and (13)are for the case where embedded foundations are considered as surface fo
on a reduped seafloor (see Figure 4), and are relevant for a horizontally translating foundation, i.
rotation. Rotatien of the foundation reduces the mobilizable horizontal resistance.

General foprmulae for the additional horizontal resistance, AHg, that can be mobilized between se:
foundation-baselevelare d-in-Eormulg and 3 izontalslidi esistance

factors of
effect on

ween the
ake place
between
en as the
ghness of

endent on

ting from
red to the
hnce from
in 7.3.1.

b skirt tip
b reduced

indations
p. without

floor and

Hy+ AH,.

5 given by

In the absence of more definitive criteria, for undrained conditions, the additional horizontal resistance

shall be calculated using Formula (12):

S
AHd :Kru[ u,ave ]Ah
Y

m
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where
AH,

ru

u,ave

Vm
Ay
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is the horizontal soil resistance due to active and passive earth pressures on foundation skirts;

is the undrained horizontal soil reaction coefficient (see A.7.5.2.4);

is the representative value of average undrained shear strength of soil between the seafloor and

base level for linearly increasing isotropic undrained shear strength with depth;
is the material factor (see 7.3.1);

is the vertical projected area of the foundation in the direction of sliding.

In the abs
be calculd

AHd 3
where

AH,

Krd

7.5.2.5

Torsional

that accoynt for torsional actions are not available for use with the bearing capacity methods in 7.|

assessme
yield surf]
described

When dig
which car
in detail.
condition
capacity s

753 A

ence of more definitive criteria, for drained conditions, the additional horizontal resist

ted using Formula (13):
=K, (0,57'Dy) Ay

is the additional horizontal resistance mobilised between the seafloor and foundation &
is the drained horizontal soil reaction coefficient, which includes‘the material factor (see

is the representative value of the average submerged unif weight of the soil over the de
bedment;

is the depth to base level;

is the vertical projected area of the foundation in the direction of sliding.

Assessment of torsional capacity

actions decrease the overall bearingand sliding capacity of shallow foundations. Correcti

ht of pure sliding in 7.6.2. Effects’of torsion on foundation stability can be considered
ace approach as described in\Clause A.7 and Reference [126], or through analytical appy
in Reference [121]. Torsiénjis also considered in ISO 19906.

crete layers of low sthength soil are identified during the site investigation and inter
provide a preferential failure surface, the torsional capacity can be critical and shall be :
Design for torsien shall address the foundation-seabed contact stress distribution and
Internal mechanisms within the confined soil plug (above skirt tip level) that can affe]

hnce shall

(13)

ase level;
A.7.5.2.4);

bth of em-

pn factors
b.1, or the
through a
oaches as

pretation,
iddressed
drainage
ct torsion

Use of sha

hall also be;addressed.
ssessment of capacity of intermediate foundations
llew foundation meth n itabl rovi n initial size for an intermediate f

undation

where loading is simple vertical or simple horizontal and the soil conditions are simple (i.e. no significant

layering).

For other soil conditions or loading, including significant moments or combined loading (e.g. combined Q,
H, M, T loading), more appropriate methodologies are available in Reference [192], and the sizing shall be
validated by use of alternative methodology, such as finite element analyses or finite element limit analysis.

Methodologies for combined loading of intermediate foundations or piles derived for anchoring applications
with a padeye located at an optimal depth below seafloor, are not generally suitable for intermediate
foundations for fixed structures where the loading is at topcap level. Beam-column analyses using only
p-y soil reaction curves as per the design of slender (flexible) piles under lateral loading (see 8.5) is not
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generally applicable to rigid intermediate foundations (e.g. rigid non-slender piles), unless more advanced
case-specific soil reaction curves are adopted (see 8.5.6).

7.6 Serviceability limit state (displacements and rotations)

7.6.1 General

The clearance between water level and topsides, the design of connections between subsea structures, and
other serviceability limits shall account for the displacements of the foundation over the life of the structure.

7.6.2 Serviceability of shallow foundations under static loading

7.6.2.1 |General

Calculatign of foundation displacements and rotations can include:

a) immgddiate displacements and rotations;

b) primary consolidation settlement (displacements and rotations);

¢) secorldary compression (creep) settlement;

d) differjential settlements induced by spatial soil variability, moments,torque and eccentricity.

The formplae for evaluating the static short-term and long-term~displacements and rotations qgf shallow
foundations are given in 7.6.2.2 and 7.6.2.3. These formulae are applicable to idealized conditiqns, and a
discussioh of the limitations is given in Clause A.7.

7.6.2.2 [Immediate displacements and rotations

Displacempents of the base of a circular, rigid, foundation that rests on the surface of an isotfopic and
homogeng¢ous seabed, and where the anticipated displacements are elastic, shall be estijnated by
Formulae|(14) to (17) in the absence of more definitive criteria:

a) verti¢al:

1-
b) horizpntal:
7—-8v
“H"H[32(1—v)GRJ (1>)

c) overturning:

(30-1))

Oy =M 2 (16)
U 8GR )
d) torsion:
0r :T( 3 BJ (17)
16GR
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Uq is the vertical displacement at foundation base level;

uy is the horizontal displacement at foundation base level;

Oy is the overturning rotation (in radians) at foundation base level;

01 s the torsional rotation (in radians) at foundation base level;

is the vertical action;

i

the horizontal action;

(g

R i

Design vallues of actions and moments (Q, H, M and T) determined with'a action factor of 1,0 shoul

Formuale|

Reference
profiles (|
uniform K

Numericall analysis methods are readily available;and should be applied for more complex situatio

The elast

and straif applied to each soil element. Afi appropriate value in design using Formulae (14) to (17
nd shall be documented. In the absence of more definitive criteria, Poisson’s ratio v values of 0,5

adopted 3
for undra

7.6.2.3

Formula
by assum

the absenfe of more definitive criteria, Formula (18) shall be used to estimate primary consolidati

UQ:

Q

H

M ip the overturning moment;
T  ip the torsional moment;

G

ik the Poisson’s ratio of the soil;

5 a representative value of the elastic shear modulus of the soil (for the apprepriate action
bvel);

5 the radius of the base of a circular foundation.

(14) to (17) can also be used for approximating the response of a square base of equal ay

s for formulae to predict immediate, elastic displacements that account for non-un
e.g. linearly increasing soil strength), foundation embedment, foundation flexibility
ase geometries are provided in Clause A.7.

¢ shear modulus of the soil G is netja unique soil parameter and depends on the leve

ned soil response and in the-range 0,2 to 0,3 for a drained soil response shall be applied.

Primary consolidatien settlement

18) is a widely usedSimplified estimate of long term or primary consolidation settlemenf
ng one-dimens§iponal compression of layers of fine-grained soil under an imposed vertical

hC o-VO,Z +Ao v,z
lo 10— 5

’
1-'-60 v0,z

hnd strain

| be used.
ea.

form soil
and non-

[1S.

of stress
) shall be

obtained
stress. In
on:

(18)

where

Uq

€o

v0,z

is the vertical displacement at foundation base level;
is the layer thickness;

is the initial void ratio of the soil;

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

is the effective vertical stress at the midpoint-level of a given soil layer;

© IS0 2025 - All rights reserved
33


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

ISO 19901-4:2025(en)

Ao’

vz istheincrement of effective vertical stress in a given soil layer at the specified time.

The representative layer thickness, h, for the calculation shall exceed the width (or diameter) of the footing.
This layer thickness shall be subdivided into multiple thin layers for analysis with each layer prescribed an
appropriate value of C and e,. Where more than one layer is involved, the total settlement estimate is taken
as the sum of the settlement of the individual layers.

The representative value of compression index, C, in Formula (18), shall be selected as follows. C, shall be
used in the calculation of consolidation settlements of normally consolidated clays. The swelling index, C,,
shall be used in the calculation of consolidation settlements for fine-soil where the relevant stress range falls
on an unload-reload line without reaching the normal compression line. The calculation should be divided
into two parts for stress ranges that span the unload-reload and normal compression lines.

For desighs sensitive to primary consolidation, compression characteristics of the soil shall be‘dgtermined
based on [results from consolidation tests carried out at appropriate pre-consolidation pressurées.|However,
samplingf probe disturbance can significantly impact test results. Assumptions and corrections gdopted in
developmient of selected compression characteristics shall be documented.

Formula [18) has application limitations and does not address three-dimensional-flow and strdin, creep,
loading r¢distributions, differential settlements or different initial conditions sucdh as excess pore pressures.

7.6.2.4 [Secondary compression: creep

Dependinig on the duration of loading and the sensitivity of the design{o settlement, additional disjplacement
due to sedondary compression (creep) can be significant. In these cdses, creep shall be addressed.

7.6.2.5 |Differential displacements and rotations

Eccentric|ty of actions on a foundation can cause a permanent moment to be transferred to the fqundation,
leading tq the potential for differential settlements, both immediately and as a result of consolidation over
the life of the structure. Differential displacements:can also derive from changing soil conditionp across a
foundatiopn footprint or across individual foundations on a connected structure. Differential displacements
shall be afldressed in design, if the foundation or'structure are sensitive to such settlements.

7.6.3 Serviceability of intermediate foundations

Where required for structural analyises or serviceability requirements, an initial estimate of fpundation
stiffness ¢an be made using simplified elastic solutions. Where soil layering or loading is comple):for where
the situatjon is critical, the use-ef a‘'more appropriate methodology shall be employed in detailed design. For
monopileffoundations, a check-for accumulated displacements or rotations is be required.

7.6.4 Serviceability-inresponse to dynamic and cyclic actions

In many ¢ases, cyclic loading leads to accumulated excess pore pressures during the event. Disslipation of
excess pofe pressures leads to additional primary consolidation settlement, beyond that calculate( for static
loading, dnd.€an also increase the amount of creep. Settlement associated with the effects of cyclic actions
shall be afldressed in design where these actions can result in settlements impactful to the design|solution.

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 (T). 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. An alternative approach is to derive a fully
encompassing yield surface in Q, H, M and T space, which enables foundation geometry and load interaction
to be explicitly considered, as well as consideration of tensile resistance. Further guidance on use of the
yield surface approach is provided in A.7.7.1.
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7.7.2 Risk-informed decision making

In a risk-informed decision making approach decisions shall be optimised with due consideration o

f the total

risks, considering (but not limited to) the loss of lives and personal injuries, damage to the environment and
monetary loss. A risk-informed design approach shall holistically consider the robustness of the system into

which a foundation is connected. System failure modes shall be identified and their consequence
This assessment shall consider the duration of functionality that the foundation shall provide.

Further guidance is provided in ISO 2394 and A.7.7.2.

7.8 Installation

assessed.

7.8.1 General

Openings|in the foundation and skirts shall be provided (if required) to accommodate drainage of ¢

subsequent performance and satisfactory capacity of the foundation post installationtWhere rel

ntrapped

vant, the

water wifhin skirt compartments, during installation (7.4.3). The openings shall not compr}mise the

risk of hyfiroplaning of the foundation, during lowering at/or close to touchdown, shall’be assessed.

Lowering|operations, near seafloor, shall be undertaken in a manner to ensure thatthe disturbance
or foundifpg layer is minimised and that foundation capacity and installation-are not adversely affd

The effects of seafloor topography, seafloor features and underlying strata.shall be taken into accqg
installatign design.

Force neefds to be applied to penetrate foundation skirts and any.other protrusions (e.g. stiffeners)
seafloor ds the soil will be displaced to accommodate the skirts«and protrusions. The foundation s
can provide sufficient force, but when this is not the case, penetration can also be facilitated by
under-pr¢ssure (relative to the ambient hydrostatic pressure) inside the skirt compartments
foundatiop, or temporary additional static weight (ballast)-

Installatign shall be planned so that the foundation'can be seated at the intended site without di
to the sypporting soil compromising the soillintegrity. When providing under-pressure, in
procedures shall be planned to avoid unintended disturbance to the soil, including plug uplift, e
piping. Infstallation planning shall address\risks related to installation and shall implement mg¢
mitigate ghese risks.

The foundation baseplate is not always at seafloor level after installation, as the soil displaced by
can cause|internal plug heave withiiithe foundation compartments. Typically it is assumed that:

a) half dfthe displaced volume’of external/perimeter skirts contributes to internal plug heave, if
pressjure is used;

b) full djsplaced voltume of external/perimeter skirts contributes to internal plug heave, if under
is usqd;

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

to seabed
cted.

unt in the

below the
el f-weight
providing
inder the

cturbance
stallation
psion and
asures to

the skirts

no under-

-pressure

7.8.2 Skirt penetrationresistance

Forces acting on a foundation penetrating the seabed are illustrated in Figure 7 a). These forces are typically
approximated as a bearing component (and associated overburden) on the skirt/protrusion tip, and friction

component on the skirt side.
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2 ~—?2
R T T T b) Foundation consisting of two co-joined compartments
a
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i i ,
N .‘ap or k g D)
G 1

a) Illustration of tip and side resistance

¢) Multi-compartment structure
on a sjngle compartment structure

Key
Q¢ / Qgqe pide/shear resistance acting on skirt side 1  internal skirt(s)
Qp / Qup [ip resistance acting on skirt tip 2 external skirt(s)

Figure 7 — Foundation penetration

Methods exist to predict the resistance associated with penetration of foundation skirts. Further] guidance
is providgd in A.7.8.2 and A.11.5.2.2.1. Stiffeners can be required to provide satisfactory action transfer in
situ, and dluring installation (e.g. during load-out).

7.8.3 Required and allowable under-pressure

When under-pressure is used to assist foundation installation, the following two quantities shall bg assessed
for all penjetration depths, in addition to the,;penetration resistance:

a) the upder-pressure necessary to.allow embedment;
b) the cfitical pressure that can(cause the soil plug to fail in reverse end bearing (clays) or piping|(sands).
The pumping system used ddring installation shall be capable of generating the necessary under-gressure.
The folloying aspects shall'be addressed:

— soil ariability, layering and presence of any subsurface obstructions, such as cemented [ayers, or
cobbles/ boulders;

— assurfanteof minimum self-weight penetration so thatasealis formed prior to under-pressure application;

— 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);

— avoidance of piping failures through sand materials;
— avoidance of cavitation, if in shallow water.

Installation design of foundations which consist of multiple compartments or multiple co-joined foundations
installed simultaneously [see Figure 7 b)] shall address risk of non-uniform penetration rate and out of
verticality of penetration.

Further guidance is provided in A.7.8.2 and A.11.5.2.2.1.
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7.9 Relocation, retrieval and removal

Foundations occasionally need to be relocated if the required installation tolerances (e.g. verticality) are not

achieved. The offset for the new location should be a centre-to-centre spacing of three times the fo
diameter/width. A lesser spacing may be acceptable, if the level of seabed disturbance due to
installation is minimal.

undation
the first

Recovery of the foundation should be performed in a slow and controlled manner, preferably lifting initially
from one corner or side of the foundation, to reduce suction effects, in addition to facilitating sufficient

drainage.

If removal is anticipated, an analysis shall be made of the actions generated during removal so that removal
can be accomplished with the available equipment. The analysis shall include increases in soil 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
8.1 Pile capacity for axial compression

8.1.1 General
Design crfteria for pile foundations shall be determined in accordance)with 1ISO 19902.

The axial pile capacity shall satisfy the following conditions:

Pd,e < Qd = Qr/yR,Pe
Pd,p < Qd = Qr/)/R,Pp

where

Qq is the design axial pile capacity,i.e. the design resistance of the pile;
Q. is the representative valtie of the axial pile capacity, as determined in 8.1 and 8.2;

Pd e
with (Ve - Yware)a@s effective unit weight], and the weight of the soil plug if this can bg
[in case of tensile actions], determined from a coupled structure and foundation model

design values-of actions for extreme combinations of actions;

Py
P
effective unit weight, in case of compressive actions], determined from a coupled str

fotindation model using the design values of actions for operational combinations of ac

yR,Pe € plle partial resistance ractor 1or extreme combpinations or actions yR,Pe =

(19)

(20)

is the design axial action on the pile [which may include the effects of the effective pile weight,

justified,
using the

is the design axial action on the pile [including the effective pile weight, with (v - [Vwater) @S

ture and
ions;

Yrpp Iis the pile partial resistance factor for operational combinations of actions (yg p, = 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:
a) design actions;
b) diameter;

c) penetration

© IS0 2025 - All rights reserved
37


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

ISO 19901-4:2025(en)

d) type oftip;

e) wall thickness;

f) number of piles;

g) spacing;

h) location;

i) pile head fixity;

j) material strength;

k) insta

Pile capa
when the

lation method.

pile head is subjected to compressive actions along the pile axis. Pile capacity for axial

addressed in 8.2.

The desig
respectivi
to other

be applie
degradati

Pile capa
paramete
offshore g
pile pene
accepted
factors af
safety fac

The simp
applicatig

The calcu
foundatiol

bly. They may also be used for layered profiles of sands and clays. The-methods shall not

1 to sands predominately composed of weak grains and a compressible structure whi
on of strength and stiffness under cyclic loading, such as carbofiate sands.

Cities are commonly determined using the simplified calculation model described in

tructures supported on open-ended pipe piles, experience has shown the adequacy of de

d partial resistance factors applied for pile design in this document have been based u
tors.

n of the axial actions.

n before its calculated capacity has fully developed, the pile capacity shall be adjusted.

8.1.2 Akial pile capacity

In the ah
compress

Qr,c =

where

jon, Q. , shall be\determined by:

gf,c + Qp :f(Z) AS +q Apile

rity for axial compression, as discussed in 8.1.2 to 8.1.5, relates to the axial resistancg¢ of a pile

tension is

n methods presented in 8.1.3 and 8.1.4 only apply to clay soil profiles,-and sand soil profiles,

e applied

oil types or unconventional soils without confirming suitability~The method in 8.1.4] shall not

h exhibit

8.1.2; the

s that are used in this model are determined in accerdance with 8.1.3 to 8.1.5. For most fixed

fermining

fration based on static capacity evaluations, withydesign values of static actions and Jommonly
working stress design (WSD) factors of safety that imply non-detrimental cyclic effects. The action

pon these

ified model for pile capacity described\in 8.1.2 to 8.1.5 is based on a (quasi-)static and rhonotonic

lated pile capacity takes time to dévelop after installation. If the design actions are applidd to a pile

sence of more ,definitive criteria, the representative value of the axial capacity of piles in

(21)

Qr,c

1s the representative value of the axial capacity in compression (1n force units);

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

is the unit skin friction (in stress units);

is the side surface area of the pile in soil (m?2);

is the unit end bearing at the pile tip (in stress units);
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A is the gross end area of the pile (in area units);

pile
z is the depth below the original seafloor (in length units).

For open-ended pipe piles in clay, the end bearing capacity, @,, shall not exceed the sum of the en

d bearing

capacity of the internal plug and the end bearing on the pile tlp wall annulus. Guidance on unplugged end
bearing in sands is provided in 8.1.4. In computing the design actions in compression on the pile, the effective

weight of the pile shall be included.

Formula (21) assumes that the pile behaves rigidly and can overestimate the capacity of long axial flexible
piles if the skin friction degrades on continued displacement. In determining the capacity of a pile, the
relative deformatlons between the 5011 and the p11e as Well as the compre551b111ty of the 5011 p11e system shall

be addregsed
flexibilit and pile performance on the plle capaCIty shall be addressed Further guldance of these
provided jn 8.3 and A.8.3.

The founglation type and geometry should be based on those that experience has shown can b
consistenfly and practically under similar conditions with the pile size and installation equipm
used. Poskible remedial action in the event that design objectives cannot be obtainied during in

should befinvestigated and defined prior to construction.

In the casge of drilled and grouted piles in rocks, the representative end beafing capacity is often r
ignored i the design and shall account for pile construction factors, such as the degree of remoy
cuttings from the base of the hole.

8.1.3 Skin friction and end bearing in clay soils

There ard a number of methods for calculating the skin friction and end bearing in clay soils. Th
described in this section has been developed and applied-over many years and is the current
standard| However, there are more variables which affect pile capacity than those included in 4
Formulae|(22) to (24). This matter is discussed in this subclause and in A.8.1.3. An alternative (
method tlhat can be used for pile capacity in clays is‘presented in A.8.1.3.2.2.

In the abgence of more definitive criteria, for’driven steel open-ended pipe piles in clay soils the

pact of pile
effects is

installed
ent being
stallation

pduced or
al of drill

e method

industry
he design
PT-based

unit skin

friction irf] tension and compression, f(z), in'stress units, at depth, z, shall be calculated using Formpla (22).
f2) = ps,(2) (22)
where
a is the dimensionless skin friction factor, for clays;
su(2) | is the reprégentative value of undrained shear strength at depth z (in stress units).
The factof a shalhbe’computed by:
a=05P05for¥<1,0 23a)
a=0,5¥-025 for¥>1,0 (23b)
with the constraint that e < 1,0
where
Sl,l
Y =— atdepth z (24)

Ovo (Z)

0’,,(2) is the effective vertical stress at depth z (in stress units).
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A discussion of methods for determining the undrained shear strength, s, and effective overburden stress,
0’,,(2), including the effects of various sampling and testing procedures is included in A.8.1.3. For under-
consolidated clays (i.e. clays with excess pore pressures undergoing active consolidation), « may be taken as 1,0.

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

For long axial flexible piles the relative deformations between the soil and the pile as well as the
compressibility of the soil-pile system shall be addressed. If the determination of the pile penetration is
sensitive to the pile flexibility, the impact of pile flexibility and pile performance on the pile capacity shall be
addressed. This effect is discussed in more detail in A.8.1.3.

In the abgence of more definitive criteria, where the pile tip is in clay soils, the unit end bearing stress, g,
shall be cpmputed by:
q=9 (25)

“qu

The skin friction, f(z), acts on both the inside and the outside of the pile. The inside-friction is equal to the
outside frfiction and is assumed not to be affected by changes in wall thickness. The total axial resigtance for
pile compression is the sum of the external skin friction, the end bearing on the pile wall annuluf, and the
total intefnal skin friction or the end bearing of the plug, whichever is thelé€sser. For piles consid¢red to be
plugged, fhe bearing pressure can be assumed to act over the entire crossssection of the pile. For ynplugged
piles, the pearing pressure acts on the pile wall annulus only. That a pile is considered plugged or ynplugged
shall be blased on static calculations. A pile can be driven in an unplugged condition but behave as plugged
under stafic actions.

ion resistance and end bearing capacity computed on the basis of the requirements above
long-term capacities. Axial capacity immediately~after installation is usually lower, especially in
solidated to slightly over-consolidated clays. This is dependent on the development of ejcess pore
pressure n the soil during installation and its subsequent dissipation with time. When the design actions
are applidd to a pile foundation shortly after installation, the capacity of a pile immediately after installation
iffjcrease in capacity with time shall be addressed in design. Further guidance on the soil-pile set-up
is provided in A.8.1.3.

For piles
drilled a

riven in undersized drilled holes, piles jetted in place (see 10.5.2 for jetted conductor§) or piles
d grouted in place, the seléction of skin friction values shall account for the soil difturbance
rom installation. In general; f(z) shall not exceed values for driven piles; however, in sqme cases,
and grouted piles in over-consolidated clay, f(z) may exceed these values. In determinihg f(z) for
drilled anld grouted piles, the strength of the soil-grout interface, including potential effects of drilling mud,
shall be addressed. A furthef-check shall be made of the design value of the bond stress between the pile
steel and fhe grout, as reedommended in 1ISO 19902.

In layered soils, skinsfriction values, f(z), in the clay layers shall be as given by Formula (22) to|(24). End
bearing vplues fotf\piles tipped in clay layers with adjacent weaker layers can be as given in Formula (25)
provided fhat:

a) the pllé-achieves penetration of two to three pile diameters or more into the clay layer, dependjng on the
uncertainty on the depth ot the top of the clay layer; and

b) the 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.

For piles installed, partially or fully, in under-consolidated or creep-prone sediments, the potential for
continuing consolidation or creep shall be assessed and any resulting negative skin friction addressed in
estimating the available ultimate capacity and settlement of the piles.

© IS0 2025 - All rights reserved
40


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

ISO 19901-4:2025(en)

8.1.4 SKkin friction and end bearing in sands

This subclause presents the ‘unified CPT method’ for assessing pile capacity in sands [211], Formulae (26)
to (28) are presented for the evaluation of static capacity of steel tubular open-ended piles two weeks after
driving. Piles are defined as foundations with an aspect ratio greater than 10. The use of the method for
piles with aspect ratios less than 10 (e.g. monopiles) should be validated.

The method may 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 not fall within the specified criteria is provided

inA.8.1.4

The unified CPT method shall only be applied to impact driven piles. The unified CPT methed sh
applied t¢ vibro-driven piles, unless the vibrated portion of the pile is restricted to the first 20
penetratipn, within which the overall contribution to pile capacity is limited, unless prover other
unified CPT method shall not be applied to piles installed by jacking.

The reliability of the method has been evaluated and the method was shown, when used with t
loading (4ction) and resistance factors of ISO 19902, to provide pile foundations that are more rel
those obthined using the former main text method. The unified CPT method-in sand may be useq
unified C

stratigray
soil type |
and [250]

In the abs
f(2), in sty

A

re

and:

fi
29°

rc

<~

4c

T method in clay, presented in A.8.1.3.2.2, to estimate the staticcapacity of driven piles
hy with a reliability that is essentially the same as that for cases where piles are instal
0], Further information on the method and Formulae (26)40{28) are provided in Refere

ence of more definitive criteria, the external unit skinfriction for capacity two weeks aftg
ess units, at depth, z, shall be calculated using Forfaula (26):

=fL (G;C +A6;‘d )tan290

D. 2
—1—PLR(—’)
D

where PL

R=1,0 for*typical offshore piles.

all not be
% of pile
wise. The

he partial
able than
| with the
n layered
ed in one
ices [211]

r driving,

(26)

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

is the angle of interface friction used for calibration of the method, noting that factors, such as paint,
coatings or mill-scale varnish, can negatively affect the interface friction that can be mobilized;

is the horizontal effective stress acting on a driven pile at a depth, z, about two weeks after driving;

is the vertical effective stress at a depth, z;

is the representative cone resistance at a depth, z;
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A, 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 4,.=1);

D is the pile outer diameter;

D; is the pile inner diameter;

PLR  isthe pluglength ratio, with a maximum value of 1,0, defined as the ratio of the plug length (L)
to the pile embedment (L), and for which in the absence of measurements, PLR shall be taken as

1,0 for typical offshore piles;

Ao_,:d tsthe L,]uqusc Hrhorizontatstt €SS; a\,tius a dcpth, Z,at 131115 thretointerfacesheardilation as the
pile is loaded;

drr | =0,0356m;

h is the distance above the pile tip at which f(z) acts (= L-z);

In the abgence of more definitive criteria, the unit end bearing applied across the“full base area
shall be cglculated using Formula (27):

q=[0 12+0,38Are]qp
where
A | is as defined per Formula (26);

qp isarepresentative value of the CPT cone resistancenear the pile tip, taking into account the

a) To allow for spatial variability, g, is taken as the average q. value within a zone 1
and below the pile tip. However, because end bearing capacity can be sensitiv]
variations in cone resistance, théiimpact of this sensitivity shall be reflected in the
representative value.

b) The end bearing method.assumes a plugged base and is applicable for piles with a
diameter ratio greater_than five. For plugs with low permeability within two pile
of the pile tip, such ds those comprising interbedded clay layers, the end bearing caj
be reduced and in.such cases, it shall be confirmed that unplugged end bearing {
than plugged ehd bearing [235]. [287] [n the absence of more definitive criteria, an e
unplugged end-bearing can be taken according to Formula (28).

Qp = unpluggedApile

pf the pile

(27)

following.

5D above
e to local
choice of

length to
liameters
pacity can
s not less
btimate of

(28)

furplugged = Are dp-

The unified CPT method replaces the former main text method and the CPT methods previously defined in
the annex. Further information on the latter CPT methods, experience with their application in practice and

potential use in cases not covered by the unified CPT method can be found in [132], [177], [76] and

[208]. For

existing platforms where there are no CPT data available, the former main text method may still be used and
is presented in A.8.1.4.3, although it is no longer recommended for calculation of pile capacity in sand.

8.1.5 SKkin friction and end bearing in gravels

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

sting that

site investigation results can be incorrectly interpreted, e.g. by characterizing the material as dense while
pile driving can indicate a loose material.[183] The CPT based method presented in 8.1.4 and other pile design
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methods in Clause A.8, including the former main text method in sands in A.8.1.4.3, are likely to overpredict
driven tubular pile capacity in gravels.[126] As a result, the methods presented in 8.1.4 and Clause A.8 shall
not be used directly for pile design in gravels.

8.1.6 Skin 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.

In general, the end bearing capacity is affected by and chosen depending on pile construction factolrs such as
the degref of removal of drill cuttings from the base of the hole and on rock mass factors such'as thg presence
of disconffinuities within the rock mass. Unless these factors are addressed, the end bearing capacity shall be
taken as Zero.

In additign, the end bearing capacity of the rock shall not exceed the uniaxial compressive strength of the
rock or gout multiplied by a bearing capacity factor appropriate for the type“of rock. The linjiting end
bearing capacity for this type of pile can also be governed by stresses in the gtout or in the pile stgel.

Design vglues for (static) unit skin friction and end bearing can be found in various publications (e.g.
Referencds [197], [1] and [328]). Most publications on this subject referto relatively 'stubby’ stiff piles as
used in opshore practice (bored piles). Owing to the brittle response applicable to unit skin frictipn, design
values given in these publications can be unconservative for long flexible piles as used in offshor¢ practice.
In additidn, the adverse effects of cyclic actions on the axial capacity of such piles shall be addfessed. In
cemented| calcareous or carbonate material the skin friction assessment for grouted piles can be updertaken
based on|the load transfer (t-z) methodology and cyclic:dlgorithm described in Reference [284]. The use
of the dedign method and the assessment of the requiréd design parameters to characterise the cemented
material fesponse shall be validated, e.g. with laboratary or field tests.

8.1.7 Skin friction and end bearing of driven-piles in intermediate soils

In intermediate soils (e.g. silts or low plastiCity silty tills), where cone penetration is usually partially drained,
the appliqability of the methods in 8.1.3 for clays and in 8.1.4 for sands shall be validated. Interpretations
based on |CPT resistance and piezocone response generally lead to higher shaft capacities when |ayers are
deemed tp be ‘clays’ rather than ‘sands’. For example, the application of clay methods has led to significantly
over-predicted axial capacity, compared with offshore load tests with transitional soils whosg grading
curves sppn the range between-the two soil types. In the absence of more definitive criteria, the degigner can
evaluate the degree of drainage observed during CPT profiling (ideally assisted with dissipation |test data)
and can epaluate the us€ ofthe minimum of shaft capacity estimates made by the sand and clay mgthods, as
well as alternative procedures.

8.2 Pile capdcity for axial tension

The reprgsentative value for pile axial pullout capacity, @, , is less than or equal to, but shall not exceed Qs
the total sKin friction capacity 1n compression. For clay solls, 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 and additionally
shall address potentially lower pile capacity resulting from rock break-out mechanisms.

8.3 Axial pile performance

8.3.1 Static axial behaviour of piles

Pile axial deflections shall be within acceptable serviceability limits and these deflections shall be compatible
with the internal forces and movements of the structure. The analysis procedure used shall simulate the
nonlinear stress-strain behaviour of the soil. Displacements and rotations of individual piles shall satisfy
serviceability limit states.
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In the absence of more definitive criteria, the relationships between mobilized axial shear transfer between
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.

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 axial capacity that can be mobilised by the pile can be less than that given by
Formula (22), which assumes the pile is rigid. If t-z curves that exhibit strain-softening are recommended
as per 8.4, the effect of axial pile flexibility on the pile capacity shall be addressed, either explicitly with
t-z Q-Z an ]ycnc or-with apprnvimnfp methads (a g Referencce [m]) Other F:\r‘fnrc, such as increased axial
capacity ynder loading rates associated with storm waves, can counteract these effects. More infofmation is
provided jn the commentary in [SO 19902 as well as A.8.3.2 and Reference [67].

8.3.2 (Cyclic axial behaviour of piles

Cyclic actions, including inertial actions due to environmental conditions suchVas storm waves and
earthquakes, can have two potentially counteractive effects on the static axial capacity. Repetitiye actions
can causq a temporary or permanent decrease in resistance and an accumulation of deformatiof. Rapidly
applied a¢tions can cause an increase in resistance and stiffness of the pile. Very slowly applied a¢tions can
cause a d¢crease in resistance and stiffness of the pile. The resultant influence of cyclic actions is & function
of the cobined effects of the magnitudes, cycles and rates of change of applied actions, the gtructural
characterfistics of the pile and the types of soils (see A.8.3.2).

8.4 Soi] reaction for piles under axial actions

8.4.1 ial shear transfer t-z curves

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

Resistande-displacement relationships for grouted piles are discussed in Reference [289], [279] and [290].

Curves de¢veloped from pile loadingtests in representative soil profiles or based on laboratory|soil tests
that mod¢l pile installation can also-be justified. In the absence of more definitive criteria, the t-z|curves in
Figure 8 dhall be used for non-earbonate soils.

In clays, aftypical value forzye7) of 1 % of the pile outer diameter (i.e. z,.,/D = 0,01) shall be used fpr routine
design pyrposes. Values ranging from 0,25 % to 2,0 % may be usedpin cases where axial pile sfiffness is
critical fof design.

In sands, [in the absénce of more definitive criteria, Formula (29), which provides a good fit to the unified
database [employed for derivation of Formula (26), shall be used for routine design of typical] offshore
piles[207],

Zooar 4 0,50_/ 0,25
P A=1250(comp);A=625(tension) (29)
b Apg”

where

p, 1satmospheric pressure (100 kPa);
q. istherepresentative CPT cone resistance;
o

v Isthe vertical effective stress at the depth of the ¢-z spring.
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The empirical coefficient, 4, depends on the loading direction and gives z,.,/D values in tension that are
double those in compression.

The shape of the t-z curve at displacements greater than that at which ¢ ,, is reached as shown in Figure 11
should be assessed. Values of the residual friction ratio, t.../t,., and the axial pile displacement, z_, 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 t,.../t,,. 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 t../t,,.x and z,, for various soils.
RENVA itk S
Y L v
0,6 + 3
04+
0,2 -H
0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0 1 2 3 4 5
X
Z/Zpeak t/tmax
Clays Sands
0 0 0
0,16 0,30 0,30
0,31 0,50 0,50
0,57 0,75 0,75
0,80 0,90 0,90
1,0 1,00 1,00
2,0 0,70 t0 0,90 1,00
o0 0,70 to 0,90 1,00
Key
X 2/Z,0d Zpeax  displacement to maximum soil-pile unit skin friction
Y t/tha D pile outside diameter
1 sand:ft ., t mobilised soil-pile unit skin friction (in str¢ss units)
2 day: .. %09t .« tmax =f(z) = maximum soil-pile unit skin frictior] computed
in accordance with 8.1 or 8.2 (in stress unifs)
3 day: =07t t.es residualsoil-pile unit skin friction (in stress units)
z  local pile axial displacement Z,es axial pile displacement at which the residual soil-pile

unit skin friction, t,,, is reached

Figure 8 — 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 mobilised end bearing resistance and axial pile tip
displacement is described using a Q-z curve.
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A pile tip displacement of 10 % of the pile diameter can be required for full mobilization of the end bearing
resistance described in 8.1 in both sand and clay soils. In the absence of more definitive criteria, the curve
shown in Figure 9 shall be applied for both sands and clays.

Key
X z/D
Y Q/Qp

1
0,8
0,6
Yl
0,4
;2
0
0 0,1
X
z/D /0,
0 0
0,002 0,25
0,013 0,50
0,042 0,75
0,073 0,90
0,100 1,00
oo 1,00

z  axial pile tip displacement

8.5 Soi

851 G

The strugd
resist. Su

In the abs

eneral

the relat
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| reaction for piles-under lateral actions

pile outside diameter
mobilised end bearing resistance (in force u

representative value of end bearing
computed in accordance with 8.1 (in force u

Figure 9 — Typical pile end bearing resistance-displacement Q-z curve

tural code,'of reference defines the lateral actions that the pile foundation shall be d¢g
h actienscan include static, cyclic, fatigue, impact, and earthquake actions.

ence*of more definitive criteria, the procedures given in 8.5.2 and 8.5.3 shall be used to
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ves. The

development of these curves is documented in Reference [185]. The methods apply equally to all pile types,

e.g. driven, jetted, and drilled and grouted piles.

The use of one-dimensional beam column analyses with only these p-y curves to model the soil reaction
is applicable to long slender piles, i.e. piles with length to diameter, L/D, ratios greater than about 10. The
analysis of intermediate foundations (e.g. short stubby piles such as large diameter piles with limited
penetration) typically involves the use of additional soil reactions curves when using one dimensional beam-
column techniques or different methods of analyses, as described in 8.5.6

The lateral resistance of the soil near the seafloor can be significant to pile design and the possible effects of

seafloor scour on this resistance shall be addressed.
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In case of liquefied soils near the seafloor, the need to prevent pile buckling by reducing the critical
compression stress for the applicable combinations of actions shall be addressed. See Reference [193].

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 stra

in rate of

approximately 5 %/hr. DSS tests should be performed as per the guidance in ISO 19901-8. The undrained

shear strength shall be taken as the maximum measured shear stress or the stress at a shear strai

of 15 %,

if no pealjis observed.

It is applifable to soil consistencies ranging from very soft to very hard and has been validated by
of pile load tests with soil strength values up to 600 kPa (12 531 Ib/ft2). It has not been vialidated
structurefd clays or carbonate materials.

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

The cycliq 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 laterdl failure mechanism of long slender piles consists of‘a-wedge mechanism close to the se§
a flow-argund mechanism at deeper depths.

r hindcast
for highly

1floor and

For monojtonic actions, the ultimate unit lateral resistdnce, p , in units of force per unit length of pile, has

been fouryd to vary between 9 s, D and 12 s, D forthe flow-around mechanism. For depths whq
occurs with the wedge mechanism, the lateral capacity is reduced and depends on whether a gap i
to form o 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) geneiating normalized p-y)curves according to 8.5.2.2.4;

d) de-ndrmalizing theg-y curves by using the values of p , and D.

8.5.2.2.2| Ultimate 'soil resistance for isotropic conditions

In the abgencé 6f more definitive criteria, the ultimate soil resistance shall be calculated as:

re failure
assumed

py=FD
with
B, :Np Sy

N, =Ny LYz Np if gapping is assumed on the back side of the pile;
s

u

N, =2N,o <Nyg if no gapping is assumed on the back side of the pile;

© IS0 2025 - All rights reserved
47

(30)


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

ISO 19901-4:2025(en)

067135
Np0:N1_(1_aave)_(N1_N2)|:1_(£) :l SNpg
N, =12 N, =3,22
d =16,8-2,3logyy (1)>14,5
A=5u0/ (5,1 D)

di = 9+30(ave

where
d is a model parameter;
D is the pile outside diameter;
P, |isthe ultimate soil pressure (in stress units);

p, |isthe ultimate soil resistance per unit length (in units of force per unit length);
N; |isamodel parameter;

N, is a model parameter;

N is the total lateral bearing capacity factor;

is the lateral bearing capacity factor due to passive wedge for weightless soil;
N4 |is the lateral bearing capacity factor for flow around mechanism;

is the representative undrained shear strength at the depth in question, as determined|from DSS
testing;

S,0 | is the representative undrained shear strength at seafloor, as determined from DSS testing;

S,1 | is the representative rate of increase of shear strength with depth in linearly increasing strength
profiles, as determined frdmDSS testing. For moderately non-linear profiles, s ; varies with depth
and can be calculated as:

Su (Z)_Su
Sup (7)= 2200,
VA
z is the depth below original seafloor;

% | is the avetage soil-pile skin friction factor, as calculated by Formulae (22) to (24), befween the
seafloorand a depth of 20 pile diameters, or over the pile length if L/D <20;

4

y is‘the soil submerged unit weight;

A is the normalized rate of shear strength increase in linearly increasing shear strength profiles.

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 sand layer is present at the seafloor and overlays clay layers, the total bearing capacity factor N, may be
calculated as N,=N,q at all depths in the clay layers if the sand layer is thicker than about one pile diameter.
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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 11 pile load tests suggests that pile behaviour (e.g. deflection, shear force,
and bending moment profiles) are best predicted with the following assumptions when calculating N,;:

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

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

¢) Gapping condition assumed at all values of lateral displacements if the shear strength is greater than

15 kHa at all depths in the top 10 m.

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

8.5.2.2.3| Anisotropy correction of ultimate soil resistance for gapping conditions

The formpilae

N, 4, and for gapping condition only, the strength measured in triaxial extefision should be used
the DSS strength. In absence of more definitive criteria, where gapping is assumed on the back 3
pile, the bearing capacity factor N, shall be corrected for anisotropy as folows:

Pcor

with:

CW:L+[

where

p_co

SuTE |
SuDss

Ny

po

Yz
=CW Npo +S—Sdi

of 8.5.2.2.2 were derived for isotropic conditions. In the wedge failure mechanism,

u

SuTE 1 Npg =Ny
SuDss Npd —Np =0

is the total lateral bearing.capacity factor corrected for anisotropy;
is the anisotropy corfection factor for the wedge failure mechanism for gapping con

is the average ratio of triaxial extension strength over DSS strength within the de
wedge, for which in the absence of site-specific data, a default value of 0,9 is recomm
very soft and’soft clays like those of the Gulf of Mexico;

is the total lateral bearing capacity factor for isotropic conditions, as per 8.5.2.2.2;

isthelateral bearing capacity factor due to passive wedge for weightless soil for isot
ditions, as per 8.5.2.2.2;

resence of
papping.

j.e. if N <
nsteadp of
ide of the

(31)

ditions;

bth of the
ended for

Fopic con-

Nyq

Np |z:0

Isthe tateral-bearing capacity factor for flow aroumd mecarnisT for 1Sotropic Comn

per 8.5.2.2.2;

litions, as

is the value of N, for isotropic conditions, as per 8.5.2.2.2, at the original seafloor elevation (i.e.

z=0).

Further guidance on soil anisotropy and soil profiles with seafloor crusts can be found in A.8.5.2.1.2.
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8.5.2.2.4 P-y curve relationships

Lateral soil resistance-displacement relationships for piles in clays are nonlinear. The p-y curves for
monotonic actions may be generated by scaling the stress-strain curves measured in the laboratory through
DSS testing by either of the two methods presented in A.8.5.2.2.3.

Alternatively, the monotonic p-y curves (p,,, = Vo) shall be generated from the default normalized curves of
Table 1, as plotted in Figure 10.

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

I,>30 % 1,<30 %
OCR=Z OCR=# OCR=10 OCR=Z OCR=% O(R =10
Pmo /|Pu Ymo /D Ymo /D Ymo /D Ymo /D Ymo /D Hpno /D
0 0 0 0 0 0 0
0,0p 0,000 3 0,000 4 0,0005 0,000 1 0,000:2 0j000 3
0,7 0,003 0,004 0,005 0,001 0,002 0j003 3
0,3 0,005 3 0,008 0,011 0,0018 0,004 0}007 3
0,4 0,009 0,015 0,021 0,003 0,007 5 ),014
0,5 0,014 0,024 0,034 0,004 8 0,012 ,023
0,4 0,022 0,036 0,052 0,007 3 0,018 ,035
0,7 0,032 0,055 0,078 0,011 0,027 ),052
0,8 0,05 0,084 0,12 0,017 0,042 0,08
09 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
1,4 0,25 0,3 0,4 0,083 0,15 0,27
1,0 0 o) 0 oo o o
Key
Pmo / Dy {normalized lateral soil resistance for monetenic actions
Vmo / D : pormalized lateral displacement for mgnotonic actions
OCR: over-fonsolidation ratio
I,: plasticity index
All other variables as defined in 8.5.2.2.2
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Figure 10 — Normalized p-y curves fordnonotonic actions for clay

P-y curves for cyclic actions

dure may be applied to three defined design conditions.

f Mexico (GoM) conditions: Piles in clays with OCR less than 2,0, with normalized cyj
th properties like those of the GoM clays and subjected to loading conditions like those ex

rties like those of the Drammen clay and subjected to loading conditions like those exper
bn fixed structuresin the North Sea.

Sea stiff clay eonditions: Piles in clays with OCR greater than 4,0, with normalized cy
th properties like those of the Drammen clay and subjected to loading conditions
ienced by piles on fixed structures in the North Sea.

ence of more definitive criteria, the cyclic p-y curves (Pcy — Vey) used to calculate pile |

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45

clic shear
perienced

" strength
ienced by

clic shear
ike those

behaviour

maximum storm loading shall be calculated as follows:

Pcy =Pmod Pmo

Yoy =

Ymod Ymo
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where

pcy
Yoy
Pmod

Ymod
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is the lateral soil resistance for cyclic actions;
is the lateral displacement for cyclic actions;
is the p-modifier model parameter;

is the y-modifier model parameter.

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

ment is zero.

If the

action, pile diameter, and pile wall thickness schedule are known, the depth-ofirotation 1

termfined by a beam column analysis using the p-y springs calculated for monotofii¢-actions, as p|

Altennatively, the depth of rotation of the pile shall be estimated as z,, = #5D.

whe

whe

[alculate the hybrid factor, hg, at each depth zand for all points p,; /', onthe normalized 1
B-y curves:
hf: Pno | 2 i ifZSth
by Zrot
hf:pmo 1 if z>z.,,
by
1le
& is a model parameter and -1<hg<+1.

[alculate the number of equivalent:cycles, Neq,
mormalized monotonic p-y curves:

2
Neq =[ﬁf S25

at each depth z and for all points p,,, /

1le
Neg is aimodel parameter and 1< Neg <25;
g is'a model parameter and:

g = 1,0 for Gulf of Mexico conditions;

displace-
hay be de-

er 8.5.2.2.

honotonic

p, on the

g = 1,25 for North Sea soft clay conditions;

g = 2,5 for North Sea stiff clay conditions.

— 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 11.

© IS0 2025 - All rights reserved
52


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

ISO 19901-4:2025(en)

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

Design condition Cyclic modifiers
Gulf of Mexico Pmod =1,47-0,14 ln(Neq) Ymoa =1,2-0,14 ln(Neq)
North Sea soft clay Pmod :1'63_0'151n(Neq) Ymod :1'2_0'17ln(1veq)
North Sea stiff clay Pmod :1'45_0'171n(Neq) Ymod :1,2—0,17ln(Neq)
1,8
Y
1,6

1,49\\

———_ Q\\\w
1 -\:=:=:='::~-—._ — =5
= Zimi—— o
0,8 ""‘\:MP
Tre——
0,6 I
——1 -%-2 ——3 ——4 --455
0,4 : : : : N S : ,
1 10
X
Key
X number of equivalent cycles, Ny, (-) 3 P,q- North Sea stiff clay
Y' P-modlifier, P 4, or y-modifier, Y 4 4 P, oq - Gulf of Mexico
1 P,.q1North Sea soft clay 5  Ypoq - Gulf of Mexico
2 Y04 1North Sea soft and stiff clay

Figure 11 — Normalized p-y curves for monotonic actions for clay

8.5.2.4 |P-y curves for fatigue actions

Fatigue agtions typically ¢ause a very large number of cycles of very low pile displacements. The ¢urves for
fatigue arjalyses (pr.=¥s,) represent the steady-state conditions after the soil unload-reload secanf stiffness
and hystejretic daniping have stabilized, typically after several hundreds of cycles.

A spring-¢nly nmiodel 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 supportmg typlcal subsea wellhead/BP/LMRP
systems, | 8 - v are-stiffer than
the cycllc curves because the stlffness of the sprmg only model 1nc1udes the effect of hysteretlc damping.
Further guidance is provided in A.8.5.2.4.

In the absence of more definitive criteria, the (py, - y¢,) curves shall be calculated as:

-B
y S
pfa =Dy As (%J (34)
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is the lateral soil resistance for fatigue actions;

is the lateral displacement for fatigue actions;

is the ultimate soil resistance calculated as per 8.5.2.2.2, with the no-gapping condition;

is a model parameter; A, = 0,45 if s, <40 kPa and A, = 0,19 for other conditions;

is a model parameter; B, = 0,05 for all conditions.

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

a) the C|I1rve shall pass through the origin y¢, = pg, = 0;

b) then

pxt point shall be generated for y,/D=0,001;

c) thefdllowing points should be generated at the following y, /D increments, up to amaximum y¢]

d) 0,001 for 0,001 <y;,/D < 0,010;

e) 0,01 or 0,010 <y;,/D < 0,05.

8.5.2.5

The mon
provide a

P-y curves for earthquake actions

dtonic curves of 8.5.2.2 can be used to analyse piles under seismic actions. They have
satisfactory match between measured and calculated:bending moments in fixed-struct

when they are combined with appropriate unload-reload behaviour and parallel dashpots to model

damping.

Further guidance is provided in A.8.5.2.5.

The curve¢s for cyclic actions of 8.5.2.3 have been deyeloped for three specific metocean action
and not fdr earthquake actions. Their use for earthquake conditions shall be validated.

8.5.2.6

Comparison with previous recommendations

When compared with the p-y curve methods in Reference [174], the recommended practice of 8.5.2

gives p-y

furves that are stiffer at low displacements and with greater ultimate resistance.

Comparispns between the curves,obtained by previous and current recommendations are pr

A.8.5.2.6.

853 L

For static
value at s

hteral capacity-for sand

lateral actions, the representative unit lateral capacity, p,, for sand has been found to v3

In the abdence.ofimore definitive criteria, at a given depth, the formula giving the smallest value
be used ds the representative capacity. These formulae can be un-conservative for layered soil g

when the

/D = 0,05:

shown to
ures piles
radiation

onditions

generally

ovided in

ry from a

hallow depths determined by Formula (35) to a value at deep depths determined by Forinula (36).

pf p,. shall
onditions

sand is overlain by soft clay.

Prs= (C12+C2D) 7,2

Pra=C3DY’z

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

D

Pr

is the pile outside diameter;

is the representative lateral capacity (in force per unit length of pile);
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’

4 is the submerged unit weight of soil (kN/m3);
z is the depth below original seafloor (m);

C,, C,, C; are dimensionless coefficients as a function of the effective angle of internal friction in sand,
¢’ (see Figure 12).

2 ’ s
tan tano t ’ .
1 :( h) —+K ang sin —+tan f(tan¢g’sin f —tana) (37)
tan(B—-¢") cosatan(f—¢")
tan p
C=t——7—-- 38
2 fan(B-¢)) © (38)
- 8 ’ 4
C3:ia((tanﬁ) —1)+K0 tan¢g’(tan f3) (39)
’ ’ 1 ol ’
withlr=2; p=45+2; k,=0,4 and K, =-=50¢
2 2 1+sin¢
6 160
Yl Y”
/140
5 7
+120
C Z%
4 : ///'
\/ 7 / + 100
e
- <\ C /'
/] 1 4 + 60
2 ,/ "/\
/f
. L~ : C3 T 4‘0
~
1
+ 20
0 L L L L L L 0
30 32 34 36 38 40 42
X
Key
X  effectjve angle of intérnal friction (¢’ in degrees) C; coefficient C; for lateral capacity
Y’ valueof coefficients C; and C, C, coefficient C, for lateral capacity
Y”  valueof coefficient C, C; coefficient C; for lateral capacity
Figure 12 — Lateral capacity coefficients for sand

Guidance 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:

kz y
Ap,

p=Ap, xtanh( (40)
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A is afactor to account for static or cyclic actions, evaluated by

= (3,0 - O'g'z j> 0,9 for static actions, and

A =0,9 for cyclic actions;

p, s therepresentative lateral capacity at depth z (force per unit length of pile);

k  isthe initial modulus of subgrade reaction (force per volume), see Table 3;

z i

y i

The datal
with effed
triaxial tq

Extrapola

angles of

on such s

fractions

In the abs
Table 3 sh

855 p

Similar to

condition

after seve

dynamic

In the abs

P =36501(z)L%J

where

p fa
Yy fa
1(z)

5 the depth below original seatloor (m);

5 the lateral displacement at depth z.

sts or correlations with in situ tests.

ence of more definitive criteria, the values of the initial‘mddulus of subgrade reaction,
all be applied.

Table 3 — Initial modulus of subgrade reaction

g k
MN/m3
25° 54
30° 8,7
35° 22
40° 45

-y curves for fatigueactions for sands

5 after the sojl Wnload-reload secant stiffness and hysteretic damplng have stabilized
ral hundreds_of cycles. A spring-only model is presented for piles, to be used for both
e.g. timesdomain) analyses.

ence of more definitive criteria, the (pg, - y4,) springs shall be calculated as:

0,65

ase for the lateral soil-pile behaviour in sands consists of free-head tests on piles in clgan sands,
tive angles of internal friction ranging from 34° to 42°, as determined by shear box testf, drained

tion of these data to soils outside the limits of experience, particularly to those sands with effective
nternal friction less than 30° requires engineering judgement. In particular, laboratory t¢st results
pils should be reviewed for evidence of anomalous behaviour and for the presence of dignificant
pf clay soils, either of which could require a different formuldtion for the p-y relationshipgs.

K, given in

the recommendatiens for clays, the curves for fatigue analyses (pg, -y a) represent the stgady-state

typically
Static and

is the lateral soil resistance for fatigue actions;
is the lateral displacement for fatigue actions;

is the shear resistance. 7(z)=0,,(z) tan(¢’).

The power-law curve of Formula (41) is discretized as per 8.5.2.4.
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8.5.6 Refined assessment of lateral pile response

A more advanced one-dimensional pile analysis method, which involves the definition of case-sp

ecific soil

reaction curves, is set out for applications where the design is either highly sensitive to lateral actions or

when the pile L/D ratio is low [22][63], The method’s development is further described in A.8.5.6.

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

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

als under

cyclic actions shall be addressed in the design of grouted pile and conductor (see Reference [205]). The

results from site-specific pile test and centrifuge model test data, where available, may also b
calibrate site-specific p-y data.

e used to

8.6 Pile group behaviour

8.6.1 General

The effects of closely spaced adjacent piles on the resistance-displacement charactenistics of the j
should bg considered. For pile spacing less than eight diameters center-to-centér, group effect
addressed in lateral response design.

The pile group axial capacity shall conform to the requirements of 8.1<1."Where there is a noj
distributipn of actions into the piles, the partial resistance factors foy individual piles axial capa
group mdy be less than those specified in 8.1.1, provided it is demenstrated that the displacen
corresponding deformations and stresses of the piles and associated Structural members are acce

8.6.2 Akial behaviour

pile group
5 shall be

n-uniform
ity in the
hents and
btable.

For piles embedded in clays, the group capacity can be less than the single isolated pile capacity fnultiplied

by the number of piles in the group; conversely, for piles;embedded in sands, the group capacity can|
than the §um of the capacities of the isolated piles~The group settlement in either clay or sand is
larger thgn that of a single pile subjected to the average action per pile of the pile group.

8.6.3 Lateral behaviour

For piles [with the same pile head fixity conditions and which are embedded in either clay or §
pile group normally experiences (gpeater lateral displacements than those undergone by a s
subjected|to the average action per/pile of the corresponding group. The major factors influencing
displacenjents and distribution of actions over the piles are the direction of loading, the pile sp
ratio of tHe pile penetration:fe’the pile diameter, the pile flexibility relative to the soil, the dimensi
group, anfl the variations-in'the shear strength and stiffness modulus of the soil with depth.

Of the foyr group analysis methods examined in Reference [256], the following methods were fo
the most appropriate for use in designing group pile foundations for the given actions:

a) for d¢finfng initial group stiffness: advanced methods, such as PILGP2R [236];

be higher
normally

ands, the
ingle pile
the group
hcing, the
ons of the

und to be

b) for desigmever onsTthe Focht-Roch method =28 modifted by Reese e 23 forde

1ing group

displacements and average maximum pile moments; displacements are probably underpredicted at
actions giving displacements of 20 % or more of the diameter of the individual piles in the group;

c) for evaluating maximum pile action at a given group displacement: largest value obtained
original or modified Focht-Koch method.
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8.7 Pile installation assessment

8.7.1 General

The types of pile foundations used to support offshore structures and considered in this document are as

follows.

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

b) Drilled and grouted piles: Piles that can be used in soils and rocks which will hold an open hole with or

Q7 O

withg

c) Vibro
demo
availd
of 8.1

The pile v
stresses d
shall also

steel tubylar checking formulae given in ISO 19902 for conditions of combined axial force and

Fatigue d
with ISO

Damage t
driving. 1
shoe shal
capacity)

All field-made structural connections shall be compatible with the design requirements. Pile sectid

be marke
end of th

installatign of the piles.

8.7.2 Drivability studies

Computer
known as
behaviou
penetrati
counts to
by the as;

quake andl damping parameters in the wave equation model. Selection of these input parameters i

previous

£ daaalls A L
ut ul lllllls iUy LDCC U.I.UJ.

-driven piles: The capability of hydraulic vibratory driving hammers to install piles
nstrated, in particular for the installation of small diameter piles in sands. Limited
ible with respect to the effect of the installation method on the pile axial capacity*and thg
should be validated.

vall thickness and driving shoe shall be sufficient to resist axial and lateral actions as W
uring pile installation. The pile stresses and, as a result thereof, theminimum pile wall
conform to the requirements from ISO 19902 where the pile stréngth shall be verified

hmage due to pile driving shall be accounted for when calculating the pile fatigue life in a
19902.

p the pile tip during offshore handling and installationcan lead to localised pile buckli
he potential for global or local pile buckling shall be’assessed. If used, the effect of t}
be addressed in the choice of design skin friction‘and end bearing values (driveability|

1 to facilitate installing the pile sections-in the planned sequence. The closure device on
b structure's legs and pile sleeves, if réquired, shall be designed to avoid interference

analyses (based on the principles of one-dimensional elastic stress-wave theories and ¢
wave equation analyses) may be used to simulate the hammer-pile-soil system and pi

bn and assessing-the stresses in the pile resulting from pile driving. The predicted rang
reach a givenypenetration is governed by the estimated profile of soil resistance to driv
umed hammer efficiency, or driving energy transferred to the pile and, to a lesser extd

bile driving experience and engineering judgment. For a given rated energy, the energy tr

to the pilg

pile drivipgexperience with reliable measurements from pile instrumentation.

is‘dependent on the type of hammer (i.e. diesel fuel, steam, or hydraulic hammer) and i

has been
data are
methods

Fell as the
thickness
using the
bending.
ccordance

hg during
e driving
and axial

ns should
the lower
with the

ommonly
le driving

[, with the objective-of defining the range of blow counts necessary to reach the target design pile

re of blow
ng (SRD),
nt, by the
based on
hnsferred
based on

The calculation method for the 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, should 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 due to pore
pressure dissipation (set-up) during driving interruptions (e.g. when delays are necessary for welding pile
add-on elements).
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To confirm that the hammer performs in accordance with the specifications and with the assumptions made
in the drivability predictions, the pile or hammer may be instrumented and monitored during driving. If
so, pile instrumentation is preferable, as hammer monitoring provides incomplete information about the
driving energy transferred into the pile.

Pile driving instrumentation data, based on measurements from strain and acceleration transducers fixed
near the 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 back-
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 o
to fatigu
estimate

epresentative parameters or methodology for driveability analyses or driveability input
analyses, should account for the experience in the area or in similar soil conditions{wjith upper
parameters being used if experience does not exist or is limited and best-estimate/pgrameters
otherwise.

acy of the structure's foundation depends upon each pile being drivén to or near [ts design
penetratipn. Where applicable, the driving of each pile should be carried\to completion with as little
interruptjon as possible to minimize the increased driving resistance which’/often develops duriphg delays.
Workable|back-up hammers with leads should be available, especially when critical pile set-up is arjticipated.

The fact that a pile has met premature refusal does not indicate that it can support the design actions. Final
blow count alone shall not be considered as assurance of piling adequacy.

In some ipstances, when continued driving is not successful,"the penetration and associated capacity of a
pile can be improved by the methods described in 8.7.5.

8.7.4 Diriven pile refusal
Pile refuspl is defined to:

a) establlish the point at which pile drivingwith a particular hammer should be stopped and other methods
institjuted (see 8.7.5); and

b) prevgnt damage to the pile or hamimer.

The definjtion of refusal should-beconsistent with the soil characteristics anticipated at the specifif location.
Refusal should be defined foralthammer sizes to be used and is contingent upon the hammer being operated
at the endgrgy and rate recomimended by the manufacturer.

The exact definition<of-pile refusal for a particular installation should be defined in the installation
specificatfion. Examples of refusal criteria, for use only if no other requirements are included in the
installatign specification, are given in A.8.7.4.

If a pile reffuses before it reaches design penetration, one or more of the measures given in 8.7.5 mayf 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 maintenance,
or by the use of a more powerful hammer.
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8.7.5.2 Re-evaluation of design penetration

Reconsideration of actions, displacements and required capacities of individual piles, of other foundation
elements and of the foundation system, can identify available reserve capacity.

An interpretation 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

8.7.5.3.1 General

Modifying procedures, can permit the piles to be driven to the required penetration. Ihe 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 glug 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-péenetration.

If plug removal results in inadequate pile capacity, the removed soil plug shall be replaced by g grout or
concrete plug or a plug made from another suitable material to increase‘the capacity back to the design
level. Thef minimum axial capacity of the plug shall be equal to the pileend bearing capacity in p plugged
condition| if full shear transfer between plug and pile is available. In séthe circumstances plug remgval is not
effective In improving driving conditions, particularly in cohesivesoils.

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 pgssibly air
liftting. THe drilling or jetting equipment is lowered through the pile, which acts as the casing pipe for the
operation| Considering the resulting uncertainties with respect to the pile axial capacity, the soil pelow the
pile tip should not be removed to reduce the soil resistance during driving in uncemented soils.

Under spgcial circumstances (e.g. in the case of an intermediate layer of strong cemented material),
undersizgd drilling can be applied to paritially remove the hard layer before pile driving can be|resumed.
The depth of drilling should be restricted.to the thickness of the hard-cemented layer.

Undersiz¢d drilling should be restricted to relatively thin and not too hard layers. In thick and hard rock
layers unfler-reaming of the hole‘to at least the full pile size should be evaluated to avoid potentjial risk of
pile tip byckling.

Where sqil removal belew’ the pile tip has been performed by drilling (undersized or otheryise), the
contributjon of the relevant zone of soil to the pile capacity should be ignored, unless this zone| has been
grouted.

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

8.7.5.3.4 Tvvn-cfagp driven pilpc

A first-stage or outer pile can be driven to a predetermined depth, after which the soil plug is removed and a
second-stage or inner pile is driven inside the first-stage pile. The annulus between the two piles is grouted
to permit shear transfer between the first- and second-stage piles and to develop composite 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 accordance with
ISO 19902 for the definition of pile wall thickness and stresses generated by hammer placement and pile
driving. A method of analysis based on wave propagation theory shall be used to determine the dynamic
stresses generated by hammer impact.
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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 verify that
the consequences of the change are acceptable, including pile drivability, pile capacity, pile and structure
strength and fatigue. Detailed guidance is provided in ISO 19902.

Items relevant to pile design and installation assessment are as follows.

a) Stresses during driving: The unfactored dynamic stresses should not exceed 90 % of yield, depending
on specific 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 level in
the analyses.

b) Allowance for underdrive or overdrive: With piles having thickened sections at the seafloor, an extra
length of heavy wall material in the vicinity of the seafloor may be used so that the pile,will not be
overgtressed at this point if the design penetration is not reached. The amount of unddgrdrive or
overdrive allowance provided in the design will depend on the degree of uncertainty regarding the
penefration that can be obtained.

c¢) Drivipg shoe: The purpose of a driving shoe is to assist piles to penetrate through hard layers or to
redude driving resistance, thereby allowing greater penetrations to be achieved than would ptherwise
be thg 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 valug assumed
in the¢ design. If an internal driving shoe is used for reducing the internal skin friction during driving
in cohesive soils, the effect of the driving shoe shall be taken into‘account when evaluating the total
representative capacity of the pile. External driving shoes are nothormally used, as they tend|to reduce
the skin friction along the length of pile above them.

d) Thet]p ofthe pile or the driving shoe should be flat or bevélled towards the inside of the pile. Pile tips and
driving shoes with bevels toward the outside of the pilé’shall not be used when driving throyigh dense
and very dense sands as they have been shown to be a.contributing factor in observed pile budkling.

8.7.7 e of hydraulic hammers

Hydraulid hammers are more efficient than steam hammers and the energy transferred to the|pile for a
given rat¢d energy tends to be greater. They.€an be used both above and below water for driving battered
or verticdl piles, through legs or through'sleeves and guides, as well as vertical piles alone withqut lateral
restraint.|In calculating pile stresses, full account should be taken of wave, current and wind 4ctions, as
well as tHe hammer and section weights both during driving and during hammer stabbing, which can be
either abqve or below water. While for steam hammers the weight of the cage is generally held by a|crane, for
hydrauliclhammers the whole eight of the hammer is borne by the pile.

The energy output is genérally varied to maintain a low blow count. Therefore, blow counts do hot give a
direct gujde to soil stratification and resistance. Since the ram is encased, hammer performance fannot be
judged visually. The hdmmer's performance, including ram impact velocity, stroke, pressure of acfelerating
medium 4nd blow(rate, should therefore be measured. Reliable instrumentation of some piles may also be
considergd to verify the energy transferred to the pile to aid interpretation of soil stratification and to limit
pile stresses:

Monitorirgof ummderwater driving Tequiresthateasity Tdemntified;, umambigunous datunrpoints be used,
together with robust television cameras or remotely operated vehicles (ROV) capable of maintaining
station. Alternatively, for shallow water sites, hammer casing extensions or followers may be used so that
blow counts can be monitored above water.

Because 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 should be
supplied to the hammer so that water ingress is prevented. Water in the pile should be able to escape freely.
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8.7.8 Drilled and grouted piles

There are two types of drilled and grouted piles.

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 type of pile can be installed only in soils which will hold an open hole to the seafloor.

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 outer
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 be

tween the

 pile and the soil and between the two piles are grouted. The diameter of the drilled hale

atleast 150 mm (6 in) larger than the insert pile diameter.

a)
b)

inser
The hole

for drilled and grouted piles can be drilled with or without drilling mud to facilitate m4

an open Hole. Drilling mud can be detrimental to the surface of some soils. If used, mud should |
with circiilating water upon completion of drilling, provided the hole will remain open. Reverse c
should nqrmally be used to maintain sufficient flow for removal of cuttings. Drilling operatio
maintain

Centraliz
hole. A gr
grouting

grout. Th
to sea wa
should be|provided for determining that the annulus is filled. Heles for closely positioned piles sho
open at thhe same time, unless there is verification that this.Wwill not be detrimental to pile capacit
grout wil

8.79 G

The grou
[SO 19902 addressing grout connections.

8.7.10 P

proper hole alignment and minimize the possibility of hole collapse.

buting shoe may be installed near the bottom of the pile to permit grouting of the annuly
nside the pile. If a grouting shoe is used, the pile should be.tied down to prevent floatat
b time before grouting the hole should be minimized in‘50ils which can be affected by
fer. The quality of the grout should be tested at intervals during the grouting of each p

not migrate during placement to an adjacent hole.

pouting pile-to-sleeve connections

-to-steel bond in the connection between pile and sleeve shall be checked in accord

jle installation data

Throughdut the driving of piles, comprehensive driving and associated data should be recorded and|
for confofmance with the installation plan. If significant deviations are observed, corrective meg
be necess

struc
pile t

relev

ary. The recorded-data can include the following:

fure and pile-identification, water depth and reference elevation of readings of pile ma
p penetration;

hnt inferniation on pile stabbing;

penefration of the pile under its own weight or under the weight of a new add-on;

addit

should be

lintaining
e flushed
jrculation
hs should

ers should be attached to the pile to provide a uniform annulus between the insert pile and the

s without
ion in the
exposure
le. Means
1ld not be
P and that

hnce with

reviewed
sures can

Fkings for

ional penetration of the pile under the weight of the hammer;

data on followers used, where applicable;

blow counts throughout driving, with hammer identification and hammer blow rate (blows per minute)

after

every few metres of penetration;

cumulative number of blows at relevant penetrations;

driving energy observations and hammer monitoring data, if available;

pile instrumentation data, if available;
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date and time of starts and stops in driving, including set-up time;

elaps

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

unusual behaviour of the hammer or the pile during driving;

elevations of soil plug and internal water surface after driving;

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

8.7.11 Installation of conductors and shallow well drilling

The planning and execution of conductor installation and shallow well drilling should recognize the potential
for disturppance to foundation soils and the consequent risk of a reduction in stability of the fixed
or of adja

During d
encounte
fluid is lo
of the dr
circulatiopn rates. Wash-outleads to stress reliefin the surrounding soils. These incidents can be acc
by loss o
conducto
generate
friction cgpacity of conductors.

If piles ar
foundatio
increasedl These detrimental effects can occur whether the drilling takes place after installat
structure
or drill-difive techniques can have more detrimental effects than conductors installed by driving ald

The folloy

The

fent conductors.

'ing shallow gas pockets. Hydraulic fracture occurs where drilling fluid pressure is tog
t into the formation, possibly softening the surrounding soil. Wash-out (uncontrolled en
lled hole) generally occurs in granular soils and can, in part, be induced by high dri

" circulation of drilling fluids, by return of these fluids to the segafloor other than th
[, or by the creation of seafloor craters. In addition, prolonged drilling activities without ¢

h stiffness can occur. Similarly, the stability of shallow foundations can be reduced and s¢

or before (e.g. for a pre-installed template or for anexploration well). Conductors installed

onductor setting depth should be-selected taking due account of hydraulic fracture

profiles. The depth should preferably be.chosen at a cohesive stratum which is a sufficient dist

the p

In co

roposed pile tip penetration to.minimize the risk of disturbance of foundation soils.

hductor or shallow well drilling operations, fluid pressures should be kept within the

hydraulic fracture pressure profile. Flow rates should be controlled to minimize wash-out, p3
in grgnular soils.

Records
foundatiopn soils of any incidents, of excessive loss of circulation, of return of drilling fluids to th
other tha
well drilli
design (irfcludingsettlement), installation procedure and structure removal.

bf conductor inStallation and shallow well drilling should be available. The implic

h through thé.conductor, or of creation of seafloor craters shall be assessed. The cutting

structure

[illing operations, soil disturbance can result from hydraulic fracture, from ywash-ouft or from

high and
argement
ling fluid
bmpanied
rough the
asing can

hn upwards seepage flow that reduces effective overburden pressure resulting in redyiced axial

e installed within the zone of influence of soil disturbance;reduction in axial or lateral capacity and

ttlements
on of the
by drilling
ne.

ving recommendations should be evaluated for conductor installation and shallow well drilling.

pressure
hnce from

alculated
rticularly

htions for
b seafloor
from the

g operation, if allowed to accumulate on the seafloor, shall be taken into account in the fpundation

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

9 Assessment of pile capacity for existing structures

9.1 General

Assessment of pile capacity for existing structures shall be in accordance with ISO 19901-9 which 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 the assessment of the foundation system of an existing structure, this involves a review
of available geotechnical and foundation data, evaluation of how the original geotechnical design was
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established and potentially differs from current geotechnical practice, any changes in the use or loading
of the system, the effects of drilling and production operations, and the effects of time since the structure
installation on the performance of the foundation system.

9.2 Geotechnical and foundation data

9.21 G

eotechnical 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 more recent site investigation

data acco

rding to0 1SQ 19901-8 and 1SO 19901-10 [139], [271]

More rece
site or fr
specific d
data whe

understat)ding of the geological environment.

The feasi
infrastru

9.2.2 Dilesign data

The meth
service sh

Original foundation design data, including the selection of/geotechnical parameters, loading cr

design mg¢

If founda

addressed in the choice of representative values and methodologies.

9.2.3 Inpstallation data

As-built f
be used,

Available
thickness
particula

924 C
Foundatigc

a) histo

nt soil investigation data or geophysical site investigation data can be available frgmt
bm nearby locations in the same geological environment. The distance within‘which
hta are relevant to the project site depends on the geological environment. Applicability
e geotechnical stratigraphy and properties are spatially variable shall be asSsessed bas

'ture shall be assessed.

bds, decisions, geotechnical data and analyses used to demonstrate that the foundations
all be documented.

thods shall be assessed against Clause 8.

fion data or geotechnical data are missihg’or inaccurate, this additional uncertainty

bundation installation data including pile driving records and dynamic pile monitoring
vhere available, to back-analyse geotechnical stratigraphy and parameters.

installation records, shall be used to verify as-built data, such as pile lengths, dept}
changes, and steel\material grades which can differ from those given on design
[ly if the piles weredriven to refusal and are short of the original design penetration.

pndition data
n condition data shall include as available:

ieal'condition data relating to changes made to foundations;

e project
non-site-
of nearby
ed on the

ility and value of acquiring modern geophysical and geotechnical data close to an existing

hre fit-for-

teria and

r shall be

data shall

s to wall
drawings,

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

Measurements of scour around existing foundations and measurement-based predictions of future scour
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 pile

foundatio

n system is provided in 9.3.
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9.2.5 Operational data
Operational data should include, as available, information on:

a) changes in platform actions;

b) exposure to metocean conditions, earthquakes, sediment transport and other environmental events;

c) exposure to accidental events, such as snag actions;

d) envelopes used in operating equipment.

9.3 Evaluation

Quantitatfive evaluation of existing data shall be undertaken to

a) confifm structural integrity, mitigation strategies, and established risk levels to achieve thq
performance level, or

b) to idgntify that mitigation measures are required.

Such quantitative evaluation shall consider:

— geotechnical and foundation data described in 9.2;

— foundation capacity and response data based on current practice;

— criterfia data such as updated knowledge of geohazards at:the project site (e.g. earthquake
instability) that can result in a degradation of the foundation‘soil;

— incid¢nt / accident data (e.g. extreme or abnormal seistnhic event);

— learnjngs from similar foundation systems or similar geotechnical conditions.

9.4 Asdessment

9.4.1 General

required

br seabed

[SO 1990(-9:2019, 12.3 describes the-different methods that can be used for the assessment jf existing

structuref and the foundation capacity. The geotechnical aspects of a pushover response of a
platform gupported by pile foundations (ultimate strength method) are described in 9.4.2, with re
ISO 19901-9:2019, 12.3.4.3.

9.4.2 Ppshover response of pile foundation systems

offshore
ference to

acterized
he failure
piles and

well conduetors. For structures dominated by overturning moments, the failure mechanism ig

typically

overturning, and the system capacity is primarily governed 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
contribute to the lateral capacity of the piles.
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¢) Include the well conductors in the structural model of the platform as they can contribute both to the
shear resistance and the overturning resistance of the foundation system [139], Well conductors are
modelled in the same way as pile foundations below the seafloor, considering compatibility between
forces and displacements between the conductors and the soil and between the conductors and the
platform. Conductors shall be modelled to reflect the actual conditions of their guide systems and
connections to the jacket.

d) Include the effects of cyclic actions. In Reference [351], it is demonstrated that the use of the cyclic p-y curves

descr

ibed in 8.5.2.3 in pushover analyses gives a good hindcast of observed platform performance (i.e.

structural damage and pile head displacement at the seafloor) during extreme events in the Gulf of Mexico.

e) Check the sen51t1V1ty of the foundation system capac1ty to the lateral and axial capac1t1es of the piles,

whereg
capad

by shg

is dot
propg

f) Checl
for pi
valug
and i

= 2 : S gn system
ity is more sensmve to the lateral 5011 re51stance the fallure mode for the p11e system is dommated
ar. [f the foundation system capacity is more sensitive to the axial soil resistance, the faijJure mode

inated by overturning. In such cases, geotechnical factors such as the stratigraphy arld the soil
rties will govern the response.

the sensitivity of the pushover capacity for the pile foundation system td_the steel yield strength
les and well conductors. The rated yield strength can underestimate the’most likely or]expected
[67], Use unbiased (rather than low) estimates of input values in calibFating historical perfformance
@ predicting future performance.

g) Accoynt for the fact that the axial load-displacement response ‘of the pile foundation dystem as

repre
thep
of the
and A

Survival
evidence
for previd
discussed

9.5 Tin

In silica s

days up tp around one year that ar¢ unrelated to pore pressure dissipation (e.g. References [72]

The mech
is the effe
to corros
mechanis
process a

Pile drivi
axial pile
A.8.1.3.2.

sented by load-transfer (t-z and Q-z) curves can result in an\tiltimate capacity which is Ipwer than
pak ultimate capacity given in design according to the methods given in 8.1. This is due tofthe shape
load-transfer curves and flexibility of the pile. Furthexguidance is provided in 8.1 and 4.8.1.3.2.4
.8.4.1.

bf a pile foundation system during previous extreme action events shall not be directly used as
for increased in situ strength of the soil compared to the original design. Any approach afpcounting
us loading events shall address a number of factors of relevance to the entire platform qystem, as
in Reference [139].

ne-dependent effects on pilefoundations

and, significant increases jnvaxial pile capacity with time have been measured over periods of
d [190]).
anisms for this increase in pile capacity, commonly known as “ageing”, are still unprove¢n. Ageing
ct of age (i.e. time after installation) on the axial capacity of piles. Ageing appears to be related
jon and other effects that can raise radial effective stresses and produce a strongejr dilation
m and higher ste€l pile-soil interface angles of friction. Loading piles to failure disrupts fhe ageing
hd piles thatareloaded to failure show a loss of capacity if re-tested after unloading.

hg in clag normally results in the development of excess pore pressures that produce a Jow initial
capacity'immediately after driving that increases with time as the pore pressures dissfipate (see
b). Fhis reconsolidation-related change in axial pile capacity can take months or years,

on the co

hsolidation characteristics of the clay and the diameter of the pile. However, it has been shown

that capacity ageing effects also develop in clay, running in parallel and in addition to the reconsolidation

process [1

Although

190],

ageing has been measured on onshore small to medium-scale piles (e.g. the EURIPIDES research

piles in very dense silica sands in the Netherlands [194], reliance on ageing effects on large diameter
offshore piles experiencing high degrees of long-term cyclic loading without supporting evidence can be
inappropriate and the use of the above results shall be validated. The benefit of time-dependent effects on
axial capacity may be taken where it can be demonstrated to be available. However, no ageing shall be used
when no evidence of ageing effects is available (e.g. for piles driven in carbonate soils). Instrumented re-
strike tests can provide evidence of field ageing trends
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10 Geotechnical design input to subsea structures, risers and flowlines

10.1 General

This clause outlines criteria and recommendations pertinent to geotechnical aspect of design of subsea
structure foundations, risers and flowlines. It covers methods that are not addressed in other international
standards (e.g. ISO and API) and DNV guidelines. Unless noted, the recommendations provided in this clause
are applicable to all seabed soils and conditions. Local experience and practices, where exist, may be used in
lieu of the methods presented here.

10.2 Geotechnical investigation

A ground| model is required for deriving the input to soil-structure interaction. The groundimjodel may
be develdped by integrating data from geotechnical, geophysical and geological site investigations. The
geotechnical site investigation may include in-situ testing and soil sampling complemented by laboratory
testing. The depth of the ground model is determined based on the geometry and designt requirgments of
the subsep structure. Details about equipment and procedures for marine soil investigations are| provided
in ISO 19P01-8. In addition to index and classification tests (i.e. bulk density, Atterberg limits,| moisture
content, drain size distribution, specific gravity, and carbonate content), undisturbed and remoulded shear
strength §hall be measured. An understanding of in situ OCR and expected dildtant or contractant behaviour
of the soillwhen sheared can prove useful for the design of flowlines. Depending on the intended application,
pH, thermal conductivity and electrical resistivity tests can also be perfermed to assess the insulating and
corrosive|properties of the soil.

10.3 Foyndations for subsea production structures

Foundatign configurations that can be utilized include mudmnats, driven piles, pushed pin piles, sudtion piles,
jetted corductors or combinations of these.

Mudmats|used to support subsea production structiires shall have skirts. The design and instgllation of
shallow ajnd intermediate foundations with skirts is addressed in Clause 7 and Clause A.7. The design and
installatign of piled foundations is addressed in €lause 8 and Clause A.8.

Contingency methods should be established for situations where the foundation fails to penetrate the seabed
to the tarpget penetration. A minimum of one alternate installation location should be selected. Where deep
foundatiopns are used, the alternate lacation should be a minimum of:

a) two fiameters, centre-to-cénfre, from primary location for the case of driven piles and jetted
condiictors; and

b) three diameters, centre:to-centre, for extracted suction caissons while demonstrating thig distance
allowfs the suctionseal to be maintained during re-installation. However, if no evidence of distyrbance in
the s¢il plug is obsérved, this distance can then be reduced to one and a half diameters, centre-to-centre.

Where shiallow feundations are used, the design should demonstrate alternate location is not impacted by
mudmat ¢xtraction.

10.4 Steel catenary risers

10.4.1 General

A steel catenary riser (SCR) refers to portion a subsea pipeline that rises from seafloor to a deepwater
floating production vessel. The zone at which the SCR contacts the seabed during cyclic motions is referred
to as the touchdown zone. Design and assessment of SCRs involve ultimate limit state and fatigue limit state
analyses both of which, require soil response modelling as input.
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10.4.2 Seabed characterisation

Geotechnical site investigation shall be carried out to within the touchdown zone for developing soil
response for input to SCR-soil interaction analysis. The geotechnical site investigation:

a)
b)

9
d)

e)

f)
g)

shall be conducted in accordance with the requirements in ISO 19901-8;

shall include box cores;

shoul
shoul
1) 0
2) 3

shall
box ¢

shoul

shall

d include piston cores or gravity cores;

d collect the following minimum soil sample core lengths:

m for piston cores or gravity cores;

include monotonic and cyclic mini T-bar or full-flow penetrometers test performed offsh
bres;

d include minivane test performed offshore in the box core;

nclude minivane test performed on piston or gravity cores, if collected.

10.4.3 Design for ultimate limit state

An ultim
particula
resistanc
resistanc
advice sh
resistanc

hte limit state can arise under extreme environmentalyevents that cause out-of-plan|
[ly when the riser becomes embedded or lies within axtrench, thus giving rise to high 1
e and locally high curvature of the riser. During éufof-plane motion, the riser will
e from the sides of any trench or soil berms formed @n either side of the pipe. Specialist ge
buld be sought to quantify the lateral soil resistance, which usually exceeds the normal
 for pipelines lying on the seafloor [4],

10.4.4 Diesign for fatigue limit state

10.4.4.1

The streg
caused b
can be simplified to moving the touchdown point (TDP) in-line with the riser and assessing the
changes i
the touch

General

s ranges used in the fatigue.analysis of SCRs are calculated from the changes in ri
F first- and second-order’ motions (see Figure 13). Within the touchdown zone thes¢

h bending moment, Fatigue damage in the riser depends particularly on the soil stiffne
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Figure 13 — Example stress changes for SCR fatigue calculations

modelling approaches are available for developing soil ¥ésponse to fatigue assessment
pd:

stic soil spring along the entire touchdown region;
Llinear elastic spring based on the soil response in a ‘fully degraded’ state;

-linear spring that considers loading, unloading, reloading cycles, penetration into th
ariable shear strengths with depth.

baches increase in complexity with their order and are only pertinent to soil respor
Jane of the riser motion in the water column. The first approach is the least complex an
ing the seabed response tos«yelic loading through a single elastic soil spring. The second
n the assumption of fully\remoulded soil response but with a stiffness that varies as a f
ptration.[22] The third_approach, although the most complex. It tracks the soil responsg
of SCR motion. See-A.10.4 for guidance on use of the approaches for SCR-soil interactior
cond approach, medel parameters for the Gulf of Mexico and offshore Angola deepwat
5 are provided; 4881

Selection of s, below SCR

regions of the world, a crust of higher strength soil exists in the upper 0,5 to 1 m, |
profile reverts to a linear trend. The potential for the SCR to punch through the crus
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estimated from [30]:

Q,=N,-s,-D=a(z/D)’-s,-D
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is the limiting penetration resistance per unit length;
is the pipe diameter;

is the bearing capacity factor between 5 and 6;

is the shear strength at pipe invert;

b are model parameters with average values of about 6 and 0,25.

The depth of the maximum expected pipe penetration shall be:

a) calcu
b) recon
availg
The value
— Fors
— Fors
— s

0

— s

1
Potential
to be high
semi-sub
10.4.4.3
In design
a) accoy
b) assur

In assessient of existing SCRs:

analy

shape

strenEth at depth of maximum expected pipe penetration.

ated using Formula (42);

ciled with field data in similar conditions including soil profile and type of production p
ible.

of s, to be used in SCR-soil interaction analysis in design cases shall be asfollows.

tes where the soil shear strength profile does not exhibit a crust{s, is taken as the

es where the shear strength profile exhibits a crust:

= average shear strength between the depth of maximum'expected pipe penetration an
5 m below seafloor, if risk of pipe punch-through the crust is low;

= average shear strength between the depth of maximum expected pipe penetration an
m below seafloor, if risk of pipe punch-through:the crustis high.

for punch-through is typically assessed to.b& low for vessels where heave motion is not
(e.g. TLP, spar) and high for vessels where-heave motion is expected to be high (e.g. platfi
pr ship shaped hulls).

Trenching effects
cases in undeveloped site, the SCR-soil analysis model shall:
nt for the general seafloof slope at the touchdown zone;

he no trench is presént at the seafloor.

sis shallacdount for the general seafloor slope at the touchdown zone.

of the~trench profile should be measured in the field.

atform, if

50il shear

1 depth of

1 depth of

expected
rms with

SCR-4

oilanalysis model should include the measured shape of the trench profile

Field surveys have shown that in some cases trenches a few metres deep can develop [321, [286] The effect of
trenches on riser fatigue life and options for investigating such effect are provided in A.10.4.4.3.

10.5 Geotechnical design for jetted conductors and 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.
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10.5.2 Jetted conductors

10.5.2.1 General

ISO 3421 outlines the requirements for design, setting depth and installation of offshore well conductors. It
addresses determination of diameter, wall thickness and steel grade as well as determination of the setting
depth for three installation methods, namely, driving, drilling and cementing and jetting along with the
requirements for procedures, documentation and quality control. In the absence of existing practice and
already established installation techniques, the approaches outlined in 10.5.2 can 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 over-consolidated clays. The method outlined herein was initially developed for the
Gulf of Mexico clays and, through basin-specific calibration, its use has been extended to other regions. It
can be applied to basins not covered in this subclause after calibration to basin-specific conditiong, but shall
not be us¢d in sands.

10.5.2.2 |Short-term axial bearing capacity

Conductof configuration and jetting bit, tool joint information and bottom hole assembly inform4gtion shall
be deternpined for design.

Prior to designing a jetted conductor, a feasibility study shall be performed:te‘assess if site condfitions are
favourable for installing the conductor using jetting. The following datagas available, shall be reyiewed to
assess likglihood of premature refusal:

a) geotechnical data, including the presence of sand strata and stiff.clays near the seafloor;

b) geoplysical data, including the presence of erosional unconformities which can imply stiff to|very stiff
claysfat shallow depths;

¢) pastinstallation records, if any.

The immg¢diate axial capacity of the conductor is defined at a time equal to 0,01 day (i.e. 14 mips). In the
absence of more definitive criteria, the immediaté axial capacity shall be estimated using Formula|(43).

Qo =WOBj45t =R-(Weong + Wiy +Wpe +Weapa) (43)
where

O is the jetted conductor axial capacity immediately after jetting (t=0,01 days);

WOB\, s is the last weight on bit recorded during installation;

R is the WOB utilization ratio;

Wond is.the weight of the surface conductor in water;

Wiy is the weight of the wellhead housing in water;

Wpe 1s the weight of the drill collars 1n 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 (44).

_ Q=0 (44)

Aoy =
w-D-L-s

uave
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where

Aoy 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);

Ugve

The Ac, xrelationship with time is developed through regignal experience from back-analvsis o
t T ) t=) (=] r 7

is the average undrained shear strength over the embedded length of the conductor.

f installed

jetted conductors. In the absence of more definitive criteria, Formulae (45) to (47) shall be used pray

— the design WOB profile is constructed based on the criteria outlined in Reference [179];

— the drill bit stick-out is between 75 mm and 228 mm (3 in and 9 in) [1];

— the cgnductor reciprocations during installation are performed such that the WOB remains be

minithum and design lines as shown in Figure 14.

WOB
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Figure 14 — Schematic examples of weight-on-bit (WOB) profiles: design or recommended,

desirable and undesirable
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f Mexico (see Reference [179]), offshore Mauritania, Senegal, and Egypt clays:

Aa, =0,055-[2+1og(t)]

For Capsian Sea clays:

Aa, =0,035-[2+1og(t)]

For offshore Angola clays and conductor length less than 69 m [118]:

Act, =0,038-[2+1og(t)]

For offshc

Aoy 3

The short
Qt =

Jetted co
resistanc
of safety

10.5.2.3

Jetted pil

(45)

(46)

(47)

re Angola clays and conductor length between 69 m and 82 m [118]:

0,029-[2+1og(t)]

OB, y5 +Act, -7 D-L-s,

ve

p, action factors and partial resistance factors shall be applied to achieve a minimum ove
f1,3.

Long-term axial bearing capacity

bs are piles installed with the jetting techniquelused for jetting conductors and can b

Lterm (<10 days) conductor axial bearing capacity at time t shall be estimated using Fornpula (48).

(48)

nductors are considered temporary foundations. To account for uncertainty in action and soil

rall factor

e used as

permaneit foundations for subsea structures. In the normally consolidated to lightly over-consolidlated Gulf

of Mexico
shall be e
and parti
by operat

1053 S

The requ
for integr
provided
or partial
recomme
experiengd

10.54 G

10.5.4.1

clays and in absence of site-specific data;.the long-term (>10 days) axial capacity of jg
stimated using Formula (48) with the set-up relationship given in Formula (45) [363], Acti
] resistance factors equal to those for; d¥iven piles shall be used in design, which is often
ing, not extreme, conditions.

pil-structure interaction for well integrity assessment

rements and guidance previded in 10.5.4 and 10.5.5 are for developing soil input p4
ity assessment of top,tensioned riser (TTR) systems. The requirements and recomm
in 10.5.4 and 10.5.5:for well strength and fatigue assessment are exclusive of any factor
factors to loading-actions and resistances. Factors of safety may be selected through
hded practices, (see References [24], [25] and [101]) or chosen by operators based of
e or case specific basis.

eotechnical input to well strength assessment

tted piles
bn factors
ontrolled

jrameters
endations
of safety
industry
| regional

IC lnyc

The lateral capacity of an element of the well conductor in normally consolidated to lightly over-consolidated
clays with s less than 100 kPa for a well strength analysis shall be assessed using the approach in the main
text for the monotonic lateral response of piles in 8.5.2.2.

10.5.4.2

Sands

The lateral capacity of an element of the well conductor in sand for a well strength analysis can be assessed

using the

approach for the monotonic lateral response of piles in sand in 8.5.3.
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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:

a) calcareous and carbonate soils;
b) structured soils with sensitivity greater than 8,0 or slicken-sided;

c) hard glacial till seabed where gravel, cobbles, boulders or hardpan can exist;

d) seabdqd soils with shallow gas or gas hydrate;
e) soils flisturbed by operating activities;
f) soils fontaminated by cement and drill cuttings.

Two metHods are presented for fatigue assessment of wells in clays: the spring-only-tnethod and the spring-
dashpot mhethod. The spring-dashpot method is more appropriate where the asseSsment requires gstimation
of the dyrfamic behaviour of the TTR system. The spring-dashpot method accdunts for the energy {issipated

in the foyndation soil during each load-unload loop, termed as hystereticxdamping. Experimentq and field
observatipns have demonstrated that hysteresis can be important for fatigue assessment of TTR systems
installed |n clay seabeds. More details are provided in A.10.5.5.

Developnjent of pg,-y;, data shall be based on the best estimate sb6il strength properties, if site-sgecific soil
propertief are available. In the absence of site-specific geotechnical information, engineering judgement
can be uspd to derive the best estimate soil parameters. Sensitivity analysis should be performed with p¢,-
Vg, data dprived using upper estimate and lower estimatesoil properties, if site-specific soil properties are
available.|Otherwise, engineering judgement may be used to derive the upper and lower estimates|of the soil
propertiep. Laboratory tests can be performed on sitezspecific samples to directly obtain pg,-y¢,. Af example
of laboratory testing equipment and procedures to-ebtain p¢,-y¢, data for well fatigue analysis is presented
in Reference [358].

For develpping p,-y¢, springs, the followinggeneral provisions are given:
— paratpeters in calculations shall be determined for the pfa-yfa spring depth;
— first goil spring should be at seafloor;
— spacihg of pg, -y, curves along the conductor shall be no greater than:
— 05 m in the top,25.m below seafloor;
— 1§0 m belows25 m depth below seafloor;

— analyfses shallinclude the following model conditions, unless field observations indicate otherjwise:

— nlo seafloor scour or erosion;

— no gapping between the conductor and the seabed;
— no drill cuttings and cement at seafloor;

— the ground model and soil parameters shall extend to at least 45 m below seafloor for the purpose of
developing p¢,-y¢, curves for well fatigue;

—  DsaVra curve formulations shall only be used for fatigue analysis where rig and riser are in a no-offset
position (see A.10.5.4 and A.10.5.5 for discussions on offset conditions).

© IS0 2025 - All rights reserved
74


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

ISO 19901-4:2025(en)
10.5.5.2 Clays

10.5.5.2.1 Spring-only method

The lateral p¢,-y¢, 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, ¢, expressed by:

. 2_1‘ Sec._S5 19)
[0}
where
ngC,SS is the soil secant stiffness at the steady-state condition;
g is the soil damping ratio;
@ is the motion angular frequency obtained from the modalwave frequency, in riserjanalysis.

Estimation of the viscous coefficient uses a first approximation_of’displacements along the well. In the
absence atmore definitive criteria, the following steps shall be gsed:
0

a) perform analysis using spring-only approach as outlined in 8.5.2.4 and obtain displacement amplitude
time-histories 4,0 m above seafloor;

b) determine £ profile for each sea-state motion based on the profiles provided in Figure 15 for maximum

one-way displacement amplitudes taken at 4,0 m above seafloor; interpolation can be used where a
displacement amplitude (half of peak-to-peak] falls between the provided profiles;

¢) determine K, g for each sea-state miotion using Figure 16 with the maximum value not excepding 700
s, (with s, taken at the spring-dashpot depth);

d) calcu]ate c values at each spring location using Formula (49);

e) re-rup fatigue analysis with)ya dashpot viscous coefficient calculated from Formula 34 and pg, ¢, curves
calcujated from 8.5.2.4-and Formula (34), but with the following A; and By model parameters:

1) if s, <40 kPa,A = 0,335 and B, = -0,03;
2) if s, 240&Pa, A, = 0,27 and B, = -0,175.
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Figure 15 — Clay soil damping ratio profiles for maximum one-way (half of peak-to-peak) well
displacement amplitudes taken at 4,0 m above seafloor [3521.[360]
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Figure 16 — Clay K, s profiles for maximum one-way (half of peak-to-peak) well displacement
amplitudes taken at 4,0 m above seafloor [339] [360]

10.5.5.3 Sands

The latergl capacity of an element of the well conductor in sand for a well fatigue analysis cah bq assessed
using thefapproach in the main text for the lateral response of piles in sand (see 8.5.3).

10.5.6 Geotechnical considerations in conductor driving analysis

Recommgndations for the installation of driven foundation piles are outlined.inn ISO 19902 and in 8.7.
The sam¢ procedures apply to conductor driving analyses. Additional guidance on the following subjects
pertaining to conductor pipe driving is provided in A.10.5.6:

a) condyictor pipe installation;

b) remefial measure when encountering premature refusal during.conductor driving;
c) stress verification during hammer placement and driving;

d) fatigye damage to conductor pipe from driving;

e) condycctor pipe tip damage and bucking; and

f) use of inclined shoes to drive conductors.
10.6 Foyndation design for riser towers

10.6.1 General

The riser|tower concept consists‘of a free-standing riser assembly, incorporating several risers i a bundle
configuraftion, tensioned from the top by a buoyancy tank, and anchored to the seabed. The tower is|generally
connectedl to the surface vessel or platform by flexible jumpers.

Ariser toyer supportsaxial tension generated by buoyancy and by cyclic wave action and part of the tension
can act pgrmanentlyiduring the life of the structure.

10.6.2 Fpundation options

Foundatieaneptions include gravity base, suction piles and driven piles, or a combination of these

The vertical uplift resistance consists of the following three components:
a) submerged foundation weight;

b) external skin friction;

c¢) for 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.
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10.6.3 Loading actions and safety factors

10.6.3.1

Loading actions

Design loading actions shall be evaluated for the following conditions:

a) foundation installation and retrieval;

b) operating conditions;

c) extreme conditions.

10.6.3.2

Design ph

A.10.6.3.7.

ors
Ty

ilosophy shall follow ISO 19900 and selection of safety factors. Additional guidance-is/pfovided in

10.6.4

The folloying general principles apply in assessing the stability of riser tower foundations.
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ear strength used in the analysis shall account for effects of crelep and potential loss Jn reverse

element analyses.
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shore pipelinésand flowlines
eotechnjcal pipe-soil interaction (PSI) analysis
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earing from drainage under sustained or long duration actions and cyclic degraddtion. The
tial changes in effective stresses and shear strength due torpotential drainage can be qtudied by

hcement and deformation during the life of the foundation shall be addressed in design. Where
cement and deformation govern the design, finite element analysis methods may be usdd (see 7.6
.11.5). The displacement analysis shall include contributions from undrained shear strajns due to
ration of the sustained actions, undrained creepduring the sustained action, and permanent and
components from the wave loading and cugtents. Displacements due to shear strain, volumetric
ng period

lation susceptibility to erosion ands¢our shall be assessed by means of analysis and/or laboratory
g. Preventative measures shall‘\bé implemented, if the seabed foundation is deemed syisceptible

e removal is anticipated;an’analysis shall be made of the actions generated during remoyal so that

analysis

for design of new and assessment of existing pipelines and flowlines. The phases can comprise: desk
study, preliminary and detailed. The general requirements for provision of geotechnical input to pipe-soil
interaction (PSI) analysis are as follows.

a) The ground model shall be developed for PSI analysis at the first step in PSI analysis.

b) Development of the ground model shall include:

1) review of existing local and regional knowledge relating to pipe embedment and PSI behaviour;

2) terrain unit mapping to establish soil provinces;

© IS0 2025 - All rights reserved
79


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

ISO 19901-4:2025(en)

3) one or more corridors that envelop all potential pipeline routes;

4) Dbest, lower and upper estimates the in situ soil parameters as the first step in a PSI analysis; these
parameters shall:

i) include the strength (intact and remoulded), submerged unit weight and pipe-soil

strength (drained and undrained), coefficient of consolidation;

ii) be defined from the seafloor to the depth of influence of the pipeline;

iii) encompass the uncertainty in the data and the variability along the route.

¢) The ground model should be updated during the preliminary and detailed stages.

d) PSla
pipel
respd

e) Best,

f) Theg
the 14
respd

g) Fora
and

supplemented by an adjustment for wedging around the curved pipe surface.

h) Whery
succe
devel

i) Ifthe
analy

10.7.1.2

For burie

10.7.1.3

For unbur

10.7.1.4

interface

ne and seabed conditions during the operating life, and the resulting pipe-soil force=dis
nses in the axial and lateral directions.

lower and upper estimates of the pipe-soil interaction forces shall be derived.

eotechnical PSI analysis shall estimate the relevant drainage conditions-for each action,
y process and subsequent pipeline loading events or movements, immorder that the rel

kial pipe-soil resistance, the geotechnical PSI analysis shall be(based on estimates of th
indrained pipe-soil interface strength, allowing for the<roughness of the pipe cog

e seabed has a gradient, cyclic loading can lead te a pipeline to move down-slope 3
ssive cycle. Soil parameters for evaluation of cyclic PSI on sloping seabed gradient she
pped.

seabed is potentially mobile (e.g. scour, liquéfaction or sediment deposition), the geotec
sis shall address through-life changes for the pipeline conditions.

Buried pipelines and flowlines

] pipelines, the geotechnical PSI analysis shall be in accordance with DNVGL-RP-F110.

Unburied pipelines and flowlines

ied pipelines, the geotechnical PSI analysis shall be in accordance with DNVGL-RP-F114.

Seabed and,seafloor characterisation

During t

— The groundmodel in the corridors in the top portion of the seafloor within the zone of PSI shal
the geéaphysical data with the geotechnical data.

prelimifiary and/or detailed stage:

nalysis shall address the as-laid or as-installed pipeline conditions, and any subsequerit (ihanges in

lacement

including
pvant soil

nses (drained, undrained, intermediate or multiple responses) areZuséd in the PSI analyqis.

e drained
ting, and

vith each
11 also be

hnical PSI

calibrate

— Ifsite investigation is used:

— It shall be carried out in accordance with ISO 19901-8 requirements.

— It shall include soil sampling.

— It shall include in-situ tests or shallow penetrometers.

10.7.2 Submarine slides and density flows: simulation and pipeline impact analysis

In regions where submarine slides and density flows (both referred to as ‘slides’) are anticipated to cross
pipeline routes, the risks to the pipeline(s) shall be evaluated.
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11 Design of anchors for floating structures

Geotechnical considerations for the design of anchors for stationkeeping systems for floating structures are
given in Clause A.11.
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Annex A
(informative)

Additional information and guidance

The clauses in this annex provide additional information and guidance. The title of each

corresponds with the equivalent (sub)clause in the body of this document.

A.1 Gu

There is
engineeri

a) theP
b) theP

subclause

jdance on scope

a large body of technical literature on offshore geoscience studies and offshore geq
hg design (see Bibliography). There are also regular conferences on these topicsyincludin

roceedings of the International Symposia on Frontiers in Offshore Geotechinjes (ISFOG);

‘oceedings of the Society of Underwater Technology (SUT) conference-en Offshore Site Inv

and (eotechnics (0SIG);

c) theP

Foceedings of the Offshore Technology Conference (OTC);

d) the Hroceedings of the International Symposia on Offshore.and Polar Engineering (ISOPH
Offshpre Mechanics and Arctic Engineering (OMAE).

General guidance on the application of soil mechanics theory to foundation design can be found

undergra

Juate and post-graduate text books. Text books Cevering specific application of soil me

offshore geotechnical design are uncommon [273] [26]-

A2 Gu

jdance on normative references

No additipnal guidance is offered.

A3 Gu

jdance on terms and definitions

No additipnal guidance is offered.

A4 Gu

jdance on symbols and abbreviated terms

No additipnal guidanee'is offered.

A.5 Gu

jdance on general requirements

technical
g:

pstigation

), and on

n various
rhanics to

A.5.1 General

No additional guidance is offered.

A52 D

esign cases and partial factors

No additional guidance is offered.
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A.5.3 Representative and design values of geotechnical parameters

A.5.3.1 Guidelines

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
combinations apply.

The text suggests that it is important to consider whether a test parameter value needs to be converted to
values for the soil parameters required for the calculations.

Representative v
calculatiofnnre

Multiple s

ets of representative values for soil properties can be needed for a single calculation,fo

because df assumptions made in the calculation method.

A docums
the corre

The uncel

A priori ki
a) athir
b) akno
c) alow
d) alike
When sel
path of le

Shear str¢

nted calculation method typically includes guidance on selection of the representative
ponding reference scale.

tainties are assigned for both calculation method and the soil parameters.

nowledge should be used. Examples of a priori knowledge include:

, continuous failure surface that can be inferred from geological conditions;

wn location of a geological fault

er value of angle of internal friction corresponding té.constant volume conditions during
ly low value for residual strength under undrairied conditions.

bcting a representative value, one should cefisider the tendency for a failure surface to
hst resistance which can cause an apparent reduction in the parameter mean.

bngth values are typically chosen sothat they do not depend on the dilatancy of the found

i.e. the tepdency of a soil volume to increase{drained case) or the tendency of the pore pressure td

or becom

A.5.3.2

When det
Figure 2)

a) integ

e negative (undrained case) with change in shear stress.

Determination of the representative and design values of soil parameters

ermining the representative and the design value (or design resistance), one typically

Fates the datafrom all available sources of information;

b) includles the effect of the uncertainties on the representative value;

c) check

s that'the representative value applies to the limit state;

alues of soil parameters should be estimated for each soil stratum. Soil stratification for a

I example

value and

shear;

follow the

ation soil,
decrease

(see also

d) chec

sthatthe Tepresentative value fsconsistent withr the catcutatiomr method;

e) ensures that the representative value of a soil parameter for a soil stratum corresponds to the volume
of soil influencing the occurrence of the limit state under consideration (e.g. potential failure volume or
failure surface.

The domain of influence and scale of reference are a function of the characteristics of the soil heterogeneity
under consideration.

The selection of a representative value can be based on sensitivity analysis of the effects of uncertain

paramete

rs on the results of calculations for verification of a limit state.
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The representative value should be selected according to the conditions that are critical for a limit state.
This means that the representative value of, e.g., undrained shear resistance for pile capacity will be lower
than that for pile installation, apart from any differences in specific definition of undrained shear resistance
required for the calculation models. The same applies to skirt penetration resistance calculations.

A.5.4 Reliability-based geotechnical design

The life of an offshore structure requires decisions of different types and based on different degrees of
information, for example for:

a) design with respect to ultimate and serviceability limit states;

b) testing and quality control dl]ring pl;mning dpcign and operation of the offshore structure;

¢) planting of inspection and monitoring during installation, operation, repairs or maintenahce;
d) decisjons on life extension and removal/replacement of an offshore structure.

A reliability-based design (leading to risk-informed decisions) would require that the annufal failure
probability, given the consequences, 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 s¢lected as
a functiOvﬁ of the consequence (loss of life, property and environment) and the hature of a potentfial loss of
structurall integrity or functional requirements.

ISO 2394|[175] suggests tentative target reliability levels based on {ife quality index related tol one-year
reference|period and ultimate limit states. In ISO 2394, life quality,index does not include considerations for
environmlental impact.

For reliabjlity-based design of foundations, a target annual reliability index of 4 (or annual failure pfobability
of 3-10-5) [can, for example, be used as a target reliability leget 1991,

A.5.5 Testing and instrumentation

No additipnal guidance is offered.

A.6 Gujdance on site investigation, identification of geohazards and carbonate soils

A.6.1 General

No additipnal guidance is offered.

A.6.2 Gpological modelling and identification of hazards

No additipnal guidangeis offered.

A.6.3 Carbonate soils

A.6.3.1 eneral

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 coralline 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
abundant in the warm, shallow water of the tropics, particularly between the 30° north and south latitudes.
Deep-sea carbonate oozes have been reported at locations considerably outside these mid-latitudes. Since
temperature and water conditions (water depth, salinity, etc.) have varied throughout geological history,
ancient deposits of carbonate material can be found buried under more recent terrestrial material outside
the present zone of probable active deposition. Major carbonate deposits are known 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.
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The comments in A.6.3.2 to A.6.3.3 focus primarily on carbonate silts and sands. Clay soils with varying
proportions of carbonate content are common offshore and a low plasticity index is generally specific 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 assessments.

A.6.3.2 Characteristic features and properties of carbonate soils

Carbonate soils differ in many ways from silica-rich soils. An important distinction is 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,
carbonatg soils are prone to post deposition alterations by biological and physiochemical prétesses under
normal pfessure and temperature conditions. This results in the formation of irregular and-discpntinuous
layers andl lenses of cemented material. These alterations, in turn, profoundly affect mechanical bg¢haviour.

The fabrig¢ of carbonate soils is an important characteristic feature. Generally, particles of skeletal material
will be anjgular 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 yoids. It is
generally[understood that uncemented carbonate soils consisting of rounded-non-skeletal graing that are
resistant fo crushing are stronger foundation materials than carbonate soils-that show partial cefnentation
but allow|a moderate degree of crushing. There is information that indicates the importance of garbonate
content a$ it relates to the behaviour of carbonate sediments. A soil midtrix that is predominantly garbonate
is more likely to undergo degradation due to crushing and compressibility of the material than sojl that has
low carbdnate fraction in the matrix. Other important characteristic features that influence the behaviour of
the materjial are grain angularity, initial void ratio, compressibility, and grain crushing. These chagacteristic
features gre 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 subcjause gives a general overview of the mechanical behaviour of carbonate soils. For a morg detailed
understapding of material characteristics, information can be found in the proceedings of the specialized
internatiqnal conferences on engineering of dalcareous sediments (see References [19] and [7]).

Globally, |t is increasingly evident that-there is no unique combination of laboratory and in sifu testing
programipe that is likely to provide all‘the appropriate parameters for design of foundations in ¢arbonate
soils. Sorpe laboratory and in situ_tests have been found useful. As a minimum, a laboratofy testing
programipe for carbonate soils sheuld determine:

a) matefial composition, particularly carbonate content;
b) matefial origin todifferentiate between skeletal and non-skeletal sediments;

c) grain|characteristics, such as particle angularity, porosity, and initial void ratio;

d) compjressibility of the material;

e) soil ¢ . of cyclic

actions;
f) formation cementation, at least in a qualitative sense.

No universally recognized classification system is presently available for carbonate materials. Classification
charts for carbonate soils and rocks have been tentatively developed [74] [264] based on grain 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 properties
of carbonate materials. However, in the absence of a more definite classification scheme, the proposed charts
can provide useful guidance.
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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.
However, because of lower installation costs, driven piles still receive consideration for support of lightly
loaded structures or where extensive local pile loading test data and experience exists to substantiate the
design premise. Furthermore, driven piles can be appropriate in moderately competent carbonate soils.
At present, the preferred alternative to the driven pile is the drilled and grouted pile. Drilled and grouted
piles mobilise significantly higher unit skin friction. The result is a substantial reduction in the required pile
penetration compared with driven piles.

Because ¢fthe g constr ' ' i [ ' T riverr and grputed pile
system hds received some attention in the past [34], This system has the potentlal to reduce install
while achjeving comparable capacity, but quality control of the grout injection between the-soil’ard the pile
outer wall is the main uncertainty. For any type of grouted pile, the potential for reduction in frictioh capacity
due to cydlic actions should be considered, especially once slip has been initiated between pile and|soil.

A.6.3.3.2| Shallow foundations

Carbonat¢ sands and silts generally have higher friction angles than silica.sands and silts, but|are more
compressjble, and these two factors influence bearing capacity in opposite Ways. Carbonate sand$ and silts
are also generally less permeable than equivalent silica material, leading to longer drainage times for a
given sizq of foundation. The tendency for volume reduction on sheating, particularly under cycljc actions,
combined with longer drainage times, leads to potential for beaping failure induced by soil liguefaction.
Undrainefl cyclic strength of carbonate sands is generally lower than for most silica sands.|The high
compressfibility of most carbonate sediments results in relatively large consolidation settlements, and can
give rise fo large settlements induced by cyclic actions.

A.6.3.3.3| Assessment

Stemming from some publications describing spoor foundation performance in carbonate soilf and the
financial [consequences of the remedial measures, there is a growing tendency to take a corservative
approach|to design in carbonate soils, even.ifthe carbonate content in the sediment fraction is relatively low.
This is not always warranted. As with other designs, the judgment of knowledgeable engineering remains a
ik in economic design of offshore foundations in carbonate soil environments.

A.7 Gujdance on designof shallow and intermediate foundations for fixed strfictures

A.7.1 General

In assessjng the validity of shallow or intermediate foundation response the actual behaviqur of the
foundation is mast important, which should be assessed by considering aspects such as the fpundation
dimensiofs, soiliconditions, installation method and applied loading. A shallow foundation is| typically
designed |considering ‘surface’ failure mechanisms, i.e. failure mechanisms that reach the seaflpor while
an internjedjate foundation can be designed against mechanisms that involve both surface and confined
(below the seafloor) aspects. Idealized failure mechanisms and action interaction for shallow foundations,
intermediate foundations and pile foundations are illustrated in Figure A.1. The simplified shallow and
intermediate design methodology presented here typically assumes rigid foundation behaviour.

Guidance in this clause relates to foundations for fixed structures, whether subsea or surface piercing.
Examples include shallow and intermediate foundations for surface piercing concrete gravity-based
structures, steel jacket structures, minimum structures, monotowers; and shallow and intermediate
foundations for subsea structures, including manifolds, overtrawl structures, inline structures, pipeline end
termination structures and holdback anchors for subsea structures. Foundations are considered in Clause 10
for riser towers and in Clause 11 for floating. A range of structures for which the shallow and intermediate
foundations considered in this clause can apply are illustrated in Figure A.2. Foundations in this clause can
be temporary (e.g. a construction aid during piling) or the main permanent foundation.
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A.1 — Illustration of of shallow foundations, intermediate foundations and flexibl

The calculation approaches presented in this document 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
should only be applied to conditions similar to those for which they were derived or for which they can be

A M%H

le piles

shown to be applicable.

The calculation approaches presented are limited in nature and are not necessarily appropriate for design in

a number of situations.
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In circumstances 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 offered.

A.7.2.2 Foundation embedment

No additional guidance is offered.

A.7.2.3

For an emnl
level (tip
of the fou

a) soilr

Sign conventions, nomenclature and action reference point

bedded foundation, the actions on the top of the foundation are transferred to the found
bf skirt for a skirted foundation). This is done by modifying the factored actions applied
hdation to account for:

bsistance on the sides of the embedded foundation;

b) sub:lzrged foundation weight;

c¢) sub

Action fa
action fad

The soil r
— horiz
— fricti

Frictional
soil, and d

A7.3 A
A.7.3.1

Refer to A
A.7.3.2

Applying
represent

rged soil weight within skirts, if not counteracted by the exterior soil or otherwise appl

‘tors should be applied to the foundation weight and. seil weight, considering the imp
tor on resultant resistance.

bsistance on the sides of the embedded foundatien€onsists of:
bntal passive and active soil resistance;

bnal resistance on the skirts.

an be considered in the design. §pecific guidance is not provided here.

cceptance criteria

Material and action/factors

.7.7.2 for further’performance-based design guidance.

Use of partial factors in design

loading is

dirimportant design consideration.

htion base
to the top

icable.

act of the

resistance on the skirts can reducethe vertical and moment action transmitted to the underlying

the material factor as a resistance factor on the soil resistance envelope derived with upnfactored
ativie Soil properties, can be attractive in interbedded sand and clay profiles ore wflen cyclic

A.7.4 Design considerations

A.7.4.1 Adjusting for soil plug weight

No additional guidance is offered.
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A.7.4.2 SKirt spacing

Skirts can be used on subsea foundations to:

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

— prote

ct foundation performance against undermining due to scour.

When skirts are used to develop sufficient sliding capacity, the designer may consider two options:

— use of internal and external skirts to the extent that the sliding failure mechanism is that of skirt tip
sliding;

— accepgtance of failure mechanism rising above skirt tip level, if the combination of sliding™
insid¢ the compartment and flow around the embedded members is sufficient to satisfy gver
capadity requirements.

When sliding is at skirt tip level, the number of internal skirts required will depend.on the soil
(e.g. seaflpor strength, strength variation with depth, effects of soil consolidation),Bewndary cond
drainage [state of foundation underside) and loading condition (e.g. time between’foundation in
and desigh loading application, time-varying characteristics of the applied opérational action).

Referencds [1] and [124] provide guidance on skirt spacing for simplified $eabed conditions.

A.7.4.3

oundation base perforations

Permanent or temporary perforations in the foundation base plate are often used to:

a) assisf
assod

b) assist
c) assisf

Perforatic
removal d

Specific g
Reference
A.7.4.4

Allowablg

in loading out the structure through the splash¢zone without dynamically overload
iated load-out rigging;

the approach of the structure to the seabed'without hydraulic/hydrodynamic instabilit
in preventing the seabed from being unduly impacted by scour or local bearing failure.

ns can also be used to increase the rate of soil consolidation and settlement, and to
f the foundation, either to allow répositioning or for end of life decommissioning.

pidance is not provided on the ratio or distribution of top plate perforations.

[322] provides guidance on the impact of perforations on foundation vertical capacity.

Skirtless foundations penetrating soft soils

differentiabsettlement of the structure will depend upon the type of structure and its in

and should be subject of a risk assessment. Adequate precautions should be taken to minimize d

settlemer
penetrati

ts between foundations. Good practice should ensure that there is an acceptable lif
b1,

esistance
all sliding

condition
tions (e.g.
stallation,

ng of the

facilitate

stallation,
fferential
hit to the

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.

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.
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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,
asillustrated in References [148] and [188].

A.7.4.9 Hydraulic stability

A.7.49.1

Scour

No additijmal guidance is offered.

A.7.4.9.2

No additipnal guidance is offered.

A.7.4.10

The meth
reasonab
given to d
influence

The use o
a) soilc
b) loadi
c) loadi
d) foung

In those ¢

— use df limit analysis to determxine bounds on failure actions and to determine relative sen

failur
— useo
— useo
Reference

Reference

Piping

Unconventional soils or soil profiles

ods outlined are strictly applicable to conditions of uniformly varying soil strength,
e assessment of equivalent uniform properties can frequently be made. Attention

from all actions.

f the standard stability formulae presented in this aniex are not applicable where:
bnditions are heterogeneous or anisotropic;

g conditions deviate from the conditions assimed in the bearing capacity formulae;
g rates are such that the conditions are'partially drained; or

ation geometries are highly irregular.

pses, alternative procedures‘such as one or combinations of the following should be selec

e actions to parameters.of interest;

[ numerical analysisto solve the governing formulae directly;

F scaled modél-tésts to verify calculation models and procedures.

s [73] and/[370] provide advice on the use and design of subsea gravel and rock fills.

s [35)and [354] provide advice on rock-steel interface properties.

although
should be

efining the soil parameters throughout the expected zoné€ of influence, encompassing the zone of

ted:

Gitivity of

Refer to 7

5.1.06 anad A.7.5.1.6 for surfictal crusts.

Refer to A.6.3.3.2 for shallow foundations on carbonate soils.

A.7.4.11

Selection of soil parameters for design

A.7.4.11.1 Parameters used in serviceability design

The following general practices are recommended.

a) For strongly dilatant soils, high undrained shear strengths can be used in design only if the potential
loss of dilatancy on shear surfaces has been explicitly addressed.
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b) In soft and very soft clays, lab vane (on extruded samples), pocket penetrometer, torvane, fall cone,
unconsolidated undrained triaxial tests and unconfined compression tests 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 (where the correlation between penetration resistance
and soil strength is known for a particular soil) are more reliable techniques and should be used for
determining undrained shear strength of soft and very soft clays.

¢) Soils display undrained shear strength anisotropy, and thus triaxial compression, triaxial extension
and simple shear strengths can be 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 bearmg capac1ty calculatlons for sands, the effectlve plane strain angle of frlctlon should

"his value

e) analysis

propriate
cyclid soil strengths for use in pseudo-static stability analysis, takes account-ofiaction hiptory and
averdge shear stress. A procedure for how this can be done is presented in Refetetrce [1].

f) In mdny 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, ¢t is important to accoujnt for the
effects of drainage with the potential for dissipation of excess pore préssures to occur over th¢ duration
of cydlic loading.

g) The strain rate at which testing is performed can impact thé\observed result, and rate effects|should be
consifered when assessing foundation response to rapid l¢gading events.

h) Where applicable, the effect of soil consolidation on strength can be considered in design. Thig typically
increpses overall foundation capacity. However, inthe case of preloaded foundations, the soi| strength
enhahcement is generally limited to soils directlyBelow the foundation base.

i) In solls that display strain softening behaviour, strain compatibility can impact the selection of soil
strength. For example, for skirted foundatiofis, contributions to capacity come from a combination of base
shear] (at skirt tip level) and passive resistance, which can be mobilised at very different strain |evels.

A.7.4.11.2 Wave-seabed interaction

No additipnal guidance is offered.

A.7.5 Ultimate limit state (stability)

The bearing capacity faetors used herein are considered those most commonly used, but alternatiye factors

are availgble and cany'be applied at the discretion of the designer. Selection of alternative factors [should be

justified ih desigmdocumentation.

A.7.5.1 Assessment of bearing capacity of shallow foundations

The development of the bearing capacity formulae presented assumes that the soil is a rigid, perfectly plastic
material that obeys the Mohr-Coulomb yield criterion with associated flow.

The following bearing capacity factors and correction factors primarily come from References [55] and [325].

Analytically precise solutions of bearing capacity factors for perfectly plastic materials (with associated
flow) can now be determined by select software programs. Notably, the freeware ABC [228] js based on the
method of stress characteristics that calculates lower bound solutions for the vertical bearing capacity of
surface strip and circular foundations, with a smooth or rough foundation-soil interface, with or without a
surface surcharge.
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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

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, t

arectang

as for the
A

ideali

I

x,ideal

Iy,ideal

ISTequires a rectangular idealization of the foundation area. 1nis idealized area can be
e of width B and length L having the same area, 4, and the same areal moments of inerti
real area:
l.q=BL=A

real

zed = Ix rea) fOT action effects in the y-direction

zed = Iy rea) fOr action effects in the x-direction

The width, B, and length, L, of the idealized foundation area are deteérmined by solving Formulae (

and (A.3)

Action ec
accounted

Figure A.
the centr

of the soi
distance ¢
defined in

efined by
, I, and Iy,

(A1)
(A.2)
(A.3)

A.1), (A.2)

| for in bearing capacity analysis by reducing the effective area of the foundation.

B illustrates shallow foundations with eccentric actions. The eccentricity, e, is the dist4
e of a shallow foundation to the point of action of the resultant, measured parallel to
-foundation contact. The point of actiomof the resultant is the centroid of the reduced
is M/Q, where M is the applied overturning moment and Q is the vertical action. The acti
ISO 19902 for beneficial effects of @ctions should be used to assess the design vertical ac

deriving ghe eccentricity due to moment leading.

Where a 4
used to ¢
The folloy

a) Drain
plug

\Iculate the effective area~may include a contribution due to soil trapped within the ski
ving is noted:

ed foundation analysis based on the effective area method should exclude the weight
i.e. the soil trapped within the skirts).

b) Submerged sojl weight should be used for calculating soil plug contribution. It should be ens

inclug

Forarect

ion of the.soil plug does not lead to less conservative foundation design.

hngular base area Figure A.3 b), eccentricity can occur with respect to either axis of the fg

Centricity decreases the ultimate vertical action that'd shallow foundation can withstand. This is

ince from
the plane
area. The
bn factors
fion when

kirted foundation incorporates a sealed base plate and for undrained analyses, the vertical action

rted area.

hf the soil

ured that

undation.

A simplifi

edreans of addressing this is to reduce the dimensions of the foundation in both directi

ons:

L'=L

—2e

B'=B-2e,

(A4)

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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b) Refluced area — Rectangular foundation c) Reduced area — Circular foundat

Key

1 reducpd area

e M/Q

parallel to A-C
e; M;/Qleccentricity due to moment M1, about ey M,/Q eccentricity due to moment M,, about

axis

Circular
Formula

ISO 19901-4:2025(en)

'
I
| | =t

a) Equivalent loadings

L

e

e
«%‘<
PO
o
o

c>|:< DLZ

m
~
1"

7
B A

gccentricity due to moment M, about axis

parallel to width, B parallel to length, L
Figure A.3 — Definition of efféctive area for various foundation geometries

foundations subject to eccentric actions can be idealized as rectangular foundations |
e[ (A.1), (A.2) and (A.3). Alternatively, for a circular base with radius, R, the effective an

assumed ps shown in Figure A.3c)~The centroid of the effective area is displaced a distance, e

centre of the base. The effective-area is then considered to be twice the area of the circular segment ADC.

In additi
of line le

A=

where

I(i[n, the effective area-is considered to be rectangular with a length to width ratio equal tq
gths AC to BD<The effective dimensions are therefore:

2s=B'L’

ion

hXis

y solving
ea can be
from the

the ratio

(A.5)

2
S= R [ex(\/R2 —e2 )+R2 arcsin [%D

2

Examples of effective areas as a function of eccentricity are shown in Figure A.4 in a dimensionless form.
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Key

X dime:[
Y dime

No publis

equivalenft rectangular or circular foundatien*when non-standard shapes are encountered. For

guidance

rectangular foundation can be determined by solving Formulae (A.1), (A.2) and (A.3).

sionless eccentricity 2e,/B, e/R a  rectangular< 1 Way loading, e; /L =0
sionless reduced area A'/A b circular
c rectangular - 2 Way loading, e; /L = 0,2

Figure A.4 — Area reduction factors for eccentrically loaded shallow foundations

hed data are available on other fouhdation shapes. Approximations can be made t

for triangular shaped foundations is given in Reference [158]. Alternatively, an

p find an
example,
idealized

Alternatiye methods exist for assessing the effect of eccentricity in multiple or non-orthogonal glirections

[159] and these can be more appli¢able in more complex conditions.

A.7.5.14

A.7.5.1.4,

The bear
surface o

vertical agtion'in the absence of other actions is given by Reference [269].

Undrained conditions with constant shear strength with depth

1 Bearing ¢apacity factors

ng capaeity factor, N, for a rigid surface strip foundation with horizontal base resti
a horizontal seafloor, idealized as a perfectly plastic material of uniform strength unde

hg on the
r uniaxial

N,=2+71=5,14

(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.
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A.7.5.1.4.2 Bearing capacity correction factors

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, (A7)

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, where:

Se =0,18(1—2ic)(%] (A.8)

d; =Q,3arctan [D—b) (A9)
B

(h.10)

(h.11)

9. =1 ~0,4p (h.12)

x+2

where

a) The ¢fffective width or effective length is used for action eccentricity parallel to the width or lgngth. The
effective width and effective length are used for orthogonal eccentric actions parallel to the yidth and
length. B’ and L' are determined from Formulae{A.1), (A.2) and (A.3).

b) Hyrefers to the factored action applied to thie effective area component of the base only. This cofresponds
to the¢ total lateral action applied to thexfeundation minus any soil resistance acting on the fpundation
above skirt tip level, and minus any lateral resistance that can be carried by shearing at skirt tip level
outsifle the effective area. The material factor for pure sliding conditions should be applied to these two
resisfance components prior tgthiem being subtracted from the total lateral action.

c¢) wvandp are base and ground inclination angles in radians. Figure A.5 defines these angles for|a general
foundation problem.

Key
1  horizontal surface
2 ground surface

Figure A.5 — Definitions for inclined base and seafloor surface [53]

The recommended correction factors s, i, b., and g. are taken directly from Reference [55].
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The recommended depth factor d, is slightly more conservative than specified by Reference [55]. 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 recommended
that d_. = 0, if the horizontal action leads to high utilisation of 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 is an enypiricat vatue takemrasa furctiomrof kB /s amd furtherdiscussedim Reference {951

In selectipn of F, rough conditions can generally be adopted for unpainted skirted foundations: Vlalues of F
can be approximated using the relationship:

F=a}bx—+/(c+bx)* +d? (h.13)
where
b = kB'/s,, and is valid for 0 < x < 25;

a,b,d andd are constants that vary with roughness and are gutlined in Table A.1.

Table A.1 — Modification factors for soil strength heterogeneity (see Figure A.6)

Constant |Fully rough interface Fully smooth interface
- F, F,
a 2,560 1,372
b 0,457 0,070
c 0,713 -0,128
d 1,380 0,342
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F, isfor
F. isfor

r

F  bearing capacity correction factor

Figure A

K, =1

c

where s,
inclinatio

where s
relationsh

cv
where x =

Table A.]

ISO 19901-4:2025(en)

Fr

1.2 -

0 4 8 12 16 20
0,05 0,04 0,03 0,02 0,01, 0
k=kD/sy 1/x =s,0/KD

ho friction at soil-foundation interface (“smooth” foundation)
riction equal to the shear strength of soil at the interface (“rough” fournrdation)

.6 — Bearing capacity correction factor F for linearly increasing isotropic undrain
strength with depth [25]

+s.+d. —i.—9g.—b, (

h, base inclination and seafloor sutrface inclination respectively, as further detailed hered
BI

L, (1-2i.)| — )

14 ( c )( L/ ) (

is taken as function of kB'/s,, (see Table A.2) and values of s, can be approximated
jip:

),18—-0,155v%40,021x (

kB'/s g-ahd is valid for 0 < x < 10.

ed shear

\.14)

d. I, b, and g. are correction facters related to foundation shape, embedment depith, action

fter:

\.15)

using the

\.16)

1 actions

P —= Shape factor coefficients for circular or square foundations under pure vertica
KB’/SuO Scy
0 0,18
2 0,00
4 -0,05
6 -0,07
8 -0,09
10 -0,10
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s D
,3 “u1 larctan lf (A.17)
Su’z B

sy1 1sthe average shear strength above base level;

Sy 1sthe equivalent shear strength below base level, given by:

( AL ! KB, \
l'CJuU T 4
S, 2 AF .18
u,2 NC ( )
i,=0]5-0,5 [1-————— (A.19)
2v
bh.=4" = p.20
© g+2 (120
2
9e =-£z0,4ﬂ (p.21)
F+2
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 orthogomnal eccentric actions parallel to the width and
length. B'land L' are determined from Formulae (A.1) to (A.3).
H,, v and  are as noted under A.7.5.1.4.2.
The recotnmended d, is based upon the correction factor for constant isotropic undrained shear{strength,

but modifiied to account for linearly increasing-undrained shear strength with depth.

The shap
approxim

The relev
other fou
soil above
pressure

A.7.5.1.6
with dep

The crust

p factor, s,
ately valid for an equivalent $§quare foundation (B'/L") = 1.

hncy of using the depthfactor, d, should be evaluated in each case. If the installation pro
ndation aspects, suchas scour, do not allow for the required mobilisation of shear stres
foundation base lével, it is typical to assume d,. = 0. In addition, the mobilization of pas
between seafloot-and foundation base level can reduce dc

Undrainéd-conditions with a surface crust overlying linearly increasing shear stre
Ch

correction factor, F,, may be evaluated from Figure A.7 after Reference [95].

y Lo

from Reference [299) for axial symmetry and pure vertical action, is assuned to be

cedure or
ses in the
bive earth

ngth
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1,2
/
Y /
- 1
1,1
=
1
— 2
0'9 \ N — - —
N ~ = g -
0,8
0 5 10 15 20 25 30
X
Key
X  normglized undrained strength kB’ /s, 1  fully rough interfacesbetween foundation afpd seabed
Y  bearinpg capacity correction factor, F, 2 fully smooth interfaces between foundation §nd seabed
Figure A.7 — Bearing capacity correction factor K for surficial crust
A.7.5.1.7| Drained conditions
A.7.5.1.7]1 Bearing capacity factors
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 [226] provides exact formulations:
T tang’ ’ tang’
N4 =|tan —+0,5arctan| —— exp| T —— (A.22)
4 m Ym
N, = L,5(Nq—1)[ﬂ] (A.23)
Ym
Effective plane-strain friction angles, ¢', between 30° and 42° are considered typical limits for g¢neral use
with Forrhulae (A.22) and’ (A.23). Friction angles that fall outside of these limits can indicate nonfstandard
soils or pgor qualitytaboratory testing, especially when falling below 30°.
A.7.5.1.7]2 Bearing capacity correction factors
For draingd-eonditions, the following bearing capacity correction factors are recommended:
K4 =s4d4iqbga9q (A.24)
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 q and y identify the bearing
capacity factor, N, or N |, with which the correction term is associated.

The factors given in Formulae (A.26) to (A.34) for seafloor surface inclination can be unconservative in
cases of loose to very loose sand.
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Recommended expressions for the correction factors are:

+ig [E: jsin(arctan(tanq), D (A.26)
L Ym
’ ’ 2
d, =1+1,2(D—Iij(ﬂj(l—sin(arctan(tan(b )D (A.27)
B Ym Vm

sqzl

_Zv[tanq)']
— Ym
b, =e (A.28)
9q=4,=(1-0,5tan B)° th.29)
H 5
iy =[ L—O,S[—bﬂ (A.30)
Vb
. (B’
s, =1-0,4i, (?) (A.31)
d, =1 (A.32)
5
. H, }
i,=/1-0,7| — (fp.33)
! { [VbJ
—2,7v[tan ¢, J
b, =¢ Ym (A.34)
The effedtive width or effective length is used in the bearing capacity correction factors |stated in

Formulae|

(A.26) to (A.34) for action eccentricity parallel to the width or length. The effective ¥

effective

ength are used for orthogonal eccentric actions parallel to the width and length.

vidth and

The relevancy of using the depth factor, d,, should be evaluated in each case. The effect of fpundation

embedmdnt is very sensitive to~soil disturbance at the soil-structure interface along the sid

embedde
the requi
dy=1,0.1
passive e

H,, vand

A.7.5.1.7,

base. If the installation procedure or other foundation aspects, such as scour, do not]
red mobilization of’sliear stresses in the soil above foundation base level, it is recomme
L is further recotmmended that d, = 1,0 if the horizontal action leads to mobilization of s
irth pressure-between the seafloor and foundation base level.

3 are as noted in A.7.5.1.4.2.

3 /Exclusion of effective cohesion from bearing capacity formulae

es of the
allow for
nded that
ignificant

The effec

Ive strengtn envelope 1or a given soil 1S often quoted In terms ol a cohesion interce

t', ¢/, and

effective friction angle, ¢', with the envelope fitted to results of laboratory tests conducted at different levels
of effective confining stress.

It is debatable whether the deduced ¢’ reflects a true cohesion (or cementation) or is an artefact resulting
from fitting a tangent to what is, in reality, a curved strength envelope because the friction angle for soils
increases as the mean effective stress level decreases, due to increasing dilation. As such, the effective
cementation maybe as 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 [301].
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Examples of where an effective cohesion can be included in estimating bearing capacity include:

a)

b)

Naturally cemented soils (particularly sands)

noting however that the cementation can reduce to zero before the full frictional strength is mobilised.

Medium to heavily over-consolidated clays

In this case, ignoring any effective cohesion (or dilation-induced high friction angles at low mean
effective stresses) can possibly prove over-conservative.

A.7.5.2 Assessment of sliding capacity of shallow foundations

A.75.2.1

General

No additipnal guidance is offered.

A.7.5.2.2

Undrained conditions

No additipnal guidance is offered.

A.7.5.2.3

Drained conditions

No additipnal guidance is offered.

Horizontal seabed resistance above foundation base‘level

ions to horizontal resistance of an embedded foundation can come from:

chear;

bsistance above skirt tip level due to the difference between active and passive resistanc
hear on members located parallel to.the direction of lateral loading.

nt of side shear that can be adopted in the design is a function of the shearing on the
he embedded member and thé soil, and can be influenced by soil disturbance during in
Specific guidance is not proyided in relation to calculating side shear.

to active and passive resistance, the following guidance is provided:
hined conditions

ndrained honizental soil reaction coefficient K, depends on several factors, such as r
ation shapesside shear, depth of embedment, and possible side gap between foundatio
 installation or from scour.

he of K., = 4 is recommended for cases in which both active and passive resistance can

A.7.5.2.4
Contribut
— base
— soilr
— side s
The amot
between
and scout
In regard
a) Undr
The
found
duet
A val
upon

b)

-

interface
stallation

pughness,
h and soil

be relied

and significant scour is not expected.

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, the weight of soil within the passive soil wedge can be accounted for. In
such cases, the total lateral resistance calculated should not exceed that which will be calculated using

Kru =

4,

Drained conditions

The drained horizontal soil reaction factor K,; depends on several factors, such as mobilised soil friction
angle, roughness, foundation shape, side shear, depth of embedment, and possible side gap between
foundation and soil from installation or from scour. Formula (A.35) is recommended.
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1
Krd:Kp—(—] (A.35)
Ky
where K, is the passive earth pressure coefficient and is given by:
T tan¢’ g
K, =[tan [—+0,5arctan (—]D (A.36)
4 Y
m
A.7.5.2.5 Assessment of torsional capacity

Methods that can be used for assessing torsional stability are provided in References [127], [126] and [65].

A.7.5.3

No additipnal guidance is offered.

A.7.6 Sq

A7.6.1

No additipnal guidance is offered.

A.7.6.2
A.7.6.2.1
Static def
a) imme
b) long-

grady

cons(

In additiop, secondary displacement dite to creep can occur.

A.7.6.2.2

Because s
is comple
made ass

Solutions
itself, can
Reference

Assessment of capacity of intermediate foundations

erviceability limit state (displacements and rotations)

General

Serviceability of shallow foundations under static loading

General
brmations (displacements and rotations) are gernerally considered to be of the following t
diate deformation, primarily resulting fronishear deformation (shear straining) of the s

erm deformation, which occurs over-a period of time and is primarily associatg
al dissipation of excess pore pressures and associated volume changes of the soil (i.g
lidation).

Immediate displacements and rotations

k. For monotoni¢;low level actions (with respect to failure actions) estimates of deformat
iming the soilte’ be a homogeneous linearly elastic material.

for conditions other than those given in 7.5.2.2, including point displacements within the
be found in Reference [267]. Solutions for rigid, embedded circular foundations are p
[108].

wo types:
Dil;

d with a
. primary

oils exhibit nonlingak, loading history dependent behaviour, the short-term deformation problem

on can be

soil mass
ovided in

Considerable care should be exercised in determining the elastic constants of the soil since the elas

tic moduli

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 Reference [165].

Where the foundation base is flexible or the loading is sufficiently severe to create high stresses throughout
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 including complex
geometries and loadings and nonlinear, variable soil profiles. The potential effects of softening of the soil
(reduction in modulus) under cyclic loading should be considered.
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A.7.6.2.3 Primary consolidation settlement

Because of the finite extent of the foundation, the vertical stress imposed by the structure is attenuated with
depth. This attenuation can be estimated from elastic solutions, such as those cited by Reference [267]. This
approximate method is particularly appropriate where settlement is governed by thin, near-surface layers.

Rate of settlement is governed by rate of drainage and compressibility. Many soil mechanics textbooks set out
methods for one-dimensional consolidation solutions, but in many cases the one-dimensional approximation
for flow and strain is unrealistic. Elastic solutions for three-dimensional consolidation settlement around
embedded circular foundations are provided in References [145] and [146]. If an accurate prediction of rate
of settlement is required, 2D or 3D coupled analysis supported by high quality field data are required.

A.7.6.2.4 Secomdary compression: creep

No additipnal guidance is offered.

A.7.6.2.5| Differential displacements and rotations

No additipnal guidance is offered.

A.7.6.3 PServiceability of intermediate foundations

No additipnal guidance is offered.

A.7.6.4 Berviceability in response to dynamic and cyclic actions

In many dases, loading can be considered pseudo-static and the-foundation can be treated as an e]astic half
space subjject to the restrictions outlined in 7.5. Consequently, the stiffness of the soil can be calcylated in a
manner sjmilar to that presented for static conditions.

In some chses, it is not appropriate to treat the foundation as an elastic half space, such as where:

a) soil cpnditions are not uniform;

b) soil :En—linearity is expected at the serviceability loading level;

c) itisnecessary to model the energy.loss in the soil.

A special fase of environmental lpading is the response of offshore foundations to cyclic loading ar{sing from
waves. THe various displacement components and how they can be evaluated are discussed in Ref¢rence [1].

A.7.7 Alternative metheds of design
A.7.7.1 V[ield surfaee approach

A.7.7.1.1| General

Whileiti gpnnrn]]y ar‘r‘ppfnd thatthe conventional apprnar‘h toshallow foundation dpcign ncing the effective
area method is conservative where large horizontal action and overturning moment act, using the effective
area method can lead to under-prediction of capacity for some loading situations (e.g. References [143], [147]
and [332]).

Fully encompassing yield surface in Q, H, M and T space can be used to predict design loading combinations
to reach ultimate limit state, as well 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 of a foundation if used in conjunction with a flow rule. In undrained
conditions, when normality can be assumed, the flow rule can be directly derived from the yield surface.

Th yield surface approach is described further in A.7.7.1.2 to A.7.7.1.5.

© IS0 2025 - All rights reserved
103


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

A.7.7.1.2

ISO 19901-4:2025(en)

Application to design

The general procedure for developing a yield surface for use in design involves the following.

a) Defining the ‘uniaxial’ ultimate limit states Q,;, (H = M = 0), H;;; (M = 0; and Q = 0 where tensile stresses
are allowed beneath the foundation, or Q = Q;;/ 2 if no tensile stresses permitted) and M, (H = 0; and
Q = 0 where tensile stresses are allowed beneath the foundation, or Q = @}/ 2 if no tensile stresses

perm

itted) to define the apex points of the yield surface.

b) Defining the shape of the interaction diagram through an expression as a function of (Q/Q 1., H/Hy 1, M/M,1)-

The magnitude of the uniaxial capacity and the shape of the yield surface depend on the soil response to
loading (undrained or drained), the soil strength profile (uniform or heterogeneous), foundation shape,

foundati

between the foundation and the soil.

When adqpting a yield surface approach, material factor, y,,,, should be applied to the representatiy
s, for undrained conditions and to tan¢’ for drained conditions (not to ¢").

A.7.7.1.3

Historica
while tho
relative c

A7.7.1.4

A.7.7.1.4,

The genet

loading space for undrained failure of a surface foundation with zero-uplift resistance along the foy
ace is shown in Figure A.8 in terms of normalised actions, Q/Q,;., H/H,,;; and M/M,,;, (vertical action

soil interf
Q is deno
moment
seafloor.

Reference
uniform y
of the yie
approxim
with dept]

embedment, structural connection between adjacent foundations, and tension capacif

Yield surfaces for selected cases

ly, yield surfaces for undrained conditions have been based on analytical and numeric
se for drained conditions have been derived from experimental studies. The latter is ¢
bmplexity of an analytical approach for drained soil conditions!

Undrained conditions

1 Surface foundations with zero-uplift capacity along the foundation-soil interfac

al ‘scallop-shaped’ form of the three-dimensienal yield surface in vertical, horizontal an

ted by IV in Figure A.8). The surface is:symmetrical in the H-M plane and exhibits di
apacity as vertical action (Q) falls-below 0,5 Q,;, as the foundation begins to lift-off]

s [321] and [144] derive yield surfaces for circular and rectangular surface found
ndrained soil strength with depth and the latter presents approximating expressions for
Id surface and the uniaxial capacities defining its apex points. Further studies have

ating expressions fof yiéld surfaces capturing the effect of linearly increasing undrainec
h and loading in sixdegrees of freedom (VH2M2T), [3061.[315],
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capacity along the foundation-soil interface\[321]

2 Surface foundations with unlimited-uplift capacityalong the foundation-soil int

hses, uplift resistance can be mobilised beneath surface or skirted foundations due to sy

stance provided by foundation skirts can be represented by modelling a surface foundd
ted tension interface. The general form ef#the yield surface for undrained failure of
n with an unlimited tension interface is shown in Figure A.9 (vertical action Q is denot
). The 'walnut-shaped' surface is asymmetric in the H-M plane, with maximum momen
in conjunction with a horizontal action acting in the same direction (i.e. clockwise a
ce versa). Moment capacity continues to increase with diminishing vertical action, contr
on interface case, as a foundation with unlimited-uplift capacity will not lift-off from thd

faces and accompanying(approximating expressions have been derived for strip, re

e A.8 — Yield surface for undrained conditions for a surface foundation with zero-pplift

erface
ction and
tion with

a surface
ed by Vin

[t capacity

nd left-to-
ary to the
seafloor.

ctangular
hined soil

profiles, strength priofiles with a surficial crust, and consolidated shear strength, although not

nsively for all combinations (e.g. References [47], [142], [143], [121], [122] and [307]).

© IS0 2025 - All rights reserved
105


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

ISO 19901-4:2025(en)

Figure 4

The shap
geometry
increasin
soil stren
un-consel

A.7.7.1.4]

The coup
leads to :
become 1
undraine

vative [147], [144]

3 Embedded foundations

5_

N = M/B?%sy

1.9 — Yield surface for undrained conditions for a surface foundation with unlimit¢d-uplift
capacity along the foundation-soil inferface [48]

e of the yield surface for foundations with unlimited-uplift capacity depends on fpundation
and soil strength profile. In some cases, the normalized size of the yield surface decreases with
b degree of soil strength heterogeneity; therefore'scaling a yield surface derived for honjogeneous
pth by uniaxial ultimate limit states appropriate to a heterogeneous soil strength profile will be

ing of the horizontal and moment degrees of freedom when a foundation is physically gmbedded
in asymmetric and oblique failure surface in the H-M plane. The asymmetry and ohjliqueness
hore pronounced with ineréasing embedment ratio. The general form of a yield suyrface for
| failure of embedded faundations is shown in Figure A.10.

d/B=1

0,5

-

=)/ /

T T T

2 4 6
NCH: H/BSu

Figure A.10 — Change in shape of yield surface for undrained conditions with foundation
embedment d/B [151]
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References [142] and [123] present yield surfaces in general loading space for strip and rectangular shallow

foundatio

ns with embedment ratios in the range zero to one for uniform soil strength and linearly increasing

strength with depth.

Existing studies have generally considered embedment in terms of a solid plug, although the capacity of a
skirted foundation can be reduced because of the intrusion of the failure mechanism into the soil plug [49]-
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 rigid body. Numerical studies for assessment of critical skirt

spacing are presented in References [1] and [120].

A.7.7.1.5

Drained conditions

A.7.7.1.5,

Yield sur
shear str
the isotrd
displacen
therefore
actions, t)

A.7.7.1.5,

The gene
‘rugby ba
action, Q,
conjuncti
with hori

Reference
describe
rigid, play
circular f
form expr

1 General

aces for drained conditions incorporate isotropic strain-hardening to accommodate increasing
ength with increasing stress level. The shape of the yield surface is assumed\to be upique and
pic expansion and contraction of the surface is defined by a hardening rule'(vertical rgsistance-
ent relationship). Under drained conditions tension cannot be sustained beneath a foundation and
the foundation will lift-off from the seabed under moment loading in _eonjunction with vertical
fpically for Q < 0,5 Q; (see References [60] and [241]).

2 Surface foundations

al form of the yield surface for drained failure of a surfacefoundation is shown in Figure|A.11. The
l-shaped’ surface is parabolic in planes of QH and QM and.a rotated ellipse in the HM plang (vertical
is denoted by Vin Figure A.11). Maximum horizontal agtion and moment capacity are mgbilised in
bn with a vertical action Q = 0,5 Q,;; and maximum wloment capacity is mobilised in cdnjunction
vontal action acting in opposition (i.e. clockwisesand right-to-left or vice versa).

[60] proposed the yield surface shown in;¥igure A.9 along with a closed-form expression to
ts shape. The yield surface was based on results from various experimental studies pn rough,
e strain and rectangular shallow foundations on dense silica sand. A subsequent study cqnsidering
undations on loose carbonate sand showed a similar form of yield surface and for whichj a closed-
ession was proposed [61],

M/B

il
il

Wl
N

H

O
AN,

A.7.7.1.5.

Figure A.11 — Yield surface for drained conditions for a surface foundation 2%}

3 Embedded foundations

The additional capacity available from foundation embedment is accounted for by scaling the envelope for a

surface foundation (as shown in Figure A.11) by its apex points H,

/Qand M, /Q [241], [150],

ax

A.7.7.2 Risk-informed decision making

A design approach following risk-informed decision making can be applied on a case-by-case basis, through
system-based design ensuring that the integrity, safety and operability of the system are not compromised,
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and consequences of failure and likely failure mechanisms are robustly quantified, considering the

accumula

tion of foundation displacements and rotations due to repeated loading.

System failure modes, due to short-term or long-term events, that might require evaluation in a risk-

informed

design of subsea systmes, can include:

a) validating surface sliding of foundations over the seafloor i.e. ensuring bearing failure of the seafloor is
prevented;

b) over-straining/overstressing of pipes, spools/jumpers and connected flowlines;

c) problems with the installation of connections (e.g. pitch rotation beyond the installation tolerance prior

to tie

-in operations);

d) not fu
outa

The desig
Reference

A.7.8 Ir

A.7.8.1

When in{
touchdow
limiting v
soil condi
descent t

Vessel hed
at impact
set-down

A.7.8.2
The skirt

The end &
use of con
latter is n
laborator

Previous

The skirt
can be ac

An uneve

Ifilling the specified function or performance standard (e.g. a riser hold-back anchorbei
d no longer supporting the riser; excessive sliding of buckle initiator).

n of foundations where foundation movement over the seafloor is permijtted is dis
s [81], [88] and [97].

)stallation

General

talling shallow foundations, the vertical heave motions-induced by the vessel can
n to be an impact between the seafloor and the structure:This impact is normally con
eather criteria and installation operations. Foundatien failure during installation, mai
fions, can be avoided if the installation is performed‘by use of a heave compensator and 1
wards the seafloor (<0,2 m/s).

hve motions greater than crane pay-out speedi€an result in the structure having excessiy
with the seafloor and multiple set-downs:A$ a result, the foundation can be pulled up
thus generating a pull-out failure in the-soil (reverse bearing capacity failure).

Skirt penetration resistance
resistance to penetration can be estimated following formulae in A.11.5.2.2.1.

earing components can-beestimated by bearing capacity formulae or alternatively by
e penetrometer resistanee q, corrected for shape difference and overburden. It is possib
ot directly applicable-for wide concrete skirts. The shaft friction resistance can be deter
y testing or other-suitable experience.

Felevant installation experience should be considered (see Reference [82]).

penetration rate should be such that removal of the water trapped within the skirt comy
fomplished without forcing it under the skirts and damaging the foundation.

g pulled-

cussed in

rause the
trolled by
rly in soft
bw rate of

e velocity
pfter first

the direct
e that the
mined by

artments

n“seafloor, lateral soil strength variability, existence of boulders, drill cuttings and cq

ment can

cause uneven penetration or structural damage of skirts. In some cases, site Improvements are used such as
levelling the area by dredging or fill emplacement.”

A.7.8.3 Required and allowable under-pressure

In general, analysis is more straightforward in lower permeability soils (e.g. clays).

In high permeability soils (e.g. sands) water flow is induced within the soil, which increases the volume of
water to be removed from the skirted foundation and which alters the effective stress distribution in the soil.

Further guidance is provided in A.11.5.2.2.1.
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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 usually be overcome by sustained uplift forces (up
to the submerged weight of the foundation) and by introducing water into 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 to lift
initially from one corner or side of the foundation, to introduce drainage, and reduce suction effects.

A.8 Gujdance on pile foundation design

A.8.1 Pjle capacity for axial compression

A.8.1.1 [General

No additipnal guidance is offered.

A.8.1.2 |Axial pile capacity

In conventional static capacity-based design, the pile design actions (factored permanent and variable
actions plus factored extreme environmental actions) are compared against the factored pile cappacity. The
factored fctions are defined in ISO 19902. The pile capacity is.defined as the integrated frictign and tip
resistance (see 8.1 and 8.2).

It is not always correct to add the representative value of:the’end bearing to the representative v4lue of the
skin frict{on to obtain the representative value of the axial capacity of a pile. This subject is addressed in
Referencds [243], [276] and [328].

A.8.1.3 PKin friction and end bearing in clay soils

A.8.1.3.1| General

Estimatitlg pile capacity in clay soilstequires judgment in selecting design parameters and in inferpreting
calculated capacities. Some of the-items that should receive design consideration are detailed in AJ8.1.3.2.

A.8.1.3.2| Axial pile capacity in clay

A.8.1.3.2]1 Loadingdfest database for piles in clay

Further information/on the load test database for piles in clay can be found in References [302] and [210].

A.8.1.3.2)2~ Unified CPT method for pile axial capacity in clays

This subclause presents the ‘unified CPT method’ for assessing driven pile capacity in clays [209],
Formulae (A.38) and (A.39) are recommended for the evaluation of the static capacity of steel piles after
consolidation induced by pile driving is completed. Potential long-term ageing effects are not included.
The method can be applied to clays in yones 2, 3 and 4 on the soil behaviour type (SBT) chart as shown in
Figure A.12, Assessment of pile capacity for sensitive clays that fall within SBT chart Zone 1 should include
local experience, pile testing and alternative design approaches.

The reliability of the method has been evaluated and the method was shown to provide pile foundations
that are more reliable than those obtained using the main text method in 8.1.3. The unified CPT method
should only be applied to driven piles and should not be 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 without paint, coatings or mill-scale varnish that are likely to reduce pile roughness below that
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usually expected (typically around 10 microns centre line average roughness for steel used for offshore
piles), and negatively affect the interface friction that can be mobilised. Further information on the method
and Formulae (A.38) and (A.39) is provided in Reference [209].

The cone resistance, q,, includes a resistance component due to hydrostatic water pressure which does not
affect unit skin friction. However, the formulations were derived by correlating f(z) with g, rather than q’, =q;
- uy, where u, is the hydrostatic pore pressure (below seabed level where q, is zeroed). This simplification
had no discernible impact on the degree of fit obtained against the database of load tests used for calibration
of Equation (A.38).

For the unified CPT method in clays, the (fully consolidated) peak unit skin friction for capacity, f(z), in stress
units, at depth, z, can be calculated using Formula (A.38):

A -0,25
f(z)£0,07F,q; [max[—*,lﬂ (A.38)
D

is 1 for clays with I,; > 0, in Zones, 2, 3 and 4 on the SBT.¢chart;

Fg, is 0,5 + 0,2 clays with I; <0, in Zone 1 on the SBTchart;

q: is the corrected CPT cone resistance as definedin ISO 19901-8:2023, 8.3.
h is the distance above the pile tip at whickif(2) acts (= L-z)

L is pile embedment length;

D" =(p? — p? )0'5 for an open-ended pile and D*=D-fer a closed-ended pile;

D is the pile outer diameter;ofa pipe pile;

is the internal diameterof a pipe pile

I

,1 can belcalculated by:

1,1 =P, —12exp"L4F)

where F Is the normalized frigtion given by F, = f; /(q; —0,0 ) % 100 %, in which f; is the CPT sleeye friction
and o, is|the total vertical stress below the seafloor level.

t-z curves|can be detepmined using the friction value combined with the -z curve definition for clays in 8.4.1.

In the absence of more definitive criteria, the unit end bearing resistance applied across the full bgse area of
alarge digmeterpile with a length to diameter ratio greater than five can be calculated using Formula (A.39):

Apo,1 =4 {U'Z-‘_U't{%‘f} [A.39)

Where g, is the average corrected CPT end resistance within 20t below the pile tip, in which tis the pile wall
thickness. The unit end bearing should be taken as plugged resistance acting across the entire cross-section
and no additional allowance should be made for internal skin friction.

If used for foundations with a length to diameter ratio less than five, Formulae (A.39) should be validated.
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X
Key
X normalized friction ratio, Fr 6.\ zone 6 - sands; clean sand to silty sand
Y normalized cone resistance, Qtn 7 zone 7 - gravelly sand to sand
1 zone ] - sensitive clays and silts 8  zone 8 - very stiff sand to clayey sand
2 zone } - organic soils, peats 9  zone9 - very stiff fine grained
3 zone }§ - clays - clay to silty clay 10 increasing sensitivity
4  zone 4 - silt mixtures: clayey silt to silty‘clay 11 zone of normally consolidated soil
5 zone } - sand mixtures -silty sand te;sandy silt

Figlire A.12 — Soil behaviour type (SBT) chart [221]

A.8.1.3.2]3 Establishing representative strength and effective overburden stress profiles

The axial pile capagity in clay is directly influenced by the undrained shear strength and effective oyerburden
stress prgfilessselected for use in analyses. The wide variety of sampling techniques and laborat¢ry and in
situ testiggtechniques and the scatter in the shear strength data from the various types of tests cpomplicate
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.
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 soft and very soft clays, some test (e.g. pocket
penetrometer, torvane, fall cone) can be unreliable.

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.
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In situ testing with a vane or penetrometers, such as the cone, piezocone, ball and T-bar, will help in
assessing 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 [200] and [201] can help providing a more consistent interpretation of the shear strength profile.

A.8.1.3.2.4 Pilelength 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 installation;

The occurrence of degradatlon due to these effects depends on many factors related to both installation
conditionpamdsoitbehaviour—Methodsofe d g E PO 9JIs ag mdeof Teductio dp3d tyoflong
piles can be found in Reference [279].

A.8.1.3.2)5 Changes in axial capacity in clay with time

Existing gxial pile capacity calculation procedures for piles in clay are based on-experience agsisted by
the resulfs of axial pile loading tests. In these tests, few of the piles were instrufmented and in npost cases
little or np consideration was given to the effects of time after driving on the development of pilesoil shear
resistance. Axial capacity of a driven pipe pile in clay computed in accordance-with 8.1.2 and 8.1.3 ig intended
to represé¢nt the long-term static capacity of piles in undrained conditions'when subjected to axilal actions
until faildre after dissipation of excess pore water pressure caused by the)installation process. Immediately
after pile|driving, pile capacity in a clay deposit can be significantlydower than the ultimate stati¢ capacity.
Field measurements have shown that the time required for driven piles to reach ultimate capacity in a clay
deposit c4n be relatively long, as much as two to three years [751{42][206] However, the rate of strength gain is
highest immediately after driving, and this rate decreases during the dissipation process. Thus, a gignificant
strength ncrease can occur in a relatively short time.

During pile driving in normally consolidated to lightlytever-consolidated clays, the soil surrounding a pile
is signifidqantly disturbed, the stress state is altered{’and large excess pore pressures can be generated.
After instlallation, these excess pore pressures begin to dissipate, i.e. the surrounding soil mass|begins to
consolidale and the pile capacity increases with time. This process is usually referred to as set-up. The rate
of excess [pore pressure dissipation is a function of the coefficient of radial (horizontal) consolidation, pile
radius, plfig characteristics (plugged versusunplugged pile), and soil layering.

In the cade of driven pipe piles supporting a structure where the design actions can be applied tg the piles
shortly affter installation, the time-consolidation characteristics should be considered in pile design. In such
cases, theg capacity of piles immediately after driving and the expected increase in capacity with time are
importanf design variables that'can impact the safety of the foundation system during early stages of the
consolidafion process.

A number| of investigators have proposed analytical models of pore pressure generation and the syibsequent
dissipatidn process.for piles in normal to lightly over-consolidated clays [239] [282][358]  Since excess pore
pressureq are generated by pile driving operations, any dissipation of the excess pore pressiires after
installatign shéuld correspond to an increase in the shear strength of the surrounding soil mass and hence
an increafse-in the capacity of the pile. After dissipation of excess pore pressures, the capacity of a pile
approachtstong-term capa houch some strenath cain can continue due to secondarvpracesses. In
some over-consolidated clays, p11e capac1ty can decrease as pore pressures d1551pate pr0v1ded 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.

This sub-clause does not necessarily apply to the evaluation of set-up 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.
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A.8.1.4 SKin friction and end bearing in sands

A.8.1.4.1

General

This subclause provides guidance for sands 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 unconventional mineralogy, it can be appropriate to consider further
laboratory testing including special ring shear interface friction tests [17Z] and to use an alternative pile
design method, such as the CPT method presented in 8.1.4. The method presented in 8.1.4 was calibrated
based upon pile tests where the soil generally had a soil behaviour type index, I, larger than 2,1, i.e. they were
in the category of sand mixtures (silty sand to sandy silt) using the soil behaviour type chart of Figure A.12.

Recent st
roughnes

5 that were designed to replicate driven pile installation sugest that the large shear disp

[propriate

acements

implicit in pile driving lead to a modest dependency of ultimate (design) 6., on mean grain,size I}, among

standard
plastic sil

pure silica test sands. Reference [216] used the same tools to investigate the.influen
L and non-plastic fines contents (up to around 20 %) as well as stress level dependency fi

e of non-
hr natural

sand samples taken at both onshore and offshore sites, finding that both variables can affect ultimate

critical st
levels rise
investigat
procedur

A.8.1.4.2
The soil

due to greater interaction of the grains with the steel surface. In cases*where such fac

bs set out in [177],

Parameter value assessment

horizontdlly and vertically, of the boundaries and parameter valies of all layers.
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LPT should measure g.(z) with apparatus and procedures that are in general accord

mm? and a penetrationrate of 20 mm/s + 5 mm/s.

PT-based design methods were established for cone resistance values, g, up to 100 MP

hsured, continuous profile of g (z) is preferable to an assumed/interpolated discontinuo
5 generallygiot achievable offshore at large depths below the seafloor with a down
atus. This)is generally due to factors such as limited stroke and/or maximum resistal
ved. WHien (near) continuous q.(z) profiles are needed, overlapping CPT push strok
Hered!

ate (design) interface friction angles, with the latter showing modest ifi¢reases as normpal stress

ors merit

ion, site-specific tests that account for pile installation effects eah-be conducted follpwing the

investigation should provide information that is adequate to capture the spatial vfariability,

[PT-based method, the computed pile capacity>in sand is most sensitive to cone pgnetration
, q., followed by tané,, and o', Since an accufidte capacity assessment is a function of thg accuracy
e model and the parameters, guidance regarding selecting appropriate parameter valugs is given

ince with

D901-8. In particular, ISO 19901-8 prescribes cones with a base area in the range of 500 mm? to

h. The use

method should be validated when applying to sands and sandy tills with higher resistar]ces.

1s profile,
hole CPT
Ince being
ps can be

With

discontinuous LF1 data, a Dblocked ¢ .(z) prorile can be used, where the soll profile

s divided

into layers, in each of which q.(z) is assumed to vary linearly with depth. '‘Blocked' profiles should be
assessed, particularly when they contain maximum q_ values at the ends of CPT push strokes. When the
push strokes contain no maximum g.(z) data, a moving window can be used to determine the average
profile (and its standard deviation), through which a straight line can be fitted. If present, thin layers of

weak

er material (e.g. silt or clay) should be modelled.

For geotechnical investigations where several vertical CPT profiles have been made (e.g. one per
platform leg), it is suggested that at least two approaches be employed: pile capacity should first be
based on the combined averaged g.(z) profile and then based on individual q.(z) profiles. Judgment is
required to select the most appropriate g (z) profile and to determine the associated final axial capacity.
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b) Parameter, oy,

Usually, pore water pressures in sands are hydrostatic and in this case 0",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
maximum and minimum dry unit weight values determined in the laboratory.

¢) Scour

Scour (seabed erosion due to wave and current action) can occur around offshore piles. Common types
of scour are general scour (overall seabed erosion) and local scour (steep-sided scour pits around single

piles
offsh
genel|

In lie

I of project specific data, guidance on local scour depth is provided in A.8.5.3,

i ups)- i y T Ur in axi acity for

bre piles. Reference [346] [60] [245] [327] give techniques for scour depth assessment.’ 1] addition,
al scour data can be obtained from national authorities.

Scouif decreases axial pile capacity in sand. Both friction and end bearing-components are usually
affected. This is because scour reduces both g.(z) and o', (vertical effective stress). For excavgtions (i.e.
geneijal scour), Reference [250] recommends that g.(z) is simply proporti¢nal to ¢’ (2), i.e.:
4ct(2) =X qc0(2) (h.40)
where
q{¢(z) isthe final reduced CPT cone-tip resistance at'depth z, after general scour (in stregs units);
q{o(z) isthe original CPT cone-tip resistance at depth z, before general scour (in stress units);
X is the dimensionless scour reductionfactor (x = o',¢/0",0);
olf is the final vertical effective stressvalue, after scour (in stress units);
ol,0  isthe original vertical effective stress value, before scour (in stress units).
For large [general scour depths and notmally consolidated sands, an alternative and conservative|approach
as descriljed in Reference [129] can'bg used to determine y from:
2
1 Zz'+ 2K\ Azgexz' + 2
x= \/ L (p.41)
where
Azgg| is thegeneral scour depth (in m);
z’ is the final depth below seafloor, after general scour, (z’ = z - Azgg) (in m);
K, is the coefficient of lateral earth pressure at rest, the ratio of the effective horizontal to vertical

in situ soil stresses, K = 6'},4(2) /0", (2)-

A method to reduce the effective stress, o', 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 many
previous pile designs, although it should no longer be used for pile design or assessment of pile capacity 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,
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the unified CPT-based method presented in 8.1.4 is considered to be fundamentally better and has shown
statistically closer predictions of pile loading 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 units,
at depth, z, can be calculated by:

f(Z) = ﬁo-’vo(z)

where

B

is the dimensionless skin friction factor, for sands;

(A42)

OJVO(Z
In the abs
from Tab]
p can be 3

1S the effective vertical stress at depth z (1n stress units).

ence of specific data, § values for open-ended pipe piles that are driven unpluggéd)can
e A.3. For full displacement piles (i.e. closed-ended or fully plugged open-ended piles),
issumed to be 25 % higher than those given in Table A.3. For long piles, f(z);does not n

increase
limit fto

For end
Formula

q=N

where

)

o Vo,t

Ng

Recomme
with the

values giy
Cross-sec
additiona
considere

inearly with the overburden stress as implied by Formula (A.42). In such cdses, it is appr
he values given in Table A.3.

earmg of piles in sands, the unit end bearing, g, in stress units, can be compu

O-,vo,tip (‘
,  isthe effective vertical stress at the pile tip (it‘stress units);

is the dimensionless bearing capacity factor.
nded N, values are presented in Table A.3. For long piles, g does not necessarily increas

)Verburden stress as implied by Formwa (A.43). In such cases, it is appropriate to lim
ren in Table A.3. For plugged pilesfthe bearing pressure can be assumed to act over

[ion of the pile. For unplugged piles; the bearing pressure acts on the pile annulus only. In|
| resistance is offered by friction between the soil plug and the inner pile wall. Whethd
d to be plugged or unplugged should be based on static calculations using a unit skin f]

the soil plug equal to the outer skin-friction. A pile can be driven in an unplugged condition, but c

as plugge

For soils 1
materials
selection
large ama
paramete
(see A.6.3

H under static actions:

hat do not fall withih the ranges of relative density and soil description given in Table |
with unusually'weéak grains or compressible structure, Table A.3 is not necessarily apprda
bf design pafameters. For example, unconventional soils such as very loose soils or soils ¢
unts of mica or volcanic grains can require special laboratory or field tests for selection
rs. Sands containing calcium carbonate, which are found extensively in many areas of t
), ape\of particular importance.

be taken
values of
bcessarily
ppriate to

fed using

\.43)

e linearly
t g to the
he entire
this case,
r a pile is
Fiction on
in behave

\.3, or for
priate for
ontaining
of design
he oceans

amount of soil dlsturbance due to 1nsta11at10n but they should not exceed the Values for drlven plles

Int for the

In layered soils, skin friction values, f(z), in sand layers should be computed in accordance with Table A.3.
End bearing values for piles tipped in sand layers can also be taken from Table A.3.
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Table A.3 — Design parameters for siliceous sand

confusion
¢ Sand-silf
creasing 9
d Design p
ative. Hen

with the § parameter used inthe past.

includes soils with significant fractions of both sand and silt. Strength values generally increas
and fractions and decrease'with increasing silt fractions.

ce, the unified CPT:method should be used for these soils (see 8.1.4).

Limiting Limiting unit
gelat.lve Soil description Skin friction factor? unl t S.km End bearing end bearing
ensity? friction factor
values
values
B fiim Ny Qlim
kPa (kips/ . 2
ft2) MPa (kips/ft4)
Very loose Sand
Loose Sand
;leC Net H Not appli- Neot ; Nt i
Loose Saud Jlll- INUU ayl.lln.abl\, Cablpepd INUU ﬂl_ll_lllbﬂbl\, INULU Cll,l llcabled
Medium dense Silt
Dense Silt
Medium dense Sand-silt¢ 0,29 67 (1,4) 12 31[60)
Medium dense Sand
) 0,37 81 (1,7) 20 5 ([L00)
Dense Sand-silt¢
Dense Sand
- 0,46 96 (2,0) 40 10 (200)
Very densg Sand-silt¢
Very densp Sand 0,56 115 (2,4) 50 12 [250)
NOTE Thq parameters listed in this table are intended as guidelines only.Where detailed information suclj as in situ
CPT recorfds, strength tests on high quality samples, model tests or pile dpiving performance is available, other values
can be justified.
a The definitions for the relative density percentage description areas follows:
boil description Relative density (%)
Very loose 0to 15
Loose 15to 35
Medium dense 35to 65
Dense 65 t0.85
Very dense 8510100
b The skir| friction factor 8 (equivalent to,the 'K tand' term used in the past) is introduced in this document to avoid

e with in-

arameters proposeddn the past for these relative density/soil description combinations can be unconserv-

A8.1.5

No additipnal guidance is offered.

SKkin friction‘and end bearing in gravels

A.8.1.6

SKin friction and end bearing of grouted piles in rock

No additional guidance is offered.

A.8.1.7 SKin 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.
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A.8.3 Axial pile performance

A.8.3.1

Static axial behaviour of piles

No additional guidance is offered.

A.8.3.2

A.8.3.2.1

Cyclic axial behaviour of piles

Qualification

Modelling cyclic effects explicitly can improve the designer’s insight into the relative importance of the

cyclic cha

acteristics of the actions Hicfnrira]]y’ r‘yr‘]ir‘ effects have been taken into account imp]ir‘

tly rather

than expl
modificat

A.8.3.2.2

Axial act

sources. Permanent and variable actions are generally long duration actions and-are often refe}

static act
floes. The
of actions
of (relativ
frequency

A.8.3.2.3

Cyclic effe

soils, conIitions related to actions or novel structures (&:g. compliant towers) are involved.

Compare
axial capa

a) decre

b) incre

The resultant effect on capacity (s primarily influenced by the pile properties (stiffness, length,

material)
characten
of pile di
around th
For earth

develop iportantcyclic straining effects in the soils. These effects can influence pile capacity and

Additiong
Reference

icitly. Design methods developed and calibrated on an implicit basis generally neéd
ion where explicit algorithms are employed.

Actions

ons on piles are developed from a wide variety of operating, structural and enviy

ons. Environmental actions are developed by winds, waves and_currents, earthquakg
se actions can have both low and high frequency cyclic componeiits in which the rates
and action durations are measured in seconds. Storm and ice-€an cause several thousg
ely speaking) low frequency actions, while earthquakes cafvinduce several tens of cycl
ractions.

Cyclic effects

cts should be considered when there are unusuallimitations on pile penetrations or wh

with long-term static actions, cyclic actions can have the following important influen
city and stiffness:

ase capacity and stiffness due to+'épeated actions [21];

hse capacity and stiffness due.to high rates of change of actions [521,

the soil characteristics (type, stress history, strain rate and cyclic degradation) and {

splacements and-gither stiffening and strengthening or softening and weakening of
e pile. Hysteretic and radiation damping dissipate the energy provided by the actions i
quakes, the-ffee-field ground motions (independent of the presence of the piles and stru

| guidance on the effect of cyclic actions on pile axial capacity and stiffness can be
[2%8].

extensive

onmental
Ted to as
s and ice
of change
nd cycles
es of high

bn certain

ce on pile

diameter,
he action

istics (numbers and-magnitudes of repeated actions). Cyclic actions can also cause accfimulation

the soils
h the soil.
‘ture) can
stiffness.

found in

A.8.3.2.4

A.8.3.2.4.

Analytical models

1 General

Avariety 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.

2 Discrete element models

The soil around the pile is idealized as a series of uncoupled 'springs' or elements attached between the
pile and the far field soil (usually assumed rigid). The material behaviour of these elements can vary from
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linearly elastic to nonlinear, hysteretic and rate dependent. The soil elements are commonly referred to
as t-z (friction resistance-displacement) and Q-z (tip resistance-displacement) elements (see References
[231], [266], [36] and [191]). Linear or nonlinear dashpots (velocity dependent resistances) can be placed in
parallel and in series with the discrete elements to model radiation damping and rate of change of loading
effects [3¢l. The pile can also be modelled as a series of discrete elements (e.g. rigid masses interconnected
by springs), or modelled as a continuous rod, either linear or nonlinear. In these models, material properties
(soil and pile) can vary along the pile.

A.8.3.2.4.3 Continuum models

The soil around the pile is idealized as a continuum attached continuously to the pile. The material behaviour
can incorporate varying degrees of nonlinearity and heterogeneity in its stress-strain rule. Again, the pile is
typically jmodelled as a continuous rod, either linear or nonlinear. In these models, material propprties can
vary in aijy direction [233], [292],

Once the|idealized model is established and the relevant formulae are developed, a solution fechnique
should be|selected. For simple models, a closed-form analytical approach is sometimes.possible. Qtherwise,
a numeriqal 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 methqd and the
finite elethent method. Either approach can be applied to both the discrete element and continuuin element
models. Discrete element and continuum element models are occasionally combined- [266], Classfical finite
element models have been used for specialized analyses of piles subjected to.thonotonic axial actigns [233],

Discrete ¢glement models, solved numerically, have seen the most use ifvevaluation of piles subjected to cyclic
action. R¢sults from these models are used to develop information'on pile accumulated displacerpents and
on pile capacity following high intensity cyclic actions [266]. [191],

Elastic cdntinuum models solved analytically (similar to those used in machine vibration analyses) have
proven td be useful for evaluations of piles subjected telow intensity, high frequency cyclic actions at
or below [design working levels [253]. [292], At higher intensity actions, where material behavioul is likely
to be nonllinear, the continuum model solved analytieally can still be used by employing equivalEnt linear
propertiep that approximate the nonlinear, hysteretit effects [222],

A.8.3.2.5| Soil characterisation

A key part of developing analytical models to evaluate cyclic effects on piles is the characterizatipn of soil-
pile intergction behaviour with in sitw,laboratory and model-prototype pile loading tests. In developing soil
characterjizations, pile installation\and conditions of the actions on a pile are integrated into the testing
programipes: [191],

In situ tests (e.g. vane shear,cone penetrometer, ball or T-bar penetrometer) can provide insights info in-place
soil behayiour and stresssstrain properties [221]. [234], Both low and high amplitude stress-strain groperties
can be developed. Long-térm (static, creep), short-term (dynamic, impulsive) and cyclic (repeatefl) actions
can be sirhulated within situ testing equipment.

Laboratory tests'on representative soil samples permit a variety of stress-strain conditions to be pimulated
and evalyated. [3291, Soil samples can be modified to simulate pile installation effects (e.g. remoylding and
reconsoligdating to estimated in situ stresses). The samples can be subjected to different boundary donditions
(triaxial, simple-shear, interface shear) and to different levels of sustained and cyclic shear time histories to
simulate in-place conditions of applied actions.

Tests on model and prototype piles are another source of data for developing soil characterizations for cyclic
analyses. Model piles can be instrumented and repeated tests can be performed in soils and for a variety of
actions [1211. [1, 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 on prototype piles are useful for calibrating analytical models [262]. [236], [133], [260],
Such tests, even if not instrumented, can provide data to guide development of analytical models. These
tests can also provide data for verifying results of soil characterizations and analytical models, as shown in
[191], [36], [263] [37], Prototype pile loading tests coupled with in situ and laboratory soil testing and analytical
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models can provide a 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
The actions on the pile head should be characterized in terms of their magnitudes, durations, 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 proplerties of the pile including its diameter, wall thickness, stiffness, weight and-length should
be definef. 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 rhake such
estimated.

A.8.3.2.6;3 Soil properties

Different pnalytical approaches will require different soil parameters. Forthe continuum model, the elastic
and dampging 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 he determined. In situ and lapboratory
soil tests|and model and prototype pile loading tests can provide‘a basis for such determinatigns. These
tests shoyild at least implicitly include the effects of pile installation, types of actions and time|scales. In
addition, fhe test should be performed so as to provide insight\regarding the effects of the chargcteristics
of the act{ons on the pile. Most importantly, the soil behaviour characteristics should be appropriate for the
analytical model(s) used, duly recognizing the empirical bases of these models.

A.8.3.2.64 Cyclic analyses

Analyses [should be performed to determine theresponse (resistance and displacement) charactpristics of
the pile sybjected to its design static and cycliC actions. Recognizing the inherent uncertainties in eyaluations
of pile acfions and soil-pile behaviour, parametric analyses should be performed to evaluate the gensitivity
of the pild response to these uncertainties. The analytical results should develop realistic predictipns of pile
resistance¢ and accumulated displaceinents for design actions. In addition, following the simulatiop of static
and cycliq design actions, the pilesshould be further analysed so as to estimate its reserve capacityj

A.8.4 Soil reaction for piles under axial compression

A.8.4.1 Axial shear transfer t-z curves

Theoretidal curves gan be constructed in accordance with Reference [196]. Empirical t-z curves|based on
the resulfs of madel- and full-scale pile loading tests can follow the procedures for clay soils described in
Referencd [94].

The represemntative pile capacity model 1T 8-1-2 does not provide any information about axial pile
displacements, which are important for serviceability limit states, especially in non-extreme conditions for
actions due to permanent, variable and operating environmental actions that are generally well below the
design actions. In cases where the representative axial capacity of 8.1.2 is adopted, the axial shear transfer
characteristics between pile and soil can be derived as described in 8.4, and analytical models can be
employed to investigate axial pile displacements under service limit state conditions. However, using the
axial shear transfer data derived using methods as presented in 8.4 (in particular, equating ¢, with f(z) in
clay soils) will not produce the representative axial capacity under ultimate loading conditions conditions if

the pile is axially flexible and the soil exhibits strain softening.
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In some 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 curve

No additional guidance is offered.

A.8.5 Soil reaction for piles under lateral actions

A.8.5.1 General

Lateral s
laborator
displacen
pile-soil s

More deta

a) Refer
b) Refer
c) Refer
d) Refer
e) Refer
A.8.5.2

A.8.5.2.1
Reference

to develop the p-y curve framework. It alse-details the hindcast of eleven pile load tests which dem|

the wide 1

A.8.5.2.2

A.8.5.2.2,

No additipnal guidance is offered.

A.8.5.2.2,

The recot

ent, y. By iterative procedures, a compatible set of lateral resistance-displacementval
ystem can be developed.

iled study of the construction of p-y curves can be found in the following sources:
ence [184] and [185] for monotonic curves in clays;

ences [368] for cyclic curves in clays;

ence [358] for fatigue curves for clays and sands;

ence [259] for monotonic and cyclic curves in sand;

ence [138] for layered soils.
[.ateral soil reaction for clay

General

[184] describes the numerical analyses and the extensive database of 537 DSS tests that

range of applicability of the method.
p-y curves for monotenic actions

1 General

2 Ultimate soil resistance for isotropic conditions

hmended values of p, will generally be higher than those of API RP 2GEO 15t edition as

Figure A.

bil resistance-displacement p-y curves should be constructed using stress-straim-data from
y soil samples. The ordinate for these curves is soil resistance, p, and the abscissa s th¢ pile wall

es for the

vere used
bnstrated

shown in

| 3-Extensive comparisons between various recommendations can be found in Reference{[230].
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A.8.5.2.2;
Two type
Differ

13 — Comparison of total lateral bearing capacity factor N, according to this docu
ISO 19901-4:2016 for example 1 (left) and example 2 (right)

3 Anisotropy correction of ultimate soil resistance for gapping conditions

1  this document
2 1S019901-4:2016

5 of anisotropy are considered in the p-y curve.

encein strength between the triaxial extension and DSS failure modes.

ment and

a)

GoM clays, and Reference [18] for Drammen clay.

b)
b

c)
d)

ecause:

a laterally loaded pile in such clays will typically behave in a non-gapping condition;

shear strength and the triaxial extension shear strength (as is the case for GoM clays).
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In the flow-around mechanism (i.e. when N, = N4), the value of p, is solely based on the DSS
strength and needs no correction for anisotropy between the triaxial and DSS failure modes.

— Difference in DSS strength on a vertical plane and a horizontal plane in the flow-around mechanism.

f)

g)

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 situ horizontal plane over the strengt

h 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 thi

s inherent

A.8.5.2.24 P-y curve relationships

Guidanceon how to scale laboratory DSS stress-strain curves to obtain p-y cupves can be found in

[230]. Not
The defau

values in Method 2 of Figure A.14 to obtain a set of three normalized-DSS curves:

ForjOCR < 2: Y= 0,15; a=2,38;
ForjOCR =4: Yf= 0,15; a=1,5;

ForOCR = 10: Y= 0,15; a=1,0.

malized p-y curves, (p/p,) vs (y/D), are obtained from normalizedDSS curves, (t/s,) vs ¥.

apisotropy should be evaluated for I, <30 %. More guidance can be found in Reference2B0].

For highly

r non-linear profiles (e.g. profiles with a crust near the seafloor or a large step-increasg¢ in shear
strength),

guidance on how to calculate the bearing capacity factor N, can be found in Refereriges [152]|and [151].

Reference

It normalized curves of Table 2 for I, greater than 30 % were obfained by substituting the|following

Each of thlese normalized DSS curves was then scaled'twice as per method 2 of Figure A.12 and as pler the full

procedur

Table 2 is|a best fit through these two obtained'p-y curves.

The defaylt normalized curves of Table. 2-for I less than 30 % were obtained, based on experi

Drammer] clay, by multiplying the (/D) abscissa on the normalized curves for I, greater than 30
same OCH as follows:

For OCR < 2: (y/D) abscissa multiplied by 0,33;
For OCR =4: (y/D) abseissa multiplied by 0,5;

— For OCR = 10: (y/D)abscissa multiplied by 0,66.

e as described in Reference [367] to obtain two p-y curves. Each of the default normalized curves of

bnice with
% for the
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2
1 — 3
A A
7 13
10— , 10— ;
I I
__________ | R |
| | 12 |
I I I I
I I 11 I I
5 | | | |
I I I I
I I 9 I I
I I I I
I I I I
I I I I
I I I I
| | | |
I 3 I | 14 I
| N\ | |
0 | > 0 | NN
4 10
Key
1  normalized DSS curve, up to peak shear stress 8 ¥¢
2 scaling 9  see footnote/A below
3 normalized p-y curve 10 normalized pile displacement, y/D
4  shear|strain, y 11 normalized soil resistance, p/p,,
5 normglized shear stress, 7/s, 12 /D, p/py)
6 (v,t/5) 13> failure
7  failure 14 (y/D)¢
Footnote A: two methods to obtain p-y curves from DSS.curves:
Method 1: Method 2:
p/pby=T1/s 1. Determine stfain at failure, y¢
y/D=(1,3%+0,25a)y 2. Curve fit normalized DSS curve with Eg. 1 below and obtain parameter “a”, which
typicallytanges from 1,0 to 3,5.
0,5
tanh| a- v
T Yy
s, - tanh(a)
3. Obtain normalized p-y curve as
0,5
tanh| 4-| /D
b y /Dy
by - tanh(A)

Wt A= 1,33 F 045 aand /D)= Vs (2,0 - L2 In(a))

Figure A.14 — Methods to obtain p-y curves from DSS curves

A.8.5.2.3 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
[369] and [368]. Validation of the method and comparison with cyclic pile load test results can be found in
Reference [368].
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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 ISO 19901-4:2016, 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 contrast, 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 than

25 for such structures. For these low number of cycles, the soil cyclic strength is greater than the reference
monotoni cfrpngfh, andthe p-mnr‘]ifinr isgreater than 10

The nornjalized cyclic curves vary along the depth of the pile. An example calculation asper|8.5.2.2 is
presenteq in Figure A.15 for an illustrative clay soil profile with I, > 30 %, OCR < 2, and for (oM cyclic
loading c¢nditions.

Suo Su1 D y o« | s,rE Gap Estimated‘pile rotation
(kPa) | (kPa/m) | (m) (kN/m3) O | Supss depth (m)

2 1,2 2,134 7 1 0,9 No 32
_____ = |——co—-——F—————F——=
| —— — — .
———— — e — - — — — <

______ ——— — — — —|— —+

——] —%x—-2 —e-3 —+—-4
~e-5 -+-6-%-7 ~o-8

0,00 0,10 0,20 0,30 0,40 0,50 0,60
X

Key

X  normglized lateral displacement, (y/D) 4  cycliccurve, Z/Z.,. = 0,4
Y' normalized soil resistance, (p/p,) 5 cycliccurve, Z/Z . = 0,6
1 monotonic curve for I, > 30 % and OCR < 2 6 cycliccurve, Z/Z,,,=0,8
2 cycliccurve, Z/Z,, =0 7  cycliccurve, Z/Z . = 1,0
3 cycliccurve, Z/Z, .= 0,2 8 cycliccurve, Z/Z, =11

Figure A.15 — Cyclic normalized curves for illustrative clay soil profile with I, > 30 %, OCR < 2, and
for GoM cyclic loading conditions
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P-y curves for fatigue actions

Development and validation of the p-y curves for fatigue actions can be found in Reference [363] where
hindcast of conductor/wellhead/BOP/LMRP motions are compared with those predicted using the
recommended p-y curves.

A.8.5.2.5

P-y curves for earthquake actions

Reference [214] details the results of centrifuge tests which showed that, for a jacket in soft clay, the
structural natural period and bending moment profile along the piles were accurately predicted with:

a) thep

-y curves derived as per Reference [180];

NOTE The recommendations of 8.5.2.1 are an update from Reference [180] and give simildr
OCR 92 and I, > 30 %, non-gapping clays with a skin friction factor, a, equal to 1,0.

b) hysteretic unload-reload behaviour;

c) laterdl and axial radiation damping;

d) depth-varying ground motion input.

A.8.5.2.6

The mon
curves re

Comparison with previous recommendations

tonic, cyclic and fatigue curves in Clause A.8.5.2 are compared with the monotonic
rommended by ISO 19901-4:2016 in Figure A.16 for an illustrative soil profile and GoM c

The input] parameters for the comparison are given in Table A.4.

Table A.4 — Input parameters for cemparison of p-y curves

results for

ind cyclic
bnditions.

Suo Su1 D Y « | s,rg | Gap | Estimated rotation | ¢.for APIRP 2GEQ 15t edi-
(kPa) | [(kPa/m) (m) (kN/m3) | (O | — depth tion method for soft clays
SuDss (m)
2 1,2 2,134 7 1 0,9 No 32 0,02
The vertifal axis on Figure A.16 is labelled“'p/s,D’" 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 ISO 199(1-4:2016,

‘v’ had a finit of pressure and ‘P’ hadva unit of force per unit length. Therefore, the values calculpted with

[SO 19901

-4:2016 as shown in Figure’A.16 are actually ‘P/s,D’ when using the definitions in that dgcument.
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a) Comparison of p-y curve recommendations, full scale
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b) Comparison of p-y curve recommendatiens, low displacements

hlized lateral displacement (/D) 3s(\fatigue curve, this document
lized soil resistance (p/s, D) 4 monotonic curve - ISO 19901-4:2016
fonic curve, clause 8.5.2.2, Ip >30% and OCR<2~ 5 cyclic curve - ISO 19901-4:2016

curve, clause 8.5.2.3., GoM condition

\.16 — Comparison of p-y curve recommendations between ISO 19901-4:2016 [174]
ht at a depth z = 30 m for illustrative clay soil profile for GoM conditions: a) full sca
low y/D displacements

|.ateral capacity for'sand

/ == =% X
—_—

hnd this
eandb)

seabed sediment‘erosion due to wave and current action) can reduce lateral soil support around
offshore piles, leadingte*an increase in pile maximum bending stress. Scour is generally not a cq

but should\be considered for sands.

ence of project specific data, for an isolated pile a local scour depth equal to 1,5D and an oy
depth equal to 6D may be adopted, D being the pile outside diameter; see Figure A.17.

ncern for

erburden

Reduction in lateral soil supportis due to two effects:

a) alower ultimate lateral pressure caused by decreased vertical effective stress, o',,,(2);

b) adecreased initial modulus of subgrade reaction, Es.

There is no generally accepted method to allow for scour in the p-y curves for offshore piles. Figure A.15
suggests one of the methods for evaluating ¢',,(z) and Eg as a function of scour depths. In this method,
general scour reduces the o', (z) profile uniformly with depth, whereas local scour reduces o¢',(z) 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 [180] and/or experience, can be used instead.
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E
—
AZgs
z
5
/ k
Key
1  original seafloor level Azgs  globalseour depth
2 level 3fter general scour Az locakscour depth (1,5D typical)
3 level ¢flocal scour Az,  overburden reduction depth (6D typical)
4  pile 0’ o O\vertical effective stress
5  noscqur case Eg initial modulus of subgrade reaction
6  local §cour case zZ depth below original seafloor
7  E,=k|Z (see Table 3 for k) z’ final depth below seafloor, after general sgour
Figure A.17 = p-y lateral support: scour model
A.8.5.4 |Lateral soil resistance-displacement p-y curves for sand
No additipnal guidance is offered.
A.8.5.5 p-y curves for fatigue actions
No additipnal guidance is offered.
A.8.5.6 Refined assessment of lateral pile response
For interrs e—foundation here—thepHe—-o 15561 D to—is1e e—te har-abeut—3+09, or when

the design is sensitive to lateral actions, analysis methods which involve the definition of case-specific soil
reaction curves defined through, for example, finite element analyses are available.

References [1] and [62] describe the ‘PISA’ 1D modelling procedure which recognizes that further soil
reactions develop in addition to the lateral soil reactions considered in p-y calculations. As illustrated in
Figure A.18, four separate soil reaction components are considered at the soil-pile interface: (i) distributed
lateral actions, (ii) vertical shear tractions combining to form a moment, (iii) a horizontal force at the pile
base, and (iv) a moment at the pile base.

Each of the soil reaction components is related in the model to the local lateral displacement or rotation (i.e.
adopting a ‘Winkler’ approach) by a calibrated parametric function referred to as a ‘soil reaction curve’. In
the computational implementation (the 1D model illustrated in Figure A.16), the pile is represented as an
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embedded beam, which is best represented by Timoshenko beam theory. A distributed lateral action p and a
distributed moment m are assumed to act along its length. The distributed moment represents the moments
associated with the vertical shear tractions induced at the soil-pile interface. Additionally, a horizontal force
Hp and a moment My act on the pile base. Figure A.19 sets out two alternative processes that can be followed
to define the sets of soil reaction curves.

a) Rule-based method: This approach employs pre-defined curves that are either in the wider literature
or can be derived through analytical methods. Examples of such curves include existing published
formulations for the p-y method (see Reference [230]) or new bespoke sets of all four soil reaction curves
for glacial clay till (see Reference [63]) and marine dense sand (see Reference [59]) that are linked to
soil parameters acquired through appropriate soil investigations. Application to layered soil profiles is
addressed in References [62] and [58].

b) Numgrical-based method: This approach adopts finite element calculations to generate and
site-sppecific or regional soil type reaction curves that can be used in the 1D model calculat|
requifres the following steps.

calibrate
jons. This

1) Acharacterization of the site ground model and the properties of the soils present that is sifficiently

2)

3)

4)

5)

6)

7)

Option a)|may be adopfed for design where site investigation data are limited, or at an early st

thorough to inform accurate non-linear modelling of their non-linear stiffnessand failure h
Tihis will usually require detailed knowledge of undrained strength inrclays, relative ddg
dPT cone resistance in sands and reliable information on soil stiffness(see Reference [36!

Specification of the soil investigation and laboratory testing program to provide the datd
for step 1).

(Jalibration of the soil constitutive model used for the finite.element calibration analysis
the information obtained in step 2) [320],

A specification of the design parameter space forcthe finite element analyses, within
spil reaction curves will be calibrated (e.g. pile geometry, loading conditions), and over
cplibrated 1D model is valid.

choice of the functional form of the non-linear curves used as the basis function fa
baction curves, calibrated via data abstracted from the finite element analyses.

= >

procedure for abstracting the-sail reaction curve data from the finite element ana
roviding an optimization of fit.ofthe soil reaction curve basis function against the abstrg
‘om the finite element analyses.

DT >

Jevelopment of a scaling procedure that allows the soil properties from step 1) to be inpy
5)) and 6) so that the derived soil reaction curves can be more widely applied in the sim
design model across-the proposed design space.

ehaviour.
nsity and
b]).

required

based on

which the
which the

r the soil

yses, and
cted data

[t to steps
plified 1D

hge of the

design prpcess. Optionl. b) may be incorporated as part of the detailed design procedure. Impleqnentation
|

of option |b) at different sites will increase, over time, the spread of cases for which calibrated so
curves arg available to apply option a). Further details of the method can be found in Reference

reaction
5 [1], [62],
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a) soil rgaction components acting on a monopile b) soil reaction in 1D finite element implementa-

Key

1  horiz¢ntal force and moment applied at the pile base. .
2 verticpl shear force tractions at soil-pile interface 7
3 distributed lateral load 8
4 grounld level 9
5 tower 10
NOTE

tion

distributed lateral load p(z,v)
distributed moment m(z,y)
timoshenko beam elements
base horizontal force Hg(Vy)
base moment Mg(yp)

are shown|in directions that are conSistént with the coordinate directions shown.

Figure A.18 — Soil réaetion components acting on a monopile and 1D finite element m

The reactions are depicted jirsub-figure a) as acting in the expected direction. In sub-figure b) th

b reactions

bdel
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A8.6 P

A.8.6.1

Routine numerical analysis of pile groups can be divided into two main categories.

The first
single pilg
by modify

The secor
usually hy
first desc

computed
to the firg
restraint
called 'z-

Referencds

Soil reaction curves ( Actions

Lateral response
prediction

Lateralresponse
prediction
a) Rule-based method b) Nunierical-based method

Figure A.19 — Application modes for the design method

le group behaviour

General

category, which is computationally(the simplest, uses algebraic expressions to define t
resistance to general (axial, latéral and torsional) actions [268] The group resistance is dg
ing the single pile expressions'to account for elastic pile-soil-pile interaction.

ld category, which is normally performed for offshore pile groups, is more rigorous. Me
'brid, employing a mixture of discrete p—y curves (Winkler approach) and continuum soil

using axial t<Z'and lateral p-y curves and combined with elastic interaction expressio
t category. The resulting formula are solved for various pile head fixity conditions and/q
ind y-modifiers'.

[268] and [255] provide more detailed discussions.

he elastic
termined

thods are
ehaviour,

Fibed in Reference [128] for lateral analysis. Since then, numerous programs have been ¢leveloped
worldwide for general types.of action. Typically, the nonlinear single pile resistances to general a

Ctions are
s similar
r pile cap

Lo determine the nonlinear group resistance and individual pile forces and moments, plus the so-

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 [268], [255],

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
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
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group analyses. Therefore, multiple analyses should be performed for pile groups using two or more methods
of analysis and upper estimates and lower estimates 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

foundatio
foundatio

n performance and can make more informed decisions regarding the structural design of the
n 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 order to
define the type of hammer necessary to reach the target design pile penetration. The design penetration

of driven
required

Vibratory
subjected
be used W
as comple

In order t

piles should not be determined upon any correlation of pile capacity with the number of blows
[0 drive the pile a certain distance into the seabed.

hammers can be considered for installing well conductors, or piles which ate“predpminantly
to horizontal actions, such as reaction piles for start-up of pipelines or anchor, piles. The}y can also
here extraction and repositioning can be required. Vibratory hammers canfurther be cpnsidered
mentary tools to impact hammers, i.e. for initial driving [187],

b minimize delays in installation, a pile acceptance procedure should'be established. The procedure

The follo
a) Inso
drivi

pene

line the measures to be taken on location for adjusting planned ‘pile driving scenarios, |n case of,
le, premature pile driving refusal or a significantly lower blow;'‘count than anticipated|at design

studies are required to cover a wide range of soilitypes and driving conditions and sHould take
nt local experience. The principles of drivability~are presented in References [309] and [B30], with
tigue effect discussed in Reference [157] andidamping parameters presented in Referepce [293].
ance to drive for a variety of different soiltypes and driving conditions are defined in Reference
If of Mexico clays, guidance is given in Reference [364] and more specifically in Referencg [110] for
platform piles and in Reference [115] for deep water cases. For North Sea cases, guidange is given
ce [275] and in References [6] and{119] for hard clays. For West Africa soils, guidance is given in

riven pile refusal
ing are two-examples of driven refusal criteria.

t soilsipile driving refusal for a properly operating hammer is defined as the point where pile
g resistance exceeds either 1 000 blows/m (330 blows/ft) for a consecutive 1,5 m| (5 ft) of
ration, 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. Tf 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) Inhard 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;

— inthe last interval of 250 mm at the end of driving, 325 blows/250 mm (400 blows/ft);
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— atrestart 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 [316] and [349].

The potential consequences of hard driving conditions in strong cemented layers (i.e. damage of the pile,
hammer or structure) are hlghly dependent on the hammer type and 51ze on the plle wall thickness (D/
WT ratio, 3 . S : ape,as well as
on the so l condltlons (m partlcular strength and thlckness of the rock layer and 5011 type belo the rock
formatior]). Moreover, the reflected stress level (ratio of the maximum reflected stress to the-initial peak
stress), a§ measured from pile instrumentation at the pile head, only gives an estimate of the-average stress
in the pile¢ wall; more severe stresses can be experienced locally at the pile tip during driving. Therefore,
the definftion of driven pile refusal criteria in cemented soils should preferably be based on Idcal piling
experiende at the site. Correlation charts, similar to the one proposed in Reference{270], can be gleveloped
as an aid [in deciding whether pile driving through a cemented layer can be attemipted, or if drilling of the
rock belo the pile tip is necessary.

A.8.7.5 Pile refusal remedial measures

No additipnal guidance is offered.

A.8.7.6 Belection of pile hammer and stresses during driving

The designer should be aware that pile buckling and pilerefusal incidents in very dense sands have been
associatefl with the use of external chamfers at the pile tip. Although factors other than the shape of the
pile tip cgntribute to buckling, the use of an external’¢Hamfer can increase the potential for buckling and/or
refusal [5}1[168],

A.8.7.7 Use of hydraulic hammers

No additipnal guidance is offered.

A.8.7.8 Prilled and grouted piles

No additipnal guidance is offered.

A.8.7.9 [Grouting pile-to-sleeve connections

The equiment should have sufficient capacity to achieve the grout filling in a single continuous ¢peration.
Grouting should“not commence unless there are sufficient materials available, including a contipgency, to
complete [the‘task. Grout slurry stored in a holding tank should be continuously stirred and shotild not be
held for rhotfe than 30 min prior to pumping. In case of rapid hardening mixes, the storage durjtion in a
holding tank should be reduced to less than 30 min. Further details concerning quality control as well as
requirements for conducting grout trials that address cement grout for connections and repairs can be
found in ISO 19902.

Prior to grouting and after activating any sealing devices, dyed water should be flushed through the complete
grouting system to both remove any deleterious matter and to prove its functionality. A pressure test can
be appropriate for closed systems. The annulus should then be carefully filled by maintaining a continuous
grout flow through the lowest practical point.

Grout returns to allow surface sampling are preferable. If these are provided, grout samples for strength
conformance testing can be taken from the returns in addition to the slurry specific gravity measurements. If
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surface returns are not provided, visual inspection to confirm that grout has completely filled the annulus should
be performed immediately after cessation of grout pumping and again after initial grout set, typically 12 h.

A.8.7.10 Pile installation data

No additional guidance is offered.

A.8.7.11 Installation of conductors and shallow well drilling

Additional guidance about the installation of conductors by driving is provided in A.10.5.6.

| a L =1 -, P . g . .
A-9 Gu UdIITC UII dSSTISIIITIIL U1 PIIC CdpPdUIly 101 CTXISUIIG ST ULLUrcsS

A.9.1 General

In accordpnce with ISO 19901-9:2019, Clause 9 is limited to the capacity reassessment for driven| piles and
conductofs making the foundation system of fixed steel offshore structures.

A.9.2 Gpotechnical and foundation data

No additipnal guidance is offered.

A.9.3 Eyvaluation

No additipnal guidance is offered.

A.9.4 Aksessment

A.9.4.1 [General

No additipnal guidance is offered.

A.9.4.2 Pushover response of pile foundation systems

The folloyving guidance is offered forthow the pile foundation and conductor system should be freated in
pushoverfanalyses.

a) Effects of cyclic actions: The cyclic stress-strain behaviour of the soil can be assessed from 4 series of
laborptory tests or centrifiige tests, which can then be used in an analysis together with the ¢yclic load
historl'y to evaluate the-performance of the whole foundation system. Cyclic pile loading testp can also
be usged as reference to understand the likely response during a pushover analysis. Additional guidance
about the cyclic be¢haviour of piles is provided in A.8.3.2.

b) CondpictorsiThe platform and conductor guide framing that constrains and engages the cpnductors
should be modelled so that the lateral displacements of the conductors at the seafloor are ¢onsistent
with thie-behaviour of the overall structure under a given loading condition, and consistent with the load
levelsatwititir tirecomductor guide franming s expected to fait:

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
sought in these cases.

The limited available information to date suggests that the performance of platform foundation systems in
hurricanes is consistent with predictions based on design capacities [139] without the need to increase the
shear strength of the soil to account for unexpected survivals of pile foundation systems. When analysing a
pile foundation system survival in an extreme loading event, the following factors should be addressed.

— Ifthe axial capacity of the pile is mostly due to sands acting in skin friction or end bearing, the undrained
shear strength of clay layers alone will have very little impact on the axial capacity.
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— Ifsands are present, CPT-based methods will provide more reliable estimates of pile capacity (see 8.1.4).

— If the pile system is failing in shear, the capacity of the system is much more sensitive to the bending
moment capacity of the piles and conductors 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.

— 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

stren

fh, the less sensitive the axial r‘:\p:\r‘ify willbe toanincreaseinthe undrained shear str :ngth_

When a G
response
should be

— the s
maxil
beari

— anap

A9S5 T
Ageing ov

PT-based method is used for predicting the pile capacity in a pushover analysis, cansis
of the pile foundation system as represented by shear and end bearing transfer tZ and (
defined, i.e.:

hape of the t-z and Q-z curves can be defined in accordance with 8.4.1cand 8.4.2, but
mum soil-pile unit skin friction, ¢, ,, at any depth along the pile length, and the represen
ng resistance, @, determined with the CPT-based method;

propriately brittle t-z curve should be adopted.

ime-dependent effects on pile foundations

er a period of about one year leads to significant gains:in the shaft friction of driven pile

in first-ti

working piles that experience high levels of cycling. Until su¢h time as the mechanisms of ageing
understog@d, and if field measurements confirming ageing'effects on piles or conductors in similar g
do not exift, adopting the lower bound ageing characteriStics presented in Reference [136] can be cq

e loading. Smaller gains have been observed for driven piles that are re-tested and, by

tent axial
)-z curves

with the
Fative end

5 in sands
nference,
hre better
onditions
nsidered.

Sensitivitly analyses should be performed where increases in pile shaft capacity due to ageing can result in

structura

A.10Gu

A10.1G

No additipnal guidance is offered.

A10.2G

No additipnal guidanee'is offered.

issues.

jdance on geotechnical design input to subsea structures, risers and fld

pneral

potechnical inyestigation

A.10.3 FIundations for subsea production structures

No additi

wlines

nal gnidnnr‘p is offered

A.10.4 Steel catenary risers

A.10.4.1 General

Riser interaction with the seabed involves processes such as plastic penetration during initial touchdown,
softening during cycles of upward and downward motion and potential suction-induced tensile resistance
prior to breakaway, water entrainment into seabed, and soil erosion. In most cases, design is undertaken
using simplified models where the riser-soil interaction is idealized by a series of springs with zero tension
capacity distributed along the riser throughout the touchdown zone. The choice of spring stiffness should be
based on the amplitude of vertical displacement and other effects such as the cyclic motion of the riser. While
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the soil response 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 the seabed resistance is shown in Figure A.20 for a few of the processes
involving soil-riser interaction. Following initial riser penetration into the seabed, unloading occurs as the
pipe is uplifted. The soil response in the early stages of uplift is stiffer than that under conditions of virgin
penetration as shown in the ‘unloading’ curve in Figure A.20. With continued uplift, the net resistance force
goes into tension (‘pipe-soil suction’ in Figure A.20) until maximum uplift resistance of the soil is reached
and the pipe begins to detach from the soil. Uplift resistance decreases until the pipe completely detaches
from the soil. Upon re-penetration, the pipe comes back into contact with the soil, with the re-loading
stiffness typically being less than the unloading stiffness. Upon completion of a full action cycle, the action
path does not return to the initial point of departure from the backbone curve; rather the pipe penetrates a

small addjtiomatdeptirintothesoit-Theeffects fromreyclictoading withreduce thestiffressuponsybsequent

cycles although long term consolidation can result in an increase in soil stiffness.

The information provided in this subclause for motions in the vertical plane has been latgely developed
based on|model test for typical deep-water clay deposits with an overlying crust about*l m in |thickness
overlying|plastic normally consolidated clays. The results and conclusions derived from these tegts should
not be comsidered appropriate for other soil conditions.

NOTE The upliftresistance is referred to here as ‘suction’ although, strictly speaking, under submerged|conditions
pore pressures normally remain positive.

C
Key
1 initiall penetration 7  Re-penetration following lift-off
2 uplift 8 ; ; ; -
p ultimate penetration resistance, Q, =N.s, D
3 further uplift resisted by suction 9 ; : :
p y ultimate suction resistance, Q,_g,.
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.20 — Randolph & Quiggin soil model characteristics for different modes [285]
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A.10.4.2 Seabed characterisation

No additional guidance offered.

A.10.4.3 Design for ultimate limit state

No additional guidance offered.
A.10.4.4 Design for fatigue limit state

A.10.4.4.1 General

A.10.4.4.1.1 Elastic spring model
For initiall screening evaluations, springs with elastic stiffness can be used. Examples.'practides where
springs wjith elastic stiffness have been used are given in References [80] and [69]. If the S€R has a]azy wave
configuraftion, the motions at the touchdown point will be reduced versus a standardSCR. The m¢tions can
be suffici¢ntly small to minimize cyclic loading effects. Both model tests and analytical models suggest that
the soil stjiffness, k = AQ/Az, normalized by the maximum bearing pressure (N_s ) for pipe displacenents, Az,
of 0,000 3D to 0,002D (where D is pipe diameter) ranges from about 200 to_300. A normalized stiffness k/
(N_s,) of 200 is therefore recommended. For such small displacements, it is.dl50 not likely that thg pipe will
significantly penetrate and form a trench. A bearing capacity factor (N J4n the range 5 to 6 should be used
ine the vertical soil stiffness. Many deep-water offshore deposits are characterized by|an upper
crust with uniform shear strengths (s,) that can be up to 15 kPa infthe upper 1 m to 1,5 m. There|is often a
reduction|in shear strength below the crust followed by an increaséfollowing a normally consolidafted trend.
Due to urcertainties in the pipe penetration, the strength redugtion below the crust should not he used to
determing the vertical soil stiffness, but the shear strength through the crust should be used. Gegtechnical
expertiselis advised for determining the soil shear strength for the analysis.

For a stapdard SCR without a lazy wave configuration, the expected motions will be greater and the soil
will likelyf experience more inelastic deformations and reductions in stiffness from cyclic loading,|Sectional
model tests on a 0,51 m diameter pipe in Gulf of Mexico clay subjected to 1-year winter storm condifions have
shown thhat even for a small number of cycles'the average normalised elastic stiffness can be corsiderably
less than the 200 to 300 range for the small\displacements noted above [8%, The recommended n¢rmalized
value for [initial screening for a standard SCR is therefore reduced to 100. However, for this casg, the pipe
will likely penetrate further into thessoil and form a trench, because of the inelastic displacemen{s and the
effects of|cyclic loading. Thereforejahigher bearing capacity factor of 8 is recommended to detefmine the
soil stiffnpss from the normalized-value.

A.10.4.4.1.2 Non-linear spring models

Non-linear models arésecommended if the SCR does not meet fatigue requirements with the eladtic spring
screening model des¢ribed above.

Two types of nen-linear are available. The first developed by Randolph and Quiggin [283] is d¢picted in

Figure A.20O. This model has the advantage of directly inputting the shear strength profile rather than
interpret.q.&gkm&@u@aﬂm@wﬂp&pw&mﬁwu&djcribed in

detail in Reference [285]. Although the model does not explicitly account for cyclic loading effects, the re-
penetration of the pipe, especially for case where the pipe separates from the soil with lift-off, will provide
much lower stiffness values than for case without lift-off. Geotechnical expertise is advised in the selection
of the input parameters.

The other non-linear model is based on sectional tests performed on deepwater Gulf of Mexico and Angola
seabed soil [Z9], 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 cycles of loading. The non-linear soil model was based on shorter (< 1 m ) segment tests that were
cycled vertically. The tests were performed with a few hundred cycles of loading. Based on the segment
data, 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
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an assemblage of points after the soil has degraded for a few hundred cycles. The hyperbolic formulae for
the Gulf of Mexico and Angola soils are the following:

Zl’l
=— A.44
Qn (A/+B/Zn) ( )
1-X)Z
A’=—( ) Znu (A.45)
Qnu
B’ = X (A.46)
Cnu
where
Q, ip the normalized force per unit length of pipe (Q/(N_s,D));
Z, ip the normalized displacement (z/D);
X ip acurve fitting parameter (approximately 0,85 to 1,0);
Z,. 1p the normalized displacement at Q,, which is the normalized force:ator near the peak a¢tion.
For deepwater Gulf of Mexico soil, the parameters X, Z , and Q,, that bestfit the experimental reqults were
0,96, 0,10fand 0,35, respectively. For deepwater Angola soil, the best fitparameters were 0,98, 0,10 and 0,125,
respectively. N, is equal to 6,0 for deepwater Golf of Mexico and Angola soils. Z, increments arg typically
minimizefd between the values of 0 and 0,25.
A.10.4.4.2 Selection of s, below SCR

No additipnal guidance offered.

A.10.4.4.

Field sury
of a trenc
explicitly
loading-v

B Trenching effects

reys have shown that in some caseS’trenches a few metres deep can develop [54]. The

h during the life of an SCR can have an impact on the SCR fatigue life. The trench can be
in the SCR fatigue analyses or correction factors applied depending on the location, di
bssel position and trench-depth. Analysis performed to assess the impact of the trenc

formation
modelled
rection of
h on SCR

fatigue life in Gulf of Mexico are oatlined in.[286] Their analyses used a non-linear soil model for a trgnch with
a maximuym depth of 5 pipe diameters using three possible trench geometries is summarized in Table A.5 for
Gulf of M¢xico soil.
Tabl¢ A.5 — Relative increase in fatigue life for Gulf of Mexico soil and maximum depth pf 5D
Platform Motion Position Average for 3 trench geometries Range
Near 2,11 1,65 to 2,44
Far 1,03 0,77 to 1,19
Cross T,05 U,97710 1,10

NOTE Numbers represent ratio of fatigue life for an SCR with a 5D trench relative to a flat seabed, modelled using a non-linear
seabed model (from Reference [286])

Experimental results for a 3D trench indicate the ratio of fatigue life for the trench condition versus a flat
seabed is 1,05 [72]. 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 Mexico ratio (1,03)

shown in

Table A.5.

It is difficult to determine the trench depth as it involves complex riser-soil-water interaction processes
as well as the vessel motions. 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
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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.

Some studies have suggested a decrease in fatigue life due to trenching for certain combinations of riser
geometry and metocean conditions, while most studies suggest an increase. The effect of trenches on riser
fatigue life can be investigated by numerical modelling and/or physical testing for case-specific conditions.

A.10.4.4.4 Cyclic and consolidation effects

Riser cyclic action reduces the soil stiffness and generates excess pore pressure in the seabed. When riser
comes to arest, the excess pore pressures dissipate with time and result in soil consolidation, thus increasing
the seabegsti . i dati ser cyclic
action. THe combined process is further complicated by the potential for water entrainmentcaftgr a pause
period with no cyclic loading followed by an event that can cause significant fatigue damagé. Model testing
or specialized laboratory testing can be carried out to determine soil response for site-specific and design-
specific cpnditions. This matter is still subject of further research.

Either segment or sectional tests can be performed to evaluate the potential effects of cyclic lpading on
seabed. Spgment tests are on short pipe sections and can be performed either under 1-g conditigns or in a
centrifuge. Sectional tests simulate 100 m plus long prototype sections of the SCR that extend thfough the
touchdown zone [72], These tests are most practically performed in a geotechnical centrifuge. An ddvantage
of these tgsts is that they can simulate interactions between the 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. Expgrt advice
is recomrpended on selection of the type of loading. However,"API RP 2RD[24] indicates the mofions near
the TDP 3re displacement controlled. Segment tests should,include testing over a range of displacements
including|those sufficient to cause pipe-soil separation:{Séctional tests should be performed jmostly at
displacenjent or action levels that cause the most fatigué damage (1/2-year to 2-year events). Larger events
can be considered to investigate their impact on cycli€degradation and consolidation [3541,

A.10.5 Gpotechnical design for jetted conductors and top tension risers

A.10.5.1 General

This subc]ause provides additional jrformation and guidance pertinent to geotechnical design of cpnductors
for top tepsion risers.

A.10.5.2 Jetted conductors

A.10.5.2.1 General

The condfictor is-the well foundation and its main function is to resist the axial and lateral loading actions
imposed 4t theswellhead. In stiff clays and sands conductors are generally grouted into pre-drilled joversized
holes or driven in-place. However, a technique analogous to wash boring, called jetting, is p feasible
alternativie for installing conductors in soft clays that are often encountered in deep water. Having driginated
in the Gulf of Mexico, conductors are now jetted in most deep-water basins in the world.[172] 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 [179] and [2] present design approaches
and examples of case histories.

The approach 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 1791, This implies
that the immediate capacity is not controlled by the soil conditions, but rather by the available weight on
bit and the installation method. Physically, the last soil resistance measured during installation, which is
given by the last WOB measured, is equal to the immediate capacity. Maximizing the WOB during jetting is
therefore of prime importance. This last WOB should be maximized and should be equal to at least 80 % of
the available WOB during jetting. The available WOB will typically be calculated by adding the self-weight of
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the surface conductor, the weight of the wellhead housing, the weight of the drill collars, and the drill ahead

tool. Com

mon terms used in conductor jetting operation are:

a) bottom hole assembly (BHA): the portion of the drill string inside the conductor from the landing or
running tool to the drill bit;

b) drill-ahead tool: a tool similar to a running tool, except that the drill pipe and BHA assembly can be
released from the tool, leaving the tool on the well conductor, allowing continued drilling while the
conductor remains in place;

c) drilling assembly: composite of drill pipe and BHA;

d) 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

The relat
derived f

outlined I:I: Reference [179], Ac; for conductor installations in deep-water Angola’seabed was e
e

as prese

with appropriate calibration and validation against field installation datas

A.10.5.2.

The expeffiments conducted in Reference [361] simulated normally-consolidated to lightly over-cor]
(1,0 = 0cCl

A.10.5.3

Response
behaviou

the following two conditions as part of the.TTR system design:

a) stren
dista

b) fatigye: the fatigue that oceurs within the system as a result of repeated cyclic motions with

ampl

The first

position gs a result of @drift-off or a drive-off event. The former has to do with loss of station keepi
by an enyironmentakloading (e.g. loop current) whereas the drive-off loading can be intentionj

vessel is

monotonif condition that occurs within tens of minutes to hours. Because this problem is concerne
limit stat{ condition of the system, the soil response at both low and ultimate state conditions is i
to the ov i :

onship given in 10.5.2.2 for the change in average friction factor along the 'sonductor,
rom installation data obtained in the deep water Gulf of Mexico 1791, Using the same

d in Reference [118]. The same approach can be used to develop. site-specific Ao, re

B Long-term axial bearing capacity

Soil-structure interaction for well integrity, assessment

under a specific loading condition. Riser-well-soil interaction analysis is carried out to i

nce from the mean position;

tudes and frequencies:

oading scenarioyean occur when a vessel is drastically shifted from its original/normal

moved. tofacilitate drilling operations). In either case, the loading can be considered

Ao, was

approach
tablished

ationship

solidated

R < 2) deep-water Gulf of Mexico seabed conditions.’A-Similar approach can be used to ifvestigate
long-tern] axial bearing capacity of jetted piles in other regiéns.

of a top tensioned riser (TTR) system(near or below the BOP stack largely depends (Il the soil

vestigate

pth: the reaction of the riserat the ultimate limit state when the vessel has moved a corsiderable

h range of

operating
hg caused
1 (i.e. the
as a slow
1 with the

mportant

Given the large differences in the structural stiffness of various components in a TTR system above and below
seafloor, itis often difficult to assess whether softer or stiffer estimates of soil response will yield conservative
predictions for the 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 becomes more complicated for the system components that have a capacity sensitive to combination
of axial and bending actions, for example the connection at the lower marine riser package (LMRP).

The fatigue problem is governed by the cyclic actions that occur throughout the life cycle of the riser. These
actions can occur from the:

— envir

onmental actions on vessel and top portion of the riser;
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— vortex induced vibrations (VIV) on the riser.

Analyses 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 responsible for most
of the fatigue damage. Therefore, characterization of the soil response at small amplitude 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 [1.

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 stlffness) at the steady-state condltlon in sands and clays.
Results frommodel te - : , : such, p-y
models hgve been developed to cover a range of complex1ty from fatlgue p y curves only to fatlgue -y curves
coupled with soil damping (modelled by dashpot). Fatigue p-y curves without soil damping, atr¢ typically
used for ase case level studies (initial analysis) that are carried out first. If fatigue life daes nof pass the
acceptande criterion, more refined analysis can be carried out, which includes hysteretic'soil damping and/
or obtainjng more geotechnical information to increase accuracy of soil parameters.For complex pituations
and/or where site-specific soil samples are available, laboratory testing is recommended to develpp fatigue
p-y curves. An example of the apparatus and approach is given in References [1] and [357].

A.10.5.4 Geotechnical input to well strength assessment

No additipnal guidance is offered.
A.10.5.5 Geotechnical input to well fatigue assessment

A.10.5.5.1 General

Context op the development of the soil-structure interaction for well fatigue analysis, which form the basis of
the guidahce outlined in this subclause are provided\in References [356], [359] and [360]. The approach has
been validlated through field monitoring programis. Reference [246] presents specifics of a field monitoring
program pf an instrumented well installed inthe North Sea with the seabed comprising layered|clays and
sands. Rdference [296] compares the stresses measured in the field during drilling operationg to those
obtained humerically 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 measured data|obtained.
The numdrical analyses used the backbone p-y response outlined in earlier editions of this document and API
RP2GEOI[41] and the spring-only method presented in References [356], [359] and [360]. Sensitivify studies
were alsq performed. They cancluded that the spring-only method yields good prediction of the¢ stresses
measured in the field in the.conductor and the surface casing.

Referencq [189] presentedfield measurements made at the lower marine riser package (LMRP) locdtion from
monitorijg 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 [356], [359] and
[360] thrpugh 3BFE numerical modelling and fatigue analysis. The numerical model consisted df the well
system bg¢low: the LMRP to 50 m below the seafloor and simulated sea states observed during the drilling
operation| The measured motions and fatigue damage obtained from the loggers were comparegl to those
estimated from predictive methods using the spring-only method and it was 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.

Reference [137] presented a detailed well monitoring program with improvements made to the algorithm
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 [236] conducted fatigue analysis using the backbone p-y outline in earlier editions of
this document and API RP2GEO and the spring-only method outlined in References [359] and [360]. 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
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fatigue life above the seafloor. Ultimately, the spring-only method was considered more suitable for wellhead
fatigue assessment than the backbone p-y curve in earlier editions of this document and API RP2GEO.

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 [359] and [360]. 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 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 fronrasituatiomrwherethevesset/rigtstmroffsetseparatestmmutations—witt-berequired for each
offset motion and fatigue motion phases with the appropriate p-y used to model the soil respensg for each
loading c¢ndition (i.e. monotonic p-y for offset loading and fatigue p-y for fatigue loading).

A.10.5.5.2 Clays

A.10.5.5.2.1 Spring-only method

No additipnal guidance is offered.

A.10.5.5.2.2 Spring-dashpot method

Soil-stru¢ture interaction analysis may include material damping (hysteretic) in the soils and §tructural
materials|as well as the foundation radiation damping. The enetgy dissipated during each load-unload loop
is termed hysteretic damping. Radiation damping (also known as the geometric damping or geometric
attenuatipn) differs from material damping in which elastic’energy is dissipated by viscous, hydteretic or
other me¢hanisms. Estimating each type of damping in:a System is often difficult due to complex interplay
of materifl damping and radiation damping in the dynamic solution. The effects can be approximated in a
linear anglysis by introducing equivalent viscous damping with energy dissipation equal to that dlissipated
by hystergsis, an example of which was demonstrated in Reference [360].

A.10.5.5.8 Sands

No additipnal guidance is offered.
A.10.5.6 Geotechnical considerations in conductor driving analysis

A.10.5.6.1 Conductor pipejinstallation

The procgss involvingConductor pipe installation is similar to pile driving. Pile installation considerations
are described in 8¢7:1'l. Some additional guidance specific to conductors are provided in this subclause.

A.10.5.6.2 Minimum wall thickness

A.10.5.6.2.1 General

The minimum wall thickness requirements of ISO 19902 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 (approximately
0,55 in) to 16 mm (approximately 0,63 in) are generally not acceptable for 0,762 m (30 in) to 0,914 m (36 in)
diameter conductor pipes.
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A.10.5.6.2.2 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 associ
larger uncertainties):

b) use of steam or diesel hammers instead of hydraulic hammers;

ated with

¢) maximum driving stresses not predicted at or close to pipe head (e.g. above the driving shoe or close to

the pile tip);

Driving fdtigue assessment for conductor pipes follows the same guiding rules as for driven piles, p3
if the sectfions are welded.

[f the condluctor pipe segments are connected by means of mechanical connectors, larger stress conc

factors (S[CF) can possibly be applicable. The applicable SGFshould be defined by the manufacturet.

A.10.5.6.4 Conductor tip damage and buckling

A.10.5.6.4.1 General

bcted and

rount soil

ronductor
g stresses

rticularly

entration

The potential to damage the tip of the cofiductor pipe as well as to propagate any potential damage during

driving should be verified. The risk is considered highest in the following conditions:
a) in prg¢sence of very dense sands, cemented soils, very weak rock or boulders;

b) for the case of drive-drill{dpive installation sequences, after drilling when driving is resumed
soil sfipport on the inside-of the conductor pipe);

c¢) atshgllow depth onwhen the shaft resistance is small compared to the end bearing resistance.

Although|the resudts'of wave formula analyses give some insight into the potential of pile tip ove
during drjiving, this type of analysis remains a 1D analysis that does not properly capture the po
localized puckling.

(without

'stressing
rential for

A.10.5.6.4.2 Damage during driving

The dynamic point loading actions acting locally on the conductor pipe tip during driving can be evaluated
and compared to the loading actions that can cause damage. This requires some assumptions 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 required to either
push the boulder into the surrounding soil or split the boulder, whichever is less). Wave equation analyses

simulating the selected scenarios either in a 1D traditional wave equation model or a dynamic 3D
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will then be performed. An example of wave equation model of a large diameter pile hitting a boulder is
presented in Reference [164], which provides:

a) 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;

b) 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

simulatin

o pile extrusion, such as presented in Reference [117], may be implemented.

A.10.5.6.

To reduce
deviated

for the pi
driving is

As conver
finite diff

b Installation with inclined shoes

hway from the group. Installing an inclined (bent) driving shoe will allow, ereating a
e to deviate in a particular direction. Predicting the path followed by thee’conductor pi
necessary so that the lateral deviation can be controlled.

itional beam-column theory will not be applicable in this case. Reference [315] describe
erence model to predict the path of a bent shoe during driving, éxtending the equations

the risk of interaction of closely-spaced conductor pipes, the peripheral conduictor piles can be

tendency
pe during

5 a simple
bresented

in Reference [265] for deviation of curved/bent piles. The parameters.acting on the deviation of the pile are

the axial
driving sk

oe, with the latter three parameters having most effect{2181[141]

A.10.6 F

A.10.6.1
No furth

A.10.6.2
No furth

A.10.6.3

A.10.6.3.

No furth

A.10.6.3.

undation design for riser towers

eneral

design guidance is offered.

oundation options

design guidance is offered.
oading actions and safety factor

Loading actions

design guidance is offered.

Reconimended safety factors

[ip and side resistance of the pile, the lateral soil resistance,"and the length and inclinatjion of the

The safety fa€tors recommended by ISO 19901-7 and API RP2T [l for driven piles and gravity base anchors
and by ARI'RP2SK [22] for suction piles may be increased because of the following.

a) The APIRP2SK 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.

b) 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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A.10.6.4 Design challenges

A.10.6.4.1 General principles

Design of riser tower foundation subjected to uplift action addresses the following aspects::
a) penetration and retrieval;

b) holding capacity including long-term uplift capacity;

c¢) long-term displacement;

d) soil reactions to be used for the structural design.

The capag¢ity should be checked both for the permanent actions and for the sum of permanent’and cyclic
actions.

The undrpined shear strength for the permanent actions may be reduced to account for long tgrm creep
effects (s¢e examples in References [220], [212] and [324]). For sustained loading action due to loop currents
that are gxpected to last several days up to two weeks, it is recommended to apply a strength reduction
factor of L0 % on the undrained shear strength. The same 20 % reduction is reecommended for Jong-term
permaneit actions.

The effedt of pore pressure redistribution and swelling should also be estimated, since this| can lead
to reductjon in effective stresses and undrained shear strengths, and hence reduce the capadity under
transient[wave loading action [212], In cases where the permanent agtion acts for many months or pnore, it is
recommehded to evaluate drained or partially-drained conditions. to determine whether full bage suction
can be mpintained. References [1] and [84] show that the capagity of a typical suction caisson of depth to
diameter fratio between 4 to 6 under a sustained loading actien in normally to slightly over-consoliglated clay
can be orlly about 70 % of the capacity for a rapid loadingaction. This reduction, however, only |considers
the loss i reverse end bearing (REB) (base suction). An additional reduction in undrained shear strength
of 20 %, |s advisable. Therefore, the reduction in base suction should include both the reductiop in shear
strength pnd the reduction from drainage for base suction. Numerical analyses with specific ggometries
and soil cpnditions will provide better estimates-of the potential reductions from drainage long t¢rm creep
effects. Uphless demonstrated by physical and/or field testing, a maximum of 50 % REB is recommended for
inclusion jn the capacity assessment, and 6nly for plastic clays under short-term loads.

Drainage [and pore pressure redistribution can also influence the undrained shear strength under cyclic
loading a¢tions, but the shear strefigth for the sum of permanent and cyclic loading actions will |be higher
than for the permanent loading actions due to rate effects (see example in Reference [9]).

The potential of gapping ferZsuction caissons along the wall above stiffeners or sections with fincreased
wall thickness should be.gvaluated. In cases with ring stiffeners, it is necessary to evaluate the| potential
of trappefl water between ring stiffeners (see example in Reference [12]). If gapping or trapped water is
possible, the effect that such gaps will have on the drainage path and resistance due to lack of confact along
the wall should beevaluated.

The capagity“of suction caissons can depend on passive underpressure inside the caisson that cgntributes
to REB. If REB is relied upon, proper sealing can be critical, especially for the part of the undefpressure
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 monitoring program should be considered to
assure the desired integrity over the lifetime of the suction caissons. Seepage simulations through an
unsealed valve can be conducted to evaluate the effect of a leak on bearing capacity. If proper sealing is not
ensured, the suction caissons should be designed to resist sustained uplift action without taking REB into
account, or with a reduced REB taken into account allowing for the effect 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 periods of several years or more was further
assessed in Reference [190], which showed the drainage effect in relation to phenomenon known as stress
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relaxation around the pile perimeter. The effect of drainage can result in increased soil strength and
foundation capacity. The tests also showed that the magnitudes of time effects on soil strength increase
with increasing water content and plasticity and presented governing relationships for creep behaviour.

A.10.6.4.2 Assessment of effect of sand layers on suction anchors

A simple seepage check on drawdown of a suction pile with the tip in sand layer is recommended. The
calculated flow should ensure that the vertical displacement of the pile for the duration of the peak dynamic
action remains small and within the elastic range of soil plug load-displacement response.

As illustrated in Figure A.21, the discharged water flow, Q, can be calculated by:

o=-F—/—== h.47)
L 1[r—1] Tw
)
where
ip the coefficient of permeability of sand layer;
H ip the sand layer thickness;
p ip the applied underpressure;

r; ip the radius of the suction anchor;
r, ip the radius of influence soil under suction, which is typically about 5 times the anchor rddius;

Y. ip the water unit weight.

Using Forjmula (A.47), the flow across the suction pilefor the duration of the peak dynamic actipn can be
calculated, from which the potential uplift of the suetion plug can be calculated. This will determine if the
vertical djsplacement 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 tensjon

A.10.6.5 [nspection and monitoring

No further guidance is provided

A.10.7 Offshore pipelines.and flowlines
A.10.7.1 Geotechnical pipe-soil interaction (PSI) analysis

A.10.7.1.1 General

Pipeline designy buried and unburied, considers ultimate and fatigue limit states related to the sfresses in
the pipeline-and the movements of the associated end connections, including sections that transition into a
catenary riser or lilt oif the seabed Into a termination assembly.

Geotechnical analysis leads to estimates of pipeline embedment and the force-displacement response in the
axial, and lateral, and vertical directions. PSI model is typically developed in stages. The simplest axial and
lateral 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.
Development of the PSI model can be completed after the desk study or the preliminary stage depending
on soil conditions, load conditions, or regional experience. At the preliminary and detailed stages, the
complexity of the PSI model should be designed to address:

a) level of uncertainty in soil parameters;

b) likelihood of reduction in PSI uncertainty;
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¢) differences in project-specific design conditions and those used to develop the recommended practices
for unburied and buried pipelines;

d) methodology to combine uncertainties in soil properties, pipe properties, and model.

Complex models typically do not reduce overall uncertainty in PSI if input soil and pipeline properties
are not well-defined. Model uncertainty (and some aspects of soil parameter uncertainty) can be reduced
through physical model testing or finite element modelling. Complex analysis can offer insight if the project
conditions are outside the previous experience.

Detailed guidance on methods developing geotechnical input to PSI analysis for buried and unburied
pipelines are provided in DNV RP F110 and DNV RP F114, respectively. DNV RP F114 is based on SAFEBUCK
Guidelines.[227] The design guidance outlined in these two documents address design situations along the
main length of a pipeline and not the following situations:

— closelto where pipelines terminate at a point of fixity;
— alongvery short pipelines (e.g. spools);

pipelines are supported on crossings or by buckle management structures.

Buried pipelines and flowlines

guidance is offered.

Unburied pipelines and flowlines

guidance is offered.
Actions on pipelines

4.1 General

PSI analyfis should address all applicable actidns on the pipeline. This involves determining effedts of rate,

The actiohs and motions imposed during laying govern the pipeline embedment at the start of joperation

loading, internal and external pressure and changes in self-weight from changes in contents,|including
rapid cycles of changing weightfrom slug flow. An element of pipeline can also be subjected to actjions from

Accumuldtion of axial nfovements (pipeline ‘walking’) can occur due to operating cycles of interna| pressure

rature, which can affect external connections. Where walking leads to increased cofpressive
axial forces, a risk"of lateral buckling of the pipeline arises. A pipeline can also be susceptible t:rexternal
loading ffom debris flows and turbidity currents that arise from submarine slides and snag pr impact
loading friom<oreign objects.

A.10.7.1.4.2 Determination of PSI input parameters

During the preliminary stage, the following parameters should be determined for the range of normal
stresses anticipated to be exerted by pipeline on the seabed:

a) drained residual pipe-soil interface friction angle; friction angle can be measured using interface shear
box or tilt table;

b) ratio for the normally consolidated interface shear resistance versus the consolidation vertical stress,
(su'in'res /0, )nc , for the estimated range of pipe roughness and weight; this ratio is stress dependent; it

can be measured using interface shear box or shallow penetrometers;
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c) transition rate from undrained to drained interface resistance through cycles of shearing separated by
rest periods, or during continuous shearing;

d) coefficient of consolidation; coefficient of consolidation can be measured from consolidation stage of
shear box test, from site investigation data or other consolidation tests.

During the detailed stage, the following activities may be performed:
— low stress interface testing for design ranges of pipe weight, coating, and velocity;
— model testing.

Model testing can include 1 g axial testlng in test bed and centrlfuge lateral testlng Act1v1t1es are performed
based on vatueoppo w whether
the pipe and/or soil parameters are out51de of avallable data and experlence

A.10.7.1.4.3 Drained and undrained behaviour during pipe-soil interaction

In fine-grained sediments, pipeline laying is usually an undrained process. Bissipation of the lay-
induced dxcess pore pressures typically takes days or weeks. Lateral pipeline movements in regponse to
hydrodyrjamic action or thermal expansion generally involve undrained deformation, although conpgolidation
between pvents can cause disturbed soil to regain strength. Axial pipeline-mevements can be drained or
undrained in fine-grained soil since the relevant drainage distances are shoxter than for lateral m¢vement.

In coarsefgrained sediments, pipeline installation and operation will’generally occur under fully drained
conditionk. In intermediate soils, such as silts, silty sands and silty elays, it can be necessary to congider both
drained apd undrained conditions.

In a design analysis, the anticipated durations of axial and lateral pipeline movement or loading ghould be
compared with the relevant rates of consolidation to establish whether drained, undrained or |partially-
drained cpnditions will prevail. It can be necessary to perform analysis of both short and long durhtion pipe
movemenjts relative to the soil consolidation to brackétithe expected range of PSI parameters.

Approxinjate durations are provided in Reference’[149] for consolidation under vertical or laterdl pipeline
loading, and in Reference [353] for axial pipeline movement. Key values of dimensionless time, T, for 50 %
dissipatij?l of pore pressure are provided inh Table A.8. The dimensional time, tg, is calculated|from Tg
using the|coefficient of consolidation, c,, and pipe diameter, D. This time can be compared to th¢ duration
of a loadipg or movement event, t,, «,. to estimate the relevant drainage condition(s). Since the fransition
between pindrained and drained cénditions spans approximately a factor 100 in time, if £, > 10t5,, then
drained cpnditions can be assumed, and if t,q, < t50/10, then undrained conditions can be assymed [149],
[353], For [the intermediate rahge, both undrained and drained conditions can be considered, ¢r a more
detailed gnalysis can be performed to justify a narrower range of conditions.

Table A.§ — Consolidation periods during pipe-soil interactions (based on References [149] and [353])

Dimensionless time, T, = ¢, t50/D Tsy
Vertical loading 0,1
Lateral loading 0,02
Axial loading 0,005

A.10.7.1.5 Axial soil resistance

The parameter R, . = (Sy.intres/C vonc 1S the normally-consolidated interface undrained strength ratio, at
large displacements. The index parameter, m, is equivalent to the plastic volumetric strain ratio in Cam
clay or the SHANSEP over-consolidation index, and typically ranges between 0,5 and 1. The interface model
parameters should be measured in low stress interface shear box tests, as described in Reference [44], or
via shallow penetrometer devices (see Reference [300]). The drained parameter, §, can alternatively be
measured via tilt table tests (see Reference [248]).
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n the absense of site-specific testing, the parameters presented in Table A.9 may be used for initiation design
purposes. Obtaining site-specific data for design purposes is recommended.

Table A.9 — Database values of pipe-soil interface properties (from Reference [335])

Normally-consolidated residual Drained interface strength ratio
interface undrained shear strength tan(§,,,)
ratio
(Su,in,res /o-\:o )nc
Low estimate (P10) value 0,22 0,34
Best estimate: median (P50) value 0,33 0,50
High estirhate (P90) value 0,46 0,89

A.10.7.1.6 Performance evaluation stage

Performahce evaluation stage is also referred to as the “back-analysis” stage and involves two asp¢cts: post-
installatign survey and monitoring, analysis.

a) Survdy and monitoring
Post-instdllation surveys should include:
1) apreiflooding survey with measurements of:
i) out of straightness;
ii) embedment;
iii) epd displacements, through general visual inspec¢tion;
2) aposf-hydrotest survey with measurements of:
i) ot of straightness;
ii) end displacements, through generalivisual inspection;

3) asuryey immediately post-start up with measurements of:

i) t of straightness;

ii) epd displacement, threugh general visual inspection;
4) in-sefvice surveys with/measurements of:

i) epd expansions;

ii) embedment;

iii) buckle monitoring;

iv) pipeline anchor performance, if any;
v) route curve stability.

Post-lay pre-flooding survey provides reference datum for subsequent surveys. In-service surveys during
operations can be performed annually or at longer intervals, depending on observed response and assessed
structural integrity.

b) Analysis
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Pipe embedment and seabed stiffness back analysis should include:

1) statistical assessment of as-installed embedment, using a minimum of 5-points (near and fa

r on both

sides plus top of pipe); near refers to the soil adjacent to the pipe, including soil heave due to pipe

embedment; far represents the points either side of the pipe distant from soil heave areas;

2) continuous cross-profiles; continuous cross-profiles can be obtained with high accuracy swathe survey

to provide high-resolution digital terrain mapping.
Axial response back analysis should include:

1) matching of end expansions and walking rates, if any, by parametric variation of axial
interaction model parameters;

pipe-soil

2) evalugtion of end expansions and walking rates sensitivity to PSI load deflection response-ine
i) eak break-out resistance value;
ii) pleak break-out mobilisation displacement;
iii) diisplacement elastic slip;

3) effecfof feed in and feed out to buckles and route curve pull out.

Lateral rgsponse back analysis should include:

1) matching of buckles (shapes, number and profiles) by paramettic variation of lateral PSI mo
analysis uses the continuous cross-profiles;

uding:

Hels; back

2) evalugtion of lateral buckling sensitivity to the axial model; there can be more than one comHbination of

axial pnd lateral responses that match the buckle shapes:

A.10.7.1.7 Sediment transport and scour

If the sealped is mobile, scour beneath a pipeline tan form a free span. The suspended sections of thie pipeline

can sag ifto the scour hole, or sufficient length-of the pipeline can be undermined to cause the j
span shotilders to fail in bearing due to the pipe weight, resulting in lowering of the pipeline j
the seafldor. Sediment can also be deposited around the pipe. A consequence of these processes i
pipeline gmbedment can evolve with<tiime and free spans can form and remain stable or can evolv

Spans carf be subjected to vortex-induced vibration leading to fatigue, greater exposure to submat
and a chgnge in the hydrodynhamic stability (Scour and sediment transport can also affect th
behaviouf at engineered-bdekles due to the evolving embedment and resulting changes in lateral r

Scheduled monitoringof scour and sediment transport can form part of a design strategy for limit s
evolve gradually gveér time such that intervention is possible if required (e.g. fatigue and pipeline
Observations of €xisting nearby pipelines can be useful to quantify the likely behaviour of new pip

emaining
elative to
s that the
P, migrate

ine slides
e pipeline
psistance.

tates that
walking).
elines.

Laboratoy tests in erosion functlonal testlng apparatus can be carried out on site-specific soil s

amples to
utlined in

Reference [102]. Mitigation methods such as rock dumpmg and other stabilisation methods can be used to

rectify unacceptable free spans.

A.10.7.1.8 Damping from pipeline-seabed interaction in free span analysis

Pipeline free spans or slugging-related issues for a pipeline bridging over a sleeper require asses
fatigue potential. The stiffness and damping provided by the soil supports can have a significant

sment for
influence

on the fatigue rate. DNVGL RP F105 provides practical advice on the assessment of free span behaviour and
recommends soil damping ratio based on soil classification (clay - for three consistencies from very soft to

hard; sand - loose, medium or dense) and free span length. Damping ratios from 0,5 % to 3 % are
increasing with soil stiffness and reducing with span length.
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In contrast to these recommended levels of damping, recent work discussed in Reference [323] has shown
higher damping levels for a partially embedded pipe on the seafloor in very soft clay. Their results were
obtained by modelling a 0,3 m (1 ft.) diameter pipe embedded 0,25D, varying the amplitudes and frequencies
of motion to determine both hysteretic and radiation damping ratios. The analyses considered both types of
damping and a combination rule proposed to determine the sum of both components (see Figure A.22).

The results indicated greater levels of damping versus what is usually considered in design, including the
advice in DNVGL RP F105 For example, for loading periods from 0,1 sto 1 s (1 Hz to 10 Hz), the damping ratio
from radiation damping alone was about 0,2. For very long loading periods (100 s), where radiation damping
is negligible, the damping ratio ranged from about 0,22 to 0,38 for displacements +0,006D to +0,04D.

Preliminary sen51t1V1ty analyses have been performed to assess the potentlal impact of these hlgh damping
ratios on the 3 : 2 3 vhile the span
length wgs about 50 m. The results show 51gn1f1cantly reduced dlsplacements at the shoulders and mid-
point of the span for higher damping levels. In addition, about a 15 % to 25 % reduction in the stregs range at
the mid-span was observed for damping ratios greater than 20 %. This level of stress reduction will increase
fatigue life or allow longer acceptable span lengths.

Analyses similar to those performed by Reference [323] can be used to define appropriate dampling ratios
for other fonditions.
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....... 0,01 a fraction of energy not dissipated by material
hysteresis
_—— 0,006 Diag radiation damping
— 0,004 Displ./dia displacement / pipe diameter
- _ 0,003 FEA finite element analysis
............ 0,002 EXP explicit solution
0,000 2 or less (radiation damping only) SA single amplitude
< FEA (exp) radiation damping only STD standard (implicit) solution
X FEA (exp), single amplitude T period
displacement/pipe diameter =0,04
A EEA{exp}0:63 et 100-«pipe-diameter/shear-wavevelocity
A FEA (std), 0,03

Figure A.22 — Damping ratios for 0,3 m diameter pipe resting on seafloor (from Reference [323])

A.10.7.2 Submarine slides and density flows: simulation and pipeline impact analysis

A.10.7.2.1 General

This subcjause sets out a recommended procedure for the simulationf submarine slides and dengity flows
(both refdrred to as ‘flows’ here) and the resulting pipeline impact arfalysis following the steps listed in 10.7.2.

A.10.7.2.2 Rheology characterization

Charactetfization of flow materials is typically carried out using a rheometer. Flow characteristifs of soils
can be described using non-Newtonian rheological maodels, such as the Herschel-Bulkley model, yhich can
be expresjsed using either fluid mechanics (Formula:(A%48) or geotechnical notation (Formula (A.4]9), as:

T=7 f+K}" (p.48)
7 B
Suop TSu0 | 1+7| ~ (p.49)
Yref
where

T, (o1 syo) istheyiéld stress or strength at very low or zero strain rate y,
K is a((dimensional) ‘consistency’ parameter,

n is'a dimensionless viscosity parameter, while n (=) express the dependency of stirength on
strain rate.

T and s, ;s-beth—represent—the—meobilised—or-apparent—shear—stress—{strengthj—Fhe—alternative forms of
Formulae (A.48) and (A.49) are fully interchangeable and achieve the same objective of a rate dependent
mobilised ‘strength’ of the flow material. Selecting the reference strain rate ¥, to match the strain rate in

conventional geotechnical element tests allows data from different tests to be combined.

The parameters in Formulae (A.48) and (A.49) 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 to ASTM D2196 [27] is recommended for high strain rate testing. It is recommended to conduct
the rheology tests at soil temperatures representing the site conditions for a range of moisture contents.
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A.10.7.2.3 Flow simulation

Simulation of the run-out process of a submarine slide or flow can be performed numerically using
techniques of varying complexity. It is common for depth-averaged Eulerian models to be used, with the
slide running out over a 3D bathymetry. More complex analyses, using computational fluid dynamics or a
large deformation finite element method, can also be used to simulate slide behaviour.

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.

A.10.7.2.4 Mobilised shear strength of slide / flow material

s—the— A8 re-the A e e—e o€ tween the
moving d n51ty flow (or soil) and the plpehne ThlS is 1mportant for condltlons where a flow mlgrt engulf a
pipeline dnd carry it forward until such point where equilibrium is achieved between the fotces gxerted on
the pipelihe by the decelerating flow and the structural forces induced in the deformed pipeline. Agpropriate
values of pperational shear strength should be assessed, taking account of the strain rate-dependepcy of soil
stiffness find shear strength. The nominal shear strain rate in the soil flowing arotund the pipeline, 7, is

expressed as:

v
Y= f1- M50
=r (4.50)

Use f= 1 yhen calculating y to find T and Re_y to use in the fluids-baSed approach (Formula (A.53)). Use f =
0,9 when falculating s, and Re,y to use in the geotechnical-fluid hybrid approach (Formula (AJ55)). This
differencg¢ in definitions of nominal shear strain rate originates from the calibration of each approfch.

A.10.7.2.5 Impact forces on pipelines

The forcef arising from pipeline-flow interaction, including situations at the onset of a slide, can be gstimated
analytically using the estimated properties of the flow material. When a flow impacts a pipeline) the force
that is applied to the pipeline depends on (i) the(inertia (mass density) of the material, which is|deflected
around tHe pipe, and (ii) the strength (or mobilised shear stress) within the material, which is |[deformed
as it flowp around the pipe. The relative influence of the material inertia and strength dependsjon a non-
Newtonian Reynolds number:

2 2
Re,n PV o PV (A.51)
T Su-op
Approachies to estimate impact forces have initially developed from fluid dynamics-based principles where
the forcelis assumed to b€ generated by fluid drag, with velocity dependent drag coefficients. For values
of Re,y greater than 2, drag forces dominate and models based on fluid mechanics alone, with velocity
dependent drag coéfficients, can be used [337l. Subsequently, a combined geotechnical-fluid |[approach
which is
thods are
igld similar
e of 3 e hset given
in Reference [357] that underpms 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, 6, where 0
=90° for flow perpendicular to the pipe axis, and 8 = 0° for flow parallel to the pipeline.
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One 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) Fluid

s-based approach

For the two extremes of attack angle, the pipeline force per unit length, F, is:

1 - 1 -
Fo-90 :|:CD,9O (E pv ﬂD and  Fy_9=Cpy (5 pv )D

(A.52)

where v is the depth-averaged flow velocity over the height of the pipe. For fully-engulfed flow around a

pipe, the velocity-dependent drag factors are given by [3571:

Cpod=1,4+17,5Re,x*  and  Cpy=0,08+9,2Re " (
For allaid-on-seafloor pipeline [357];

Cpod =1,25+11,0Re (4

b) Geotdchnical-fluid hybrid approach

In th

termg. The first term relates to inertial loading, with a dragdactor, Cj, o, and the second

stren

Fo—9

For fylly engulfed flow around a pipe, Cp o9 = 0,6, §5299 = 11,9 and f, ; = 1,4. Lower values may b
a smdller depth of soil above the pipe, or if the flow only passes over the exposed upper part
(see References [228] and [371]).

For general impact angles (0° < 6 < 90°),<thé solutions from Formula (A.52) and Formula (A.5

engulfed

Perpgndicular force, Fy ., = Fg=gg'sin® and Parallel force,Fy_j cos6 (4

Alternatiy

a given difrection of flow, . The envelope can be represented by extending the geotechnical appro

to an envq

b geotechnical-fluid hybrid approach, the impact force foryperpendicular attack comp

gth loading, with a bearing factor, N, qy. The axial impact force includes an adhesion fact

1 -
:|:CD,90 (Epv J+Np—905u,op:|D and Fy_¢/7 fa,050,0p7D (4

\.53)

\.54)

rises two
relates to

DY, f 0

\.55)

e used for
f the pipe

5) for an

bipe can be used to derive paralleLand perpendicular components of force per unit pipe le

rely, a yield envelopelapproach can be used to evaluate the normal and lateral force coeff

lope of the following form [283];

p £ q
_] +(_a] =1 with Np :Np—90 (Sine)r (1
M) fa,O

Using For

hgth [357];

\.56)

cients for
hch above

\.57)

niula (A.57), values of Nj and f, can be found for general values of 6. Separate loading co

mponents

in the parallel and perpendicular directions are then calculated by substituting these factors in place of
N,.9p and f,  in Formula (A.56), and taking v as the normal component, v sin 6. The drag coefficient, Cp_g is
replaced for inclined attack to be Cp, = Cp 9 / sin 6 (see Reference [283]).

Numerical studies provide guidance on the selection of parameters p, g and r for inclined attack (see
References [283] and [215]).

A.10.7.2.6 Additional considerations

Formulae (A.51) to (A.57) are for horizontal drag forces in the flow direction. Vertical forces in the form

of gravitational and vortex induced vibrations (VIVs) were also observed in the flume experiments and
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numerical analyses. VIV can cause fatigue stresses on pipelines. Reference [362] presents the calculated
Strouhal number versus the Re y from the experiments and numerical analyses.

Glide blocks and out-runner blocks are 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 geotechnical approaches
are more suitable for estimating the impact forces. Reference [361] provides an example of the determination

of flow ch

aracteristics and impact forces.

A.10.7.3 Intervention structures

Intervention structures include anchors, buckling initiators and restraints or supports used to stabilise

pipelines

Intervent

aTd Teduce tateratandaxiat forces:

on structures are designed as subsea foundations complying with the relevant reqliirements

of foundaftion design as outlined in this document (e.g. shallow, deep, driven or suction pile). A§sessment

of intervg
loads and
condition

A.11Gu

Al111G

This claus
structure

line or tafit-line moorings. Since there is no ISO document available with respect to vertical tethe

structure
vertically]

The optiops that are available for anchoring floating'structures include:

a) drag

b) anchgr piles, comprising driven, suction, vibro-driven, jetted, or drilled and grouted piles;

c) plate
d) other
The capac
— insta

— site-d|

ntion structures take into account flexibility of the foundation (where applicable),
load distributions between multiple foundations (where applicable), sité=specific ge
5 and interaction between pipeline and intervention structure.

jdance on geotechnical design of anchors for floating‘structures

pneral

e provides recommendations for the geotechnical design‘of anchoring systems for floatin
5 and mobile offshore units. It is applicable to stationkeeping systems with catenary,

5), reference is made to API RP 2T [l The torpede anchor of Figure A.28 is another ex3
tethered anchor with different design recommiendations and safety factors than for a TL

bmbedment anchors;

anchors, including drag-embedded, or direct-embedded plate anchors;

anchor types, such as gravity anchors and gravity-embedded anchors (free-falling ‘torp
ity and installatiofrassessment for the anchors should take account of:

lation methodology and its impact on embedment and mobilised capacity;

pecific spil €onditions, soil layering, variability in soil conditions and engineering param

— any §

anchTrs (e:g. seabed bathymetry, boulders, cemented units);

eabed/subsurface features with potential to adversely affect installation and perfory

| applied
technical

b offshore
bemi-taut-
ring (TLP
mple of a
P.

bdoes’).

pters;

mance of

— Effect of imposed loading regime, e.g. impact of short-term, sustained loading and cyclic/dynamic
loading on soil strength. Special care should be taken for soils with potential cyclic degradation such as
carbonate or calcareous materials and low plasticity clays;

— Consolidation and drainage characteristics with relevance to installation and loading sequences/
conditions;

— Combined loading effects (where applicable) and relevant foundation failure modes;

— Installation tolerance and:

— Scouring effects (where applicable)
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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 installation.
The anchoring system above the seafloor should include provisions for inspection and maintenance.

A number 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
A117Th pesinclude anchory ,“:,"“",,—!,—,, JHC) evaluation installation l]testlng

Some of the technological aspects of the design of suction piles, plate anchors and gravity-embedded anchors
are still ynder development. Specific and detailed recommendations are given in this clatsg'to fhe extent
possible. [General statements are also used to indicate that some particular aspects should be cgnsidered,
and referé¢nces are given for further guidance.

A.11.2 S¢il investigation

Seafloor gnd soil conditions should be investigated for the intended site to’provide data for the inchoring
system dpsign. Details about equipment and procedures for marine séil investigations are prjovided in
ISO 19901-8.

[t is recommended to perform a high quality, high-resolution geophysical survey over the entire argal extent
of the foyndation system. The survey should use geophysical equipment and practices appropripte to the
water depith of interest and provide high-resolution imaging of the seafloor as well as detailed stratigraphic
informatipn to a reasonable penetration below the zone of itifluence of the foundation system. The survey
should inglude the mapping and description of all seafloor and sub-bottom features that can pffect the
foundation system. This survey should be subjectedto a realistic geological interpretation so that it can
then serve as a guide to develop a scope of work fex'the vertical and horizontal extent of the gedtechnical
investigation (i.e. number, depth, and location of.goil borings and/or in situ tests, such as cone pen¢trometer
tests and|CPTU) and to aid in the interpretation of the acquired geotechnical data. Further information on
geophysidal marine survey is provided in 1SQ:19901-10.

The stratigraphic data thus obtained 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 for soil data interpglation and/or extrapolation in the event the anchor locations afe shifted
due to chfinges in mooring linglengths and/or headings, field layout, platform properties, and mgoring leg
propertiep. Guidance about the integration of geophysical and geotechnical data is provided in ISO[19901-10.

The samplling and in sit@ tésting scope and intervals should ensure that each significant stratigraphic layer
is characterized. The Milnimum vertical extent of the site investigation should be related to the|expected
zone of ifffluence of\the actions imposed by the base of the foundation and should exceed the apticipated
design penetration by at least the anchor diameter or anchor fluke width. If reverse end bearing (REB) at
the suctign anchor pile tip is taken into account in the vertical capacity analysis, soil characterizaftion up to
three diaeters 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-permeanility 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.

A.11.3 Anchor types

A.11.3.1 Drag embedment anchors

Traditional drag embedment anchors (Figure A.23) were initially used for mobile (temporary) mooring
operations. Drag anchor technology has advanced considerably. Engineering and testing indicate that the
new generation of fixed fluke drag anchors develops high holding power even in soft soil conditions. A high
efficiency drag anchor is generally considered to be an attractive option for mooring applications because of
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its easy installation and proven performance. The anchor section of a mooring line can be preinstalled and
test loaded prior to floating structure installation.

500 ‘ 30°

c) General view

Key

1  adaptpr block 4 crown 7 \\“shackle
2 trippipg palm 5 stock 8 fluke

3 crown padeye 6 shank

Figure A.23 — Traditional drag embedment anchor

A.11.3.2 Priven anchor piles

The resistance of a driven-anchor pile to uplift and lateral loading is primarily a function of pile dimensions,
the mannpr in which thepile is installed and loaded, and the type, stiffness, and strength of the sofl adjacent
to the pil¢. Horizontakcapacity can be increased considerably by adding special elements, such ag skirts or
wings to the pile top{ Driven anchor piles can be designed to develop high lateral and vertical resistances,
and be vel'y stable.over time.

Referenc

Vibro-driying\(see
be considered {g

[187]), jetting (see Refe
operations should be evaluated.

rence [179]) or drilling and grouting technfiques can
2 soil duri ibro-driving jetting dr drilling

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
mooring line tensions. They are typically tall steel cylindrical structures with or without internal stiffener
systems. The cylinder unit is open at the bottom and closed at the top (see Figure A.24). A suction anchor pile
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 ‘under-pressure’ or ‘suction’)
results in an additional driving force on the anchor top, which drives the pile into the soil. As the penetration
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increases, the driving force needed normally increases, requiring a gradually increasing differential
pressure.

Key
1 padeye
2 anchdr top cover with installation aids, ventingthatches and anodes

Figure A.24 — Suction anchor pile

After reathing design penetration, the water outlet is closed, allowing the suction anchor pile fo achieve
substantipl capacity to resist horizontal forces, vertical uplift forces, moments and combinations df these.

For suctipn anchor piles.embedded in clay and with a closed outlet, the capacity to resist mopring line
tensions |s governed_ by the undrained shear strength of the soil around and beneath the anchor. The
capacity depends ontdepth of penetration, anchor diameter, shear strength of the clay, shear streﬂgth at the
clay-ancHor wallinterface, mooring line inclination, and the location of the attachment point. I the case
where th¢ top part is left open or retrieved, or for long-term uplift components, pull-out of the apchor 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 at 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 optimal location is typically two-thirds to three-
quarters of the length of the anchor pile downwards from the seafloor.

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 into account [326], Penetration into non-cohesive
granular type soils requires special considerations which are described in A.11.5.2.2.1.
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Suction anchor length-to-diameter ratios can vary from 2:1 for stiff clay soils to as much as 7:1 for very soft
clay soils. Suction anchors are often designed with large depth-to-diameter ratios in soft clays since the
upper part of soft clay deposits provides limited bearing capacity and skin friction.

A suction caisson is a suction anchor that is relatively shallow in height and is designed for relatively small
penetration. The submerged weight of the suction caisson can make up a large part of the anchor’s vertical
holding capacity. A multi-cell concrete structure with a large footprint and a shallow skirt penetration is an
example of suction caisson (see Figure A.25 and Reference [318]). The vertical capacity 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.

1 A N N

D

\‘ AR R RN

Key
1  seafloor 5  parapetwall
2 iron ore 6  stiffeners (beam)
3  tendop receptacle 7 xanchor skirt
4  tendoph 81" towing padeye

Figure A.25 —Suction caisson anchor

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 ar¢ installed
at deep p¢netration beneath'the seafloor where the generally higher soil strength allows the use of|relatively
small plafe anchors for high mooring actions. Plate anchors typically have significant verticdl holding
capacity. [This allows the use of taut-leg mooring systems where the anchor line can intersect the seafloor
at signifidant inclinations. Plate anchors can be placed in two broad categories: drag-embedded and direct-
embeddedl.

A.11.3.4.2 Prag-embedded plate anchors

Drag-embedded plate anchors are embedded to deep penetration in a manner similar to drag anchors.
During 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 rotating until
the target depth is achieved. Following embedment, the anchor fluke is oriented such that it becomes nearly
perpendicular to the mooring line and applied loading (a process called ‘keying’ or ‘triggering’), providing
high horizontal and/or vertical holding capacity depending on the 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®l) (see Reference [295]) and DENNLA®1) (drag-

1) Theseanchorsare 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.
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embedded near normally loaded anchor) (see Reference [130]). The Stevmanta® anchor uses a bridle
system to convert from its installation configuration to its plate anchor operational orientation whereas the
DENNLA®D anchor uses an articulated shank (Figure A.26).

1

Key
1 norm
2 instal

A.11.3.4.

Direct em
hydraulic

Suction-e

a) Dennla Mk4® b) Steymanta®

] (or near normal) loading mode
ation mode

Figure A.26 — Drag-embedded plate anchors (VLA)

B Direct-embedded plate anchors

bedment of plate anchors can be achieved by suction, impact or vibratory hammer, proj
ram.

mbedded plate anchors have beenttused for major offshore mooring operations. As an

the suctign-embedded plate anchor (SEPEA®D) uses a so-called ‘suction follower’ which is esg

reusable
by revers
additiona

vertical p
line [348],

uction anchor with its tip slotted for insertion of a plate anchor. The suction follower is
ng the pumping action ofice the plate anchor achieves its design depth, and can be used

plate anchors (Figure A.27). In the SEPLA® concept, the fluke of the plate anchor is em
psition, and adequateé fluke rotation is achieved during a keying process by pulling on th

pellant, or

example,
entially a
retracted
to install
pedded in
P mooring
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a) Plate anchor

Key

1  mooring line 6  SEPLA®anchor

2 forerynner chain 7 _recovery of suction follower

3 suctign follower 8 | “docking subsea connector

4  retainer/recovery lines 9, tensioning mooring line

5  subsep connector mudmat 10 Kkeying plate anchor

NOTE This anchor is an example of suitable-product available commercially. This information is giy

convenienge of users of this document and does'ot constitute an endorsement by ISO of this product.

A.11.3.5 Gravity anchors

Gravity apchors are deadweight anchors which commonly consist of concrete or steel blocks, sc
or other materials of‘high density. Their uplift capacity is primarily derived from their own s
weight. Their horjzental capacity is a function of the friction between the anchor and the soil 3
shear str¢ngth efthe soil beneath the anchor. Gravity anchors are generally used in relatively ha
conditions where other types of anchors cannot penetrate. Gravity anchors are typically more sy

small mogring'systems in relatively shallow water, where holding capacity requirements are limit
where bam

large deep-water mooring systems.

b) Installation

Figure A.27-5-Suction-embedded plate anchor (SEPLA®)

ren for the

Fap metal
ibmerged
nd of the
d seabed
litable for
ed and/or

t used for

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.

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

162
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below seafloor by kinetic energy obtained during the free-fall (see Figure A.28 and References [46], [213]
and [368]).

Gravity-embedded anchors obtain significant horizontal and inclined holding capacity by lateral soil
resistance against the wings and friction along the soil-steel interface.

¢) OMNI-Max anchor [372] d) Deep penetrating anchor [153]

Key

1  installatiomtime 4 peTTTaeTnTt ITooTig HiTe 7 seattoor

2 release unit 5 anchor 8 penetration depth

3 lead line chain 6  drop height

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.28 — Gravity-embedded free-falling anchors
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A.11.4 Geotechnical design of drag anchors

A.11.4.1 General

Recommended safety factors for holding capacity of drag anchors are given in ISO 19901-7:2013, Table 6.

When used for mobile moorings, the design safety factors for drag anchors are substantially lower than
those for mooring line tensions. The rationale is to allow the anchor to move instead of the mooring line
breaking in the event of mooring over-loading. Anchor movements of the most heavily loaded lines would
normally cause favourable redistribution of the mooring line tensions. This is expected to help the mooring
system survive environmental actions exceeding those from the ULS design situation.

Evaluatiopre e105].

The holding capacity of a drag anchor in a particular soil condition represents the maximum horizontal
steady pufll that can be resisted by the anchor at continuous drag. This includes the resistance-of thie chain or
wire line |nto the soil for an embedded anchor but excludes the friction of the chain or wiré on thelseafloor.

Drag anchor holding capacity is a function of several factors, including:

a) Anchpr type: fluke area, fluke angle, fluke shape, anchor weight, tripping palms, stabilizer|bars, etc.
Figurje A.29 shows drag anchors commonly used by the offshore industry.

b) Anchpr behaviour during deployment: opening of the flukes, penetration of the flukes, depth of burial of
the anchor, stability of the anchor during dragging, soil behavioufover the flukes, etc.

c) Seabgd conditions. Note the specific guidance given for carbonate soils (see 6.3.3 and A.11.4.11).

Furthermore, a long drag distance can be required for an anchor to reach full penetration and d¢velop the
ultimate holding capacity. This can be acceptable for anchoring a drill rig in an open water locatjon, but is
likely to ble unacceptable for a production location where the seafloor is congested with subsea installations.

Due to thie wide variation of these factors, predicting the holding capacity of a drag anchor is difficult. A
verificatign of the holding capacity can be deterthined after the anchor is deployed and test load¢d. If drag
anchor hdlding capacity does not meet design‘éapacity, contingency measures should be taken int¢ account.

Anchor performance data for the specific.ahchor type and soil condition should be obtained if ppssible. In
the absenjce of credible anchor performance data, Figure A.30 and Figure A.31 can be used to estimate the
holding power of drag anchors cominonly used to moor floating vessels, acknowledging that tHe holding
capacity ¢urves in Figure A.36 and Figure A.37 do not include a design safety factor and are baged on the
assumptipn that the anchor reaches full penetration.

Figure A.B1 and Figure Ac32 are reproduced from Reference [22], except that the holding capacity curves
for the Mporfast (or Offdrill I1) and Stevpris®! anchors were upgraded, based on model and field test data
and field gxperience. The design curves presented in Figure A.30 and Figure A.31 represent, in ggneral, the
lower boynds of theytest data. The tests used to develop the curves were performed at a limited pumber of
sites. As d resultsithe curves are for use in generic soil types such as soft clay (i.e. normally consoliglated clay
with undfainéd shear strength increasing monotonically with depth) and sand and should not be ppplied to
carbonatg¢ $ails.

Recent studies indicate, however, that several parameters, such as soil strength profile, lead-line type (wire
rope versus chain), cyclic actions and anchor soaking, can significantly influence anchor performance in soft
clay. Also, some high efficiency anchors have demonstrated substantial resistance to vertical actions in soft
clay. Furthermore, there are new versions of high efficiency anchors that are not covered by Figure A.30 and

Figure A.31.

As Figure A.30 and Figure A.31 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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a) Stevpris® MKk. 5 b) Stevpris® MK. 6 c) Stevshark® MK. 5 d) Bruce FFTS® Mk.4

i

:

e) Bryce FFTS® PM f) Navmoor g) Stato h) Moorfast Offdrill II
i) LWT j) Stockless k) Danforthy/GS (type 2) 1) Bruce, 'S
C ﬁ%
m) Bruce, cast n) Boss o) Stevdig p) Stevmnd

) Stevfix r) Hook s) Flipper delta

=]

NOTE These anchors are examples of suitable products available commercially. This information is giyen for the
convenienge of users of this document and does not constitute an endorsement by ISO of these products.

rigure A.29 — Drag empedment ancnors

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 [114]. 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 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.
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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 [211,

A.11.4.3 Effect of lead-line type in clay

Field tests and analytical studies indicate that in soft clay, when the lead-line is steel wire line, an anchor can
penetrate deeper and give significantly higher holding capacity than when a chain lead-line is 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 results 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 tension 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 loafling 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 t0.5 s (1/4th pf a wave
frequency tension cycle), as compared to 0,5 h to 2 h in a static consolidatedyundrained tripxial test.
This higher loading rate leads to an increase in the undrained shear strength and, consequently, in the
anchgr holding capacity.

b) As a[result of repeated cyclic loading during a storm, the undrained shear strength decrdases. The
degrddation effect increases with increasing over-consolidation ratio of the clay.

The cycli¢ shear strength values used in geotechnical design are generally based on cyclic laborafory tests
with peripds of typically 1 s to 10 s and therefore account for both these effects.

More inﬁrmation about the prediction of cyclic loading effects are provided in References [105], [[106], [15]
and [1]. More general considerations about the effects oficyclic loading in clay are described in A.8]3.2

A.11.4.5 Effect of anchor soaking in clay

Soil set-up due to thixotropy can lead to a sighificant increase in anchor holding capacity in a few hours or
days aftef installation (see for example gesults from temporary stoppage during instrumented field tests
reported [in Reference [93]). Over the subsequent weeks, soil set-up due to thixotropy effects |gradually
increases|in combination with soil conSelidation (dissipation of excess pore water pressure).

Generally|speaking, drag embedrment anchors should therefore be installed without stoppage. A temporary
interruptjon before reaching the prescribed installation tension can prevent further anchor pendtration, if
the incredsed tension required to restart the anchor after stoppage is higher than the pull availabl¢ from the
installatign equipment. Th® consequence is that the long-term anchor capacity is no higher than that given
by the ingtallation tension of the initial step plus the increase due to post-installation effects (thixotropy/
consolidafion and cyelic loading effects). On the other hand, once the anchor starts to drag after a set-up
period, thiis effectdisappears completely.

In a design situation, in which the anchor installation tension is intended to ensure stationkeg¢ping of a
floating sfrdeture without anchor drag, a safety factor should be applied to the predicted post-injstallation
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 [105]).

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.
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It is not advisable to apply a high uplift angle at the seafloor during the initial shallow penetration of the
anchor; otherwise, full penetration depth of the anchor can possibly not be achieved. After reaching a
penetration depth greater than 2 to 2,5 fluke widths, the mooring line uplift angle at the seafloor can be

gradually increased. This issue is discussed in some detail in Reference [105].

Significant evidence supports the use of a non-zero uplift angle at the seafloor on drag embedment anchors
that penetrate sufficiently deep into soft clay. The following additional guidelines are proposed in this

respect.

a) Uplift angles at the seafloor should not be accepted for certain operations with mobile moorings
where the soil conditions have not been thoroughly investigated or the anchor installation tension is

insufficient to ensure deep anchor penetration.

b) The maximum uplift angle at the seafloor should be assessed in accordance with the principlep outlined
hereih under the design situations for the ULS intact and redundancy checks.

c) A zerp uplift angle should be maintained until the recommended minimum anchor penetratiion depth

has been reached.

d) The gnchor holding capacity should be reduced by a factor R, which is a funetion of the seafloor uplift
angle, and accounts for the reduced friction due to shorter embedded line length. The R|values in
Table]A.10 are applicable for Bruce FFTS® Mk. [V and Stevpris® Mk. V apchars.

Table A.10 — R values for Bruce FFTS® MK. IV and Stevpris® MK. V anchors

Seaflpor angle (°) 0 5 10

15

20

R 1,0 0,98 0,95

0,89

0,81

In areas that are susceptible to seabed trenching, the effect@f possible trenching in combination with uplift

should befevaluated to ensure sufficient anchor capacity,

For taut-leg mooring systems, where mooring lines with seafloor angle greater than 20° impose dignificant
vertical fgrces on the anchor at all times, a typicaksolution is to use anchor piles or plate anchors|for which

design gufidelines are provided in A.11.5 and A.116.

A.11.4.7 Prag distance and penetration.depth in soft clay

Many facfors 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 siz¢ and type
of anchor{For screening-level analysis, drag distance and penetration depth estimates from Refergnce [249]
are presented in Figure A.30yand Table A.11, respectively. This information is valid for chain [lead-lines
and shear strength gradients of 1,4 kPa/m to 2,0 kPa/m. Deviation from this range can affect these values,

especiallyf the penetration’ depth estimates.

If the anchor designrelies on further penetration to reach holding capacity, the additional drag to|resist the

design infact actions should not over-load neighbouring lines.
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Figure A.30 — Holding capacity versus drag distance in soft clays [249]
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Table A.11 — Estimated maximum fluke tip penetration [249]

A.11.4.8

Anchor type Normalized fluke tip penetration
(fluke lengths)
Sands/Stiff clays Mud (e.g. soft silts and
clays)
Stockless (fixed fluke) 1 3
Moorfast 1 4
Offdrill 11
Boss 1 4,5
Danforth
Flipper Delta
GS (type 2)
LWT
Stato
Stevfix
Stevpris® MKk. 111 1 5
Bruce FFTS® Mk. 111
Bruce TS
Hook
Stevmud

New anchor designs

New ancxor designs and improvements to existing anchors-continue to be developed. How

controlle
of many

calibrate
ability to
the ultim
anchors c

H, =H

where

—e

Q) -

i

instrumented tests and field performance data.are insufficient for predicting the per
f these innovative high efficiency anchors, altheugh results from such tests can still b
anchor prediction tools (see A.11.4.9). Justas important as the ultimate holding capac
predict drag-penetration-tension relationships for mobilised loadings, which are much
ate holding capacity. In the absence of better information, the holding capacities of {
hn be conservatively estimated froms

[s(An/ A" (4

5 the holding capacity-ef new design;

nd Figure A{32Y) of the same weight;
5 the flukearea of new design;

5 the fluke area of reference design of same weight;

bver, well
formance
e used to
ity is the
less than
hese new

\.58)

5 the holding capaeity of reference design (e.g. Bruce FFTS® Mk. I11 or Stevpris® Mk. Il in Figure A.31

n isthe 1,4 factor commonly used for high efficiency drag anchors.

The fluke

arearatio A, /A, can be obtained from anchor manufacturers.
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a Bruce FFTS Mk. I1I, Stevpris Mk. I11. f Danforth, GS, LWT.
b Navmjoor, Stato, Boss! Stockless, fixed fluke.
c Brucd TS, Hook/Stévfix. Bruce, cast.
d Flippgr DeltasStevin, Stevdig. i Stockless, movable fluke.
e Moorfast;"Qffdrill II.
NOTE1 TFIuKe angles Setfor soft clay seafloor condition as per manulacturers specitication
NOTE2 1Kkip=4,448kN.
NOTE 3  This figure was reproduced from Reference [249], except that the holding capacity curves for the Moorfast

(or Offdrill II) and the Stevpris anchors were upgraded. The design curves reflect data valid for anchor designs as
of 1987. New anchor designs have since been developed, but the curves for these new designs were not included.
The design curves in this figure do not include a design safety factor and assume that the anchor reaches design
penetration (see A.11.4.1).

© IS0 2025 - All rights reserved

170


https://standardsiso.com/api/?name=f9a7287d27f60d88b0c47b01fef92e03

ISO 19901-4:2025(en)

NOTE4 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.31 — Anchor system holding capacity in soft clay
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NOTE 2  This figure was reproduced from Reference [249]. 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
design 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.32 — Anchor system holding capacity in sand

A.11.4.9 Analytical tools for anchor performance evaluation

Analyticall tools based on limit equilibrium principles for anchor embedment and capacity calgulation in
soft clay gre available. These tools allow modelling of different anchor designs and provide detdilpd anchor
performahce information, such as anchor movement trajectory, anchor rotation, mooring line profile below
the seaflgor and ultimate anchor capacity. Recommendations for these tools to yield reliable pyedictions
include tHe following.

— The gnalytical tool should be calibrated against results from high quality instrumented tests by field
testing or centrifuge testing performed on the type of anchor of interest.

— The spil properties should be well known, which is not necessarily the €ase when designing and|installing
drag pmbedment anchors. Where the soil properties are uncertain, suitable upper and lower hound soil
pararpeters should be established, and the anchor design should-be based on the more corservative
predifction.

— Userq should be aware of the tool’s limitations and should be familiar with mooring operaftions. For
examjple, 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 the drag distance
for cglculating the anchor holding capacity to a.distance that does not result in unacceptaple vessel
excuisions.

— Empifical formulae or field experience, if available, should be used to support analytical prediftions.

— The dnalytical 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

icant study on the behaviour of drag embedment anchors in sand has been carried out sifce the US
Navy’s stidy [249]. Anchors-do not achieve deep penetration in sand and no uplift resistance can| be relied
shallow penetrdtion anchors in any soil conditions, i.e. the line uplift angle at the seafldor should
oreover, scelir effects on anchor embedment should be taken into account when drag anchors

Contrary [to anchors in soft clay, anchors in sand do not gain any additional capacity from post-irjstallation
effects dyesto thixotropy, consolidation or cyclic loading effects. In this case, the initial anchor installation
tension shetld-be-sethich-encush-toprovide—therequired—safetyfs fre . mooring
system accounting for the uncertainty in the loading calculation [103],

The limited capacity of mobile offshore drilling units (MODU) winches can result in shallow anchor
penetration during installation in dense sand. In some cases anchors are visible at the seafloor after
installation. In the cases of shallow penetration, it is not recommended to assume that the anchors continue
to penetrate 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 [251].
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A11.4.11 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
profiles is complex and is dependent upon the detailed soil/rock data for the location of each anchor cluster.
In these soils/rocks, the anchor penetration is often very shallow, which means that the same precautions as
recommended for anchors in sand (see A.11.4.10) should be followed.

Figure A.30 and Figure A.31 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 [71]. 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.

A.11.4.12
The holdi
P =

cw
where

cw

f

cw

WI

cw

The coeff
(starting)

Holding capacity generated by friction along the mooring line

hg capacity generated by friction of chain and steel wire line on the seafloor can be.estin

,FLCWW,CW (‘

is the chain or wire line holding capacity;

is the coefficient of friction between chain or wire line and{the seafloor;
is the length of chain or wire line in contact with the'seafloor;

is the submerged unit weight of chain or wire line,

cient of friction depends upon the nature of the seafloor and on the type of mooring 1

coefficienjts are normally used to compute the friction forces on the line during mooring deploymsg

If more sy
can be us

seabed fr
of friction

ecific data are not available for chainnand wire line, the generalized coefficients given in ]
bd for various seafloor conditionsystuch as soft mud, sand and clay. Guidance for calculat
ction is also provided in Referenee [105]. However, industry experience indicates that cg
| can vary significantly for.different soil conditions, and higher values for the sliding ¢

of frictiof have been encountered( In' calcareous and carbonate materials, lower values are poq

Reference

NOTE
with deepl

[1]), coupled with low ehain embedment in dense or cemented materials.

Considerations abeut capacity generated by friction along the mooring line apply to all types
y embedded anchoerjline attachment padeye, not to drag anchors only.

Table A.12 — Mooring line friction coefficients

ated by:
\.59)

ne. Static

friction coefficients are normally used toZcompute the holding power of the line apd sliding

nt.

[able A.12
ion of the
efficients
oefficient
sible (see

of anchors

Anchor type Coefficient of friction
f
Static Qlirling
Chain 1,0 0,7
Wire line 0,6 0,25

A11.4.13 Installation of drag anchors

Drag anchor installation tolerances should be established and should be considered in the anchor’s
geotechnical, structural, and installation design. Typical tolerances to be considered are:

— allowable deviation from target heading of the mooring line attachment to limit padeye side loadings and
rotational moments on the anchor padeye;
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— minimum penetration required before test loading to achieve the required holding capacity.

For drag anchors used in permanent moorings, the anchor design should incorporate adequate installation
information to ensure that the anchor has reached the target penetration depth, thereby meeting the safety
requirements of the mooring system for the actual soil and design situations. Typical information to be
monitored and recorded includes:

a) draganchor 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;

¢) direction of anchor embedment;

d) drag
e) final

Acceptan
case-by-c

A.11.4.14

Histance;
hnchor penetration depth.

Ce criteria for drag anchors used in mobile (i.e. temporary) moorings should‘be establi
hse basis.

Out-of-plane loading of anchors

In areas

anchor thit are out-of-plane to the installation direction. This can cause d reduction in the holdin

of the dr
generatin

For MODU
to nearbyj
of the app
can incre
drag dist
pattern. T

A115G
A11.5.1

A.11.5.1.

Driven an
systems.

rone to revolving storms, MODUs experiencing a one or multipledine failure can exert for

anchor and potentially anchor dragging [140]. On the othér hand, drag anchors are also
significant holding capacity in the out-of-plane direction.

| moorings where the possible consequences of out-of-plane loading are seen as a risk, po
infrastructure, this should be taken into accountin the design of the anchoring system
ropriate drag anchor in combination with sufficient installation tension to fully embed t
hse the out-of-plane resistance of the drag anchor. Out-of-plane loading can also cause

shed on a

Ces on the
b capacity
Capable of

5sibly due
Selection
ne anchor,
hdditional

hnce to reach ultimate holding capacity-and should be considered in the design of the anchor

he structural capacity of the drag anchor should also be evaluated for out-of-plane loadil

potechnical design of anchor piles
Driven anchor piles

| Basic considerations

chor piles can be-designed to provide adequate capacity for both catenary and taut-leg

ng.

y mooring

The design of‘driven anchor piles builds on the strong industry background in the evalluation of

geotechn
documen
should be
between

cal propertiés and the axial and lateral capacity prediction for driven piles, as devel

ed in this'document. The recommended design criteria from ISO 19902 and from this

applied for the design of driven anchor piles, but with some modifications to reflect the d
oering anchor piles and fixed platform piles.

a) pull-out due to axial forces;

b) overs

tress of the pile and mooring line attachment padeye due to lateral bending;

¢) lateral rotation and/or translation;

d) fatigue due to environmental and installation actions.

oped and
Hocument
fferences

In most anchor pile designs, the mooring line is attached to a padeye located on the pile below the seafloor
to enhance the 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. Pre-tensioning is only required
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to develop the inverse catenary of the chain. Calculation of the soil resistance above the padeye location should
also consider remoulding effects due to this trenching of the mooring line through the upper soil layers.

Driven anchor piles in soft clay typically have aspect ratios (penetration-to-diameter) of 25 to 30. Piles
having such aspect ratios behave as if horizontally fixed in position at the pile tip, and consequently deflect
laterally and fail in bending before translating laterally as a rigid body.

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 (a21muth) can affect the local stresses in the padeye and connecting shackle Horizontal
positioningcan-affe - airlead 3 dered when
balancing moormg lme pretensmns

A.11.5.1.2 Safety factors for driven anchor piles

Factors df safety for holding capacity of driven anchor piles are given in ISO_19901-7:2013] Table 7.
ion on coupling between vertical and horizontal capacities can be found imA11.5.2.2.5. Axial safety
factors cgnsider that the pile is primarily loaded in tension, and are therefore higher than for piles/loaded in
compressfon. As with other piled foundation systems, the calculated ultimateaxial soil resistance|should be
reduced if soil set-up, which is a function of time after installation, is not cemplete before significant forces
are impoged on the anchor pile.

As the lateral failure mode for piles is considered to be less catastrophic than the vertical mqde, lower
factors of| safety are recommended for lateral pile capacity. Use of separate safety factors for veftical and
lateral pile capacities can be straightforward for simple beam-celumn analysis [see A.11.5.2.2.3 it¢m c)], but
more conjplex methodologies do not differentiate betweenyertical and lateral pile resistance. The safety
factor shquld be in accordance with the ISO 19901-7 critetia-and the guidelines of A.11.5.2.2.5.

A.11.5.1.3 Basic considerations for structural strength design

The strugtural strength design for driven anchor piles should be based on the guidance prpvided in
[SO 19902 and ISO 19901-7. Pile stresses should be limited by the provisions of ISO 19902 under ULS intact
condition

driving sfresses should also be cal€ulated and combined with in-place fatigue damage. For typical mooring

Anchor pilles should be checked for fatigue caused by in-place mooring line forces. Fatigue damage :Fue to pile
systems, fatigue damage due to pile driving is much higher than that caused by in-place mooring line forces.

Further gnidance on fatigue damage design for driven piles can be found in References [103], [168] and [57].

A.11.5.1.4 Installatien-of driven anchor piles

Refer to 8.7.

A.11.5.2 Pesign of suction anchor piles

A.11.5.2.1 Basic considerations

Special care should be taken in the capacity, installation and retrieval assessments where sandy soils or
sand layers are present. A suction anchor can take many forms, ranging from a gravity base with skirts to
a no-ballast suction anchor that resists all applied actions by soil friction, lateral resistance and reverse
end bearing (REB). Typically, the suction anchor will have a closed top, but if that is not the case the reverse
end bearing can still be mobilised 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.
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Generally, a suction anchor is technically feasible for soft to medium hard soils. For very soft soils,

anchor extends deep into the soil in order to reach competent bearing material. For very hard

a suction
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 [17], [107] and [163].

The design of suction anchors for floating systems includes the following aspects:

— penetration and removal;

— holding capacity;

— overstress of the pile and mooring line attachment padeye due to lateral bending;

— soilr

In areas guch as the Gulf of Mexico, where action effects of tropical cyclonic storms can exceed'th
of the mdbile mooring or mobile anchoring system, the design of suction piles should consider
failure m¢de that reduces the chance of anchor pull-out. For site conditions where the presence o
layers can limit suction anchor penetration, other anchor types should be considereddnstead.

The calcuflation of the representative holding capacity of the anchor should be based on the desig|
the soil pfroperties. Anchor adequacy with respect to installation should be checked against high
soil strength properties. If faced with larger-than-usual scatter in soil datapthe designer should
increasing the safety factors given in ISO 19901-7.

b capacity
hn anchor
Fhard soil

n value of
estimate
consider

If the REH at the anchor tip is to be relied upon, it can possibly not becorrect to add the representative value

of the end bearing to the representative value of the skin frictiorfto“obtain the representative v3
axial capgcity of the suction pile as the mobilization of REB cah require large pile pullout disp
[84], [272], Peak skirt wall friction is generally mobilised faster‘(less vertical displacement) than t}
end bearing for suction anchors when the anchor is pulled”out. Caution should therefore be m
calculating the ultimate axial holding capacity. Combiningreverse end bearing based on a bearin
factor of Iy.=9 works nicely with use of the peak skirtwall friction factor along the outside skirt w

The impa¢t of the mooring line geometry in the soil'on anchor forces should be considered since the
can affect the relationship between the horizgntal and vertical anchor forces. The inverse caten
mooring line in the soil can make the moogring line angle steeper at the anchor padeye than at thd
This steeper angle can result in a reduced’horizontal force, but an increased vertical force at t
padeye. Bpth an upper and lower bound inverse catenary should be checked to ensure the worst-c4
loading is|established.

A.11.5.2.2 Analysis methods

A.11.5.2.2.1 Penetratienyanalysis
A typical penetration\@nalysis includes the calculation of three quantities for all penetration depths,

— the penetration resistance exerted on the anchor by the soil;

lue of the
acements
e reverse
hde when
b capacity
h1] [186],

geometry
hry of the
 seafloor.
ne anchor
se anchor

which are:

— the r¢quired under-pressure to allow anchor embedment;

— the critical pressure that can cause the soil plug to fail.

The under-pressure (‘suction’) required for the pile to achieve design penetration should be

properly

estimated. Minimum under-pressures are vital input parameters to the structural design of the anchor.

Furthermore, the pumps used during installation should be capable of generating adequate under-

a) Penetration resistance in clay

pressure.

The penetration resistance can be calculated as the sum of the side shear and end bearing on the side
wall and any other protuberances. Protuberances include mooring and lifting padeyes, longitudinal or
ring stiffeners, changes in wall thickness, mooring chain, launching skids, and others. For an anchor
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in clay without protuberances and with a flat tip, the installation resistance at a given tip penetration
depth, z, can be calculated by:

Qtot = Qside + Qtip (A.60)
Uside = Awall (XinsSupss) ave (A.61)
Qtip = (Ncsutip AVETY IZ) Atip (A'62)
where

1ot is the total penetration resistance;

Dside is the resistance along the sides of the pile;

Diip is the resistance at the pile tip;

A vall is the sum of inside and outside wall areas embedded in the soil;

Atip is the pile tip cross-sectional area (excluding contained soil);

s is the friction factor during installation [see itemya)];

s SuDsS is the side friction;

(@5 Supss)ave s the average side friction from seafloer'to depth z;
V. is the bearing capacity factor [seeiftem b)];

S utip AVE is the average of triaxial compression, triaxial extension, and DSS undraiped shear
strength at anchor tip level;

is the effective unit weight of soil;

4 is the tip penetration depth.

1) | Friction factor during,installation, a;,

The friction factor during installation, «;,, is usually defined as the ratio of remoulfled shear
strength ovef undisturbed shear strength, which is as the inverse of the soil sensitivity. The friction
factor can bédetermined by various methods for which fall cone, UU triaxial and mini

(minivane) are the most common. The typical range of a;, for soft clays is 0,2 to 0,5.

There-can be uncertainty in the soil sensitivity since it is influenced by the quality of [the intact
strength that it is related to. Alternatively, the side friction, a;, 45, pss, Can be equated to [the direct

; taxt i1t ests. The
remoulded strength used in design should reflect both the directly measured value and the value
derived from the intact strength divided by the sensitivity.

Some installation records have shown that the interface shear strength mobilised during instal-
lation can, at a given depth, be less than a;,.5,pss. In cases where the full interface shear strength,
@;,sSupss, cannot be mobilised along the anchor wall, such as when the anchor is painted or subjected
to unusual surface treatment, a correction factor should be applied to «a;,; to properly predict the
penetration resistance [17]. [39]. [29], Ring shear tests, with the actual wall surface modelled in the

tests, can also be used to measure the actual interface shear strength.

2) Bearing capacity factor, N,
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The value of the bearing capacity factor, N, to be used to calculate the penetration resistance of
the anchor tip or of a given protuberance depends on the shape of the protuberance and the ratio of
the width of the protuberance over the embedment depth of the protuberance. Values of N.ranging
from 5,1 to 9,0 for strip and circular footings are recommended in Reference [308].

Because the anchor wall thickness is usually small compared to the anchor diameter and the em-
bedment depth, the pile tip is usually considered to be a deeply embedded strip footing with an
associated bearing capacity factor, N, equal to 7,5. The values of N, to be used in Formula (A.62)
are summarized in Table A.13.

A detailed example of the calculation of N_ is given in Reference [116]. Values of N, different from
those of Table A.13 are acceptable provided that they can be documented by appropriate modelling
and test results.

Table A.13 — Recommended N, factor

Pufppose Shape or area N

Calculation of pile tip penetration resistance Strip 75

Calculation of critical under-pressure causing soil Circular 6,2 to 9,0 'depending on emb¢d-
plyg failure [see A.11.5.2.2.1 item c)] ment ratio [308]
Calculation of penetration resistance of protuber- Varies 50to 13,5

anges [see A.11.5.2.2.1 item 3)] [249]

3) | Changes in penetration resistance due to protuberances

Formulae (A.60) to (A.62) should be modifiedif.protuberances are present. The changp in pene-
tration resistance due to the presence of mgering and lifting padeyes, longitudinal or|ring stiff-
eners, mooring chain, launching skids, pile&ip other than flat (i.e. bevelled) or any othdr internal
or external protuberance should be addressed to assess the changes in friction and end bearing
resistance caused by the protuberances. Most protuberances cause an increase in pgnetration
resistance, except for internal ring stiffeners which can cause a decrease in internal side friction
if they are closely spaced [17]. [39],

The repquired under-pressure, AU, q, to embed the anchor can be calculated as follows:

AUreq = (Qtot_ W') /Ain (A63)

wher

w

D.,¢ _is-the total penetration resistance;

)"~ is the submerged weight of the anchor during installation;

A,, isthe planview inside area where under-pressure is applied.
Critical and allowable under-pressures

The critical under-pressure at a given depth, AU_,;, defined as the under-pressure that causes a general
reverse end bearing failure at the anchor tip and large soil heave within the anchor, can be calculated at
a given depth as follows:

AUt = NeSutip ave * [Ainside (@insSunss)avel / 4in (A.64)

where A4; ;4. 1S the inside lateral area of anchor wall.
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In shallow water, the critical under-pressure should not exceed the water cavitation pressure.

The recommended allowable under-pressure, AU, defined as the maximum under-pressure to be
applied to the anchor, can be calculated as the critical under-pressure divided by an appropriate safety
factor. The minimum value of the safety factor is typically 1,5. Lower values can be acceptable provided
that the soil plug behaviour is monitored during installation and it is confirmed that no plug failure
occurred, and provided that the calculated allowable under-pressure is acceptable for the pile steel
structure (i.e. no risk of buckling).

Soil plug heave inside anchor

The soil heave inside the anchor during installation can be estimated by assuming that a percentage of the
soil volume displaced by the cross-sectional area of the anchor goes inside the anchor. This percentage
depe{ds on anchor tip geometry and mode of penetration (i.e. self-weight penetration versus(pgnetration

by under-pressure). It is commonly assumed that 50 % of the soil displaced by the cross-sectiomal area of
the anchor tip goes inside the anchor during self-weight penetration if the anchor tip is flat:

The final elevation of the internal plug surface depends on the wall thickness variations, infernal soil
plug gtability, and spacing and type of any internal stiffeners [&l.

Soil heave should be accounted for in calculating the required pile stick-up.and total length.
Penefration in sand

Procgdures for calculating skirt penetration resistance of skirted,foundations in sand can b¢ found in
References [14], [167] and [304].

The dkirt penetration resistance in sand consists of the two components, skirt wall frictign and tip
resistance, as for clay. The bearing capacity and skirt wall'friction have typically been calculated by two
differfent models:

1) Bearing capacity approach

et

1 the bearing capacity model, the penetration resistance is calculated as;

Pf = Qtip +Cside = Qtip Atip +fs av Awall (4.65)

where
tip is 0,5y'tN,_+gNg;
fSay 15 0,5 y'zBtand (average friction over skirt length);

A ismht;

tip

A is 2Dz (sum of inside and outside);

wall

Nq is emtane, tan2(45+¢/2).N, =1,5(Ng-1)tan o;

© tstheeffectiveoverburdenpressureoutsideskirtatskirttipteveh;

Y is the effective unit weight of sand;

® is the peak drained friction angle of sand (angle based on a reference vertical effective
consolidation stress of 0.,.=200 kPa);

r is the roughness factor between skirt wall and sand (r=0,9 is suggested used);

) is the friction angle between sand and skirt wall 6=r¢;
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K is the ratio between horizontal and initial vertical effective stresses at skirt wall (K=0,8

is suggested used);

T is the skirt wall thickness (assumed to be small compared to the diameter);
D is the diameter of foundation or anchor (external D can be used since t is small);
z is the depth below sand surface.

Formula (A.65) for skirt wall friction assumes homogeneous sand conditions. For a horizontally layered
soil profile the wall friction can be calculated as the sum of the contributions from the different soil
units. For foundations or anchors with long skirt walls, the skirt wall friction can give an important

s 1 o l ot raidatla | S 1l Tl ol 3 daleisat &3
a( UITIUTIAI VET LILAI SLITOS UULOSIUU LIITU SRNIT U VWddll. TIIIS ITICTI CTAdoU LAIT LAdUST dITITILI TAOSTU SOINIT U Lll) I

With reference to Reference [14], this contribution can be added to the in situ effective-ove
q=7'z+0 fyp =7'z(1+0 pKtand)

where

level (a;=1 suggested);
fsuip  1s the skirt wall friction at skirt tip level.
2)Empirical CPT resistance approach

In the CPT resistance approach, the penetration resistance is linked to the measured cone
ance as follows:

Pf is Qtip + Qside =k tiquAtip + Awall ik Sideqc(Z) dz;
dc is the cone tip resistance measuréd in CPT tests;

K is the empirical skirt tip constant related to q,;

tip

K is the empirical skirt wall friction constant related to q,

side

Af presented in Reference [14],\the empirical constants derived from back calculations of s
eflrated by self-weight only may give a large range as illustrated below:

Ky =0,01-0,55whenk g4, =0,0015;

K =0,03.<0,60 when k =0,001 0.

tip side

Empirical constants can also be found in Reference [104]. These are also factors suggeste
pénetratigh without the use of under-pressure.

A|CPX based method for installation of suction caissons in sand is suggested in Reference |

esistance.
rburden;

(A.66)

ag is the ratio between vertical normal stress increase and skixt-wall friction aft skirt tip

tip resist-

Kirts pen-

1 for skirt

304].

f P o : d Loy 1
enetratromrmrsatra—errecror unaer-pressutre

By applying under-pressure in a sand without silt or clay layers, the under-pressure will cause seepage
flow of water from the outside to the inside skirt compartment. This flow will change the effective
stresses in the sand with an increase along the outside skirt wall while beneath the skirt tip and along
the inside skirts the effective stresses will decrease. In total, this will result in a significantly reduced
penetration resistance where approximately all the tip resistance and the skirt wall friction along
the inside skirt wall approach zero. The maximum achievable penetration depth in a clean sand can
simplified be assumed equal to the anchor diameter (z/D = 1) [167], This assumes a typical submerged
weight of the anchor whilst a very high submerged weight can increase the possible penetration depth.
More details on critical and allowable under-pressure can be found in References [14] and [167]. With
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