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0 National Foreword

The Tanzania Bureau of Standards is the statutory national standards body for Tanzania, established
under standards Act No. 3 of 1975, amended by Act No. 2 of 2009.

This draft Tanzania Standard is being prepared by BCDC 13 Foundation and Soils for civil engineering
purposes technical committee under the supervision of the Building and Construction Divisional
Committee (BCDC).

On preparation of this document adaption was made to BS 8004:2015 Code of practice for foundations.

This standard gives non-contradictory, complementary information for use with Eurocode 7 (BS EN 1997
and its National Annexes).

The text in this standard is compatible with the current version of Eurocode 7 (BS EN 1997) and give
guidance on the following:

+ guidance is given on designing foundations according to limit state principles using partial factors;

* guidance is given on the selection of design parameters for soils;

* guidance is given on the calculation of ultimate bearing resistance of shallow foundations;

* guidance is given on the design of pile foundations by calculation and by testing;

* the text reflects advances in foundation technology over the past 30 years.
As a code of practice, this Standard takes the form of guidance and recommendations. It should not be
quoted as if it were a specification and particular care should be taken to ensure that claims of compliance

are not misleading. Any user claiming compliance with this Standard is expected to be able to justify any
course of action that deviates from its recommendations.

This Standard does not purport to include all the necessary provisions of a contract. Users are responsible
for its correct application.

Compliance with this standard cannot confer immunity from legal obligations

Terminologies and conventions
The provisions of this standard are presented in roman (i.e. upright) type. Its recommendations are
expressed in sentences in which the principal auxiliary verb is "should".

Commentary, explanation and general informative material is presented in smaller italic type, and does
not constitute a normative element.

The word "should" is used to express recommendations of this standard. The word "may" is used in the
text to express permissibility, e.g. as an alternative to the primary recommendation of the clause. The
word "can" is used to express possibility, e.g. a consequence of an action or an event.

Notes and commentaries are provided throughout the text of this standard. Notes give references and
additional information that are important but do not form part of the recommendations. Commentaries
give background information.

1 ©TBS 2022-All rights reserved
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Code of practice for design and construction of foundations

1 Scope

This draft Tanzania Standard gives recommendations for the design and construction of foundations for
the normal range of buildings and engineering structures. It provides non-contradictory, complementary
information for use in conjunction with Eurocode 7 or BS EN 1997 and UK National Annex.

Clause 4 gives general recommendations for the design and construction of all types of foundations;
Clause 5 and Clause 6 give specific recommendations for the design and construction of spread
foundations and pile foundations (respectively).

Annex A gives specific recommendations for the design and construction of helical steel piles.

Annex B gives specific recommendations for the design and construction of underpinning.

NOTE
1. This standard does not cover the design and construction of earthworks, for which see BS 6031.
2. This standard does not cover the design and construction of earth retaining structures, for which see BS
8002.
. This standard does not cover the design and construction of maritime works, for which see BS 6349.
. For non-industrial structures of not more than four storeys, see BS 8103-1.
. This standard does not cover the design and construction of foundations for reciprocating machinery.
. This standard does not cover the design and construction of offshore foundations, for which see 1ISO 19901-
4,

o0k Ww

2 Normative references

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

BS 65, Specification for vitrified clay pipes, fittings and ducts, also flexible mechanical joints for use
solely with surface water pipes and fittings

BS 437, Specification for cast iron drain pipes, fittings and their joints for socketed and socketless
systems

BS 1852-1, Plastics piping systems for non-pressure underground drainage and sewerage -
Polypropylene (PP) - Part 1: Specifications for pipes, fittings and the system

BS 4449, Steel for the reinforcement of concrete - Weldable reinforcing steel - Bar, coil and decoiled
product - Specification

BS 4660, Thermoplastics ancillary fittings of nominal sizes 110 and 160 for below ground gravity
drainage and sewerage

BS 4729, Clay and calcium silicate bricks of special shapes and sizes -Recommendations
BS 4962, Specification for plastics pipes and fittings for use as subsaoil field drains

BS 5480, Specification for glass reinforced plastics (GRP) pipes, joints and fittings for use, for water
supply or sewerage

BS 5481, Specification for unplasticized PVC pipe and fittings for gravity sewers

BS 5837, Trees in relation to design, demolition and construction -Recommendations
BS 5911 (all parts), Concrete pipes and ancillary concrete products

BS 5930, Code of practice for site investigation

BS 5975, Code of practice for temporary works procedures and the permissible stress design of
falsework

BS 6031, Code of practice for earthworks

BS 6349 (all parts), Maritime works

BS 8006-1:2010, Code of practice for strengthened/reinforced soils and other fills

BS 8002, Code of practice for earth retaining structures

BS 8081, Code of practice for ground anchors

BS 8215, Code of practice for design and installation of damp-proof courses in masonry construction

©TBS 2022-All rights reserved 2
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BS 8417, Preservation of wood - Code of practice

BS 8500-1:2015, Concrete - Complementary British Standard to BS EN 206-7 - Part 1. Method of
specifying and guidance for the specifier

BS 8500-2, Concrete - Complementary British Standard to BS EN 206-1 -Part 2: Specification for
constituent materials and concrete

BS 10175, Code of practice on investigation of potentially contaminated sites
BS EN 206:2013, Concrete - Specification, performance, production and conformity
BS EN 295, Vitrified clay pipe systems for drains and sewers

BS EN 335:2013, Durability of wood and wood-based products - Use classes: definitions, application to
solid wood and wood-based products

BS EN 350-2, Durability of wood and wood-based products - Natural durability of solid wood - Part 2:
Guide to the natural durability of and treatability of selected wood species of importance in Europe

BS EN 351-1, Durability of wood and wood-based products- Preservative-treated solid wood - Part 1:
Classification of preservative penetration and retention

BS EN 460, Durability of wood and wood-based products - Natural durability of solid wood - Guide to
the durability requirements for wood to be used in hazard classes

BS EN 598, Ductile iron pipes, fittings, accessories and their joints for sewerage applications -
Requirements and test methods

BS EN 771-1, Specification for masonry units - Part 1. Clay masonry units

BS EN 771-2, Specification for masonry units- Part 2: Calcium silicate masonry units

BS EN 771-3, Specification for masonry units- Part 3: Aggregate concrete masonry units

BS EN 771-4, Specification for masonry units - Part 4: Autoclaved aerated concrete masonry units
BS EN 771-5, Specification for masonry units - Part 5: Manufactured stone masonry units

BS EN 771-6, Specification for masonry units - Part 6: Natural stone masonry units

BS EN 1090 (all parts), Execution of steel structures and aluminium structures

BS EN 1401-1, Plastic piping systems for non-pressure underground drainage and sewerage -
Unplasticized poly(vinyl chloride) (PVC-U) - Part 1: Specifications for pipes, fittings and the system

BS EN 1536, Execution of special geotechnical works - Bored piles?

BS EN 1852-1, Plastics piping systems for non-pressure underground drainage and sewerage -
Polypropylene (PP) - Part 1: Specifications for pipes, fittings and the system

BS EN 1916, Concrete pipes and fittings, unreinforced, steel fibre and reinforced
BS EN 1990:2002+A1:2005, Eurocode: Basis of structural design
BS EN 1991 (all parts), Eurocode 1: Actions on structures

BS EN 1992 (all parts). Eurocode 2: Design of concrete structures
BS EN 1993 (all parts), Eurocode 3: Design of steel structures
BS EN 1995 (all parts), Eurocode 5: Design of timber structures®
BS EN 1996-1-1, Eurocode 6; Design of masonry structures - Part 1-1; General rules for reinforced and

4)

1)
2)

Informative reference is made to BS 8500-2:2015

Informative reference is made to BS EN 1536:2010+A1:2015. At the time of publication, amendment A1:2015 is in preparation.

3) Specific references are made to the following part: BS EN 1991-2:2003, Eurocode 1: Actions on Structures - Part 2: Traffic loads
on bridges

4 Specific references are made to the following part: BS EN 1992-1-1:2004+A1:2014, Eurocode 2: Design of concrete Structures -
Part 1-1: General rules and rules for buildings.

5) Specific references are made to the following parts:

. BS EN 1993-1-1:2005, Eurocode 3: Design of steel structures - Part 1-1.: General rules and rules for buildings;

e BSEN 1993-5, Eurocode 3: Design of steel structures- Part 5: Piling.

6) Specific references are made to the following part: BS EN 1995-1-1:2004, Eurocode 5: Design of timber Structures - Part 1-1:
General - Common rules and rules for buildings.

3 ©TBS 2022-All rights reserved
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unreinforced masonry structures

BS EN 1996-2, Eurocode 6: Design of masonry structures - Part 2: Design considerations, selection of
materials and execution of masonry

BS EN 1997-1:2004+A1:2013, Eurocode 7: Geotechnical design - Part 1: General rules

BS EN 1997-2:2007, Eurocode 7: Geotechnical design - Part 2: Ground investigation and testing
(incorporating corrigendum 2010)'

BS EN 10025, Hot rolled products of structural steels
TZS 142-1: 2015 (3rd Ed) 1SO 6935-1:2007-Steel for the reinforcement of concrete — Part 1: Plain bars

TZS 142-2: 2015 (3rd Ed) ISO 6935-2: 2007 -Steel for the reinforcement of concrete — Part 2: Ribbed
bars

BS EN 10210, Hot finished structural hollow sections of non-alloy and fine grain steels

BS EN 10219, Cold formed welded structural hollow sections of non-alloy and fine grain steels
BS EN 10248, Hot rolled sheet piling of non alloy steels

BS EN 10249, Cold formed sheet piling of non alloy steels

BS EN 12666-1, Plastics piping systems for non-pressure underground drainage and sewerage -
Polyethylene (PE) - Part 1: Specifications for pipes, fittings and the system

BS EN 12699, Execution of special geotechnical work- Displacement piles?

BS EN 12715, Execution of special geotechnical works - Grouting

BS EN 12716, Execution of special geotechnical works - Jet grouting

BS EN 12794, Precast concrete products- Foundation piles

BS EN 13670, Execution of concrete structures

BS EN 14199:2015, Execution of special geotechnical works - Micropiles

BS EN 14227 (all parts), Hydraulically bound mixtures - Specifications

BS EN 14679:2005, Execution of special geotechnical works - Deep mixing

BS EN 14731:2005, Execution of special geotechnical works - Ground treatment by deep vibration
BS EN 15237:2007, Execution of special geotechnical works - Vertical drainage
BS EN 16228, Drilling and foundation equipment - Safety

BS EN ISO 13793, Thermal performance of buildings - Thermal design of foundations to avoid frost
heave

TZS 2500-1/1SO 14688-1, Geotechnical investigation and testing - Identification and classification of soil
- Part 1: Identification and description

BS EN ISO 14688-2, Geotechnical investigation and testing - Identification and classification of soil -
Part 2: Principles for a classifications?

TZS 2501/ 1SO 14689, Geotechnical investigation and testing - Identification and classification of rock -
. Identification and classification

ISO 22476-13, Geotechnical investigation and testing - Field testing -Part 13: Plate loading test

ISO 22477 (all parts), Geotechnical investigation and testing - Testing of geotechnical structures

BS ISO 5667-11, BS 6068-6.11: Water quality- Sampling - Part 11: Guidance on sampling of
groundwaters

NA to BS EN 1991-2, UK National Annex to Eurocode 1 - Actions on structures - Part 2: Traffic loads
on bridges

NA to BS EN 1992-1-1, UK National Annex to Eurocode 2 - Design of concrete structures - Part 1-1:
General rules and rules for buildings®

1) Informative reference is made to BS EN 12699:2001
2) Informative reference is made to BS EN 1SO 14688-2:2004+A1:2003.
3) Informative reference is made to NA to BS EN 1992-1-1:2004.

©TBS 2022-All rights reserved 4
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NA to BS EN 1993-1-1, UK National Annex to Eurocode 3: Design of steel structures - Part 1-1: General
rules and rules for buildings

NA to BS EN 1993-5, UK National Annex to Eurocode 3: Design of steel structure, - Part 5: Piling

NA+A 1:2014 to BS EN 1997-1:2004+A1:2013, UK National Annex to Eurocode 7- Geotechnical design
- Part 1: General rules

PAS 8811, Code of practice for temporary works - Client procedures?
PAS 8812, Guide to the application of European Standards in temporary works design®

PD 6694-1, Recommendations for the design of structures subject to traffic loading to BS EN 1997-
1:2004

PD 6697, Recommendations for the design of masonry structures to BS EN 1996-1-1 and BS EN 1996-
2

ASTM D7949-14, Standard test methods for thermal integrity profiling of concrete deep foundations?

Other publications

[N1] BURLAND, J.B., BROMS, B.B., and de MELLO, V.F.B. Behaviour of foundations and structures,
State-of-the-Art Report, Session 2, Proc. 9t International Conference on Soil Mechanics and Foundation
Engineering, 1977, Tokyo, Vol. 2, pp 495-546.

[N2] LORD, J.A., CLAYTON, CR.l., and MORTIMORE, R.N. Engineering in chalk (CIRIA Report C574).
London: CIRIA, 2002. ISBN 0-86017-574-X.

[N3] INSTITUTION OF CIVIL ENGINEERS. ICE Specification for piling and embedded retaining walls
(2nd edition, 2007), London: Thomas Telford Publishing, ISBN 978-0-7277-3358-0.

3 Terms and definitions

For the purpose of this Standard the following terms and definitions apply.

3.1 Common terms

3.1.1 construction material

material used in construction work, e.g. concrete, steel, timber, masonry

3.1.2 construction works

everything that is constructed or results from construction operations

NOTE - This definition accords with ISO 6707-1. The term covers both building and civil engineering works. It refers
to the complete construction works comprising structural, non-structural and geotechnical elements.

3.1.3 execution

all activities carried out for the physical completion of the work including procurement, the inspection
and documentation thereof

NOTE - The term covers work on site; it may also signify the fabrication of components off site and their subsequent
erection on site.

3.1.4 form of structure

arrangement of structural members

NOTE - Forms of structure are, for example, frames, suspension bridges.

3.1.5 method of construction

manner in which the execution will be carried out, e.g. cast in place, prefabricated, cantilevered
3.1.6 structural member

physically distinguishable part of a structure, e.g. a column, a beam, a slab, a foundation pile
3.1.7 structural model

idealisation of the structural system used for the purposes of analysis, design and verification
3.1.8 structural system

Din preparation. It is anticipated that PAS 8811 and 8812 will be published in 2015.
2) Available from ASTM International, www.astm.org (last viewed 25/6/15).

5 ©TBS 2022-All rights reserved


http://www.astm.org/

BCDC 13 (112) DTZS

load-bearing members of a building or civil engineering works and the way in which these members
function together

3.1.9 structure
organised combination of connected parts designed to carry loads and provide adequate rigidity
3.1.10 type of building or civil engineering works

type of construction works designating its intended purpose, e.g. dwelling house, retaining wall,
industrial building, road bridge

3.1.11 type of construction

indication of the principal structural material, e.g. reinforced concrete construction, steel construction,
timber construction, masonry construction, steel and concrete composite construction

3.2 Special terms relating to design in general
3.2.1 accidental design situation

design situation involving exceptional conditions of the structure or its exposure, including fire, explosion,
impact or local failure

3.2.2 basic variable

part of a specified set of variables representing physical quantities which characterise actions and
environmental influences, geometrical quantities, and material properties including soil properties

3.2.3 design criteria
guantitative formulations that describe for each limit state the conditions to be fulfilled
3.2.4 design situations

sets of physical conditions representing the real conditions occurring during a certain time interval for
which the design will demonstrate that relevant limit states are not exceeded

3.2.5 design working life

assumed period for which a structure or part of it is to be used for its intended purpose with anticipated
maintenance but without major repair being necessary

3.2.6 fire design
design of a structure to fulfil the required performance in case of fire
3.2.7 hazard

an unusual and severe event, e.g. an abnormal action or environmental influence, insufficient strength
or resistance, or excessive deviation from intended dimensions

3.2.8 irreversible serviceability limit states

serviceability limit states where some consequences of actions exceeding the specified service
requirements will remain when the actions are removed

3.2.9 limit states

states beyond which the structure no longer fulfils the relevant design criteria
3.2.10 load arrangement

identification of the position, magnitude and direction of a free action

3.2.11 load case

compatible load arrangements, sets of deformations and imperfections considered simultaneously with
fixed variable actions and permanent actions for a particular verification

3.2.12 maintenance

set of activities performed during the working life of the structure in order to enable it to fulfil the
requirements for reliability

NOTE - Activities to restore the structure after an accidental or seismic event are normally outside the scope of
maintenance.

3.2.13 nominal value
value fixed on non-statistical bases, for instance on acquired experience or on physical conditions

©TBS 2022-All rights reserved 6
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3.2.14 persistent design situation

design situation that is relevant during a period of the same order as the design working life of the
structure

NOTE - Generally it refers to conditions of normal use.
3.2.15 reliability

ability of a structure or a structural member to fulfil the specified requirements, including the design
working life, for which it has been designed. Reliability is usually expressed in probabilistic terms

NOTE - Reliability covers safety, serviceability and durability of a structure.
3.2.16 reliability differentiation

measures intended for the socio-economic optimisation of the resources to be used to build construction
works, taking into account all the expected consequences of failures and the cost of the construction
works

3.2.17 repair

activities performed to preserve or to restore the function of a structure that fall outside the definition of
maintenance

3.2.18 resistance

capacity of a member or component, or a cross-section of a member or component of a structure, to
withstand actions without mechanical failure e.g. bending resistance, buck- ling resistance, tension
resistance

3.2.19 reversible serviceability limit states

serviceability limit states where no consequences of actions exceeding the specified service
requirements will remain when the actions are removed

3.2.20 seismic design situation

design situation involving exceptional conditions of the structure when subjected to a seismic event
3.2.21 serviceability criterion

design criterion for a serviceability limit state

3.2.22 serviceability limit states

states that correspond to conditions beyond which specified service requirements for a structure or
structural member are no longer met

3.2.23 strength
mechanical property of a material indicating its ability to resist actions, usually given in units of stress
3.2.24 transient design situation

design situation that is relevant during a period much shorter than the design working life of the structure
and which has a high probability of occurrence

NOTE - A transient design situation refers to temporary conditions of the structure, of use, or exposure, e.g.
during construction or repair.

3.2.25 ultimate limit states

states associated with collapse or with other similar forms of structural failure

NOTE - They generally correspond to the maximum load-carrying resistance of a structure or structural member.
3.3 derived value

value of a geotechnical parameters obtained from test results by theory, correlation or empiricism (see
clause 1.6 of EN 1997-2)

3.3.1 comparable experience

documented or other clearly established information related to the ground being considered in design,
involving the same types of soil and rock and for which similar geotechnical behaviour is expected, and
involving similar structures. Information gained locally is considered to be particularly relevant

3.3.2 geotechnical action

7 ©TBS 2022-All rights reserved
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action transmitted to the structure by the ground, fill, standing water or ground-water

NOTE - Definition taken from EN 1990:2002

3.3.3 ground

soil, rock and fill in place prior to the execution of the construction works;

3.3.4 stiffness

material resistance against deformation

3.4 disturbed sample

sample where the soil structure, water content and/or constituents have been changed during sampling
3.5 low-rise building/housing

building of not more than three storeys above ground storey intended for domestic occupation and of
traditional masonry construction

3.6 measured value

value that is measured in a test

3.7 micropiles

drilled piles which have a diameter smaller than 300 mm

3.8 natural specimen

specimen made from the available (disturbed, undisturbed, remoulded) sample
3.9 quality class

classification by which the quality of a soil sample is assessed in the laboratory

NOTE - For laboratory testing purposes, soil samples are classified in five quality classes (see clause 3.4.1 of EN
1997-2).

3.10 re-compacted specimen

specimen forced into a mould with a rammer or under desired static stress state

3.11 re-consolidated specimen

specimen compressed in a mould or cell under static pressure while allowing drainage to take place
3.12 reconstituted specimen

specimen prepared in the laboratory; for fine soils, it is prepared as a slurry (at or above the liquid limit)
and then consolidated (sedimented); for coarse soils, it is either poured or pluviated in dry (dried) or wet
conditions and compacted, or consolidated

3.13 remoulded sample

sample of which the soil or rock structure is fully disturbed

3.14 remoulded specimen

fully disturbed specimen, at natural water content

3.15 sample

portion of soi] or rock recovered from the ground by sampling techniques
3.16 specimen

part of a soil or rock sample used for a laboratory test

3.17 strength index test

test of a nature that yields an indication of the shear strength, without necessarily giving a representative
value

NOTE - The results of such a test are subject to uncertainty.
3.18 swelling

expansion due to reduction of effective stress resulting from either reduction of total stress or absorption
of (in general) water at constant total stress

NOTE - Swelling includes the reverse of both compression and consolidation.
3.19 Terms relating to actions

©TBS 2022-All rights reserved 8
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3.19.1 accidental action (A)

action, usually of short duration but of significant magnitude, that is unlikely to occur on a given structure
during the design working life

NOTE

1. An accidental action can be expected in many cases to cause severe consequences unless appropriate
measures are taken.

2. Impact, snow, wind and seismic actions may be variable or accidental actions, depending on the available
information on statistical distributions.

3.19.2 accompanying value of a variable action (yQx)
value of a variable action that accompanies the leading action in a combination

NOTE - The accompanying value of a variable action may be the combination value, the frequent value or the quasi-
permanent value.

3.19.3 action (F)
a) Set of forces (loads) applied to the structure (direct action);

b) Set of imposed deformations or accelerations caused for example, by temperature changes,
moisture variation, uneven settlement or earthquakes (indirect action).

3.19.4 characteristic value of an action (F«)
principal representative value of an action

NOTE - In so far as a characteristic value can be fixed on statistical bases, it is chosen so as to correspond to a
prescribed probability of not being exceeded on the unfavourable side during a "reference period" taking into
account the design working life of the structure and the duration of the design situation.

3.19.5 combination of actions

set of design values used for the verification of the structural reliability for a limit state under the
simultaneous influence of different actions

3.19.6 combination value of a variable action (g Q«)

value chosen - in so far as it can be fixed on statistical bases - so that the probability that the effects
caused by the combination will be exceeded is approximately the same as by the characteristic value of
an individual action. It may be expressed as a determined part of the characteristic value by using a
factor yo <1

3.19.7 design value of an action (Fa)

value obtained by multiplying the representative value by the partial factor

NOTE - The product of the representative value multiplied by the partial factor y g = 7 g¢ xy §may also be
designated as the design value of the action (See 6.3.2).

3.19.8 dynamic action

action that causes significant acceleration of the structure or structural members

3.19.9 effect of action (E)

effect of actions (or action effect) on structural members, (e.g. internal force, moment, stress, strain) or
on the whole structure (e.g. deflection, rotation)

3.19.10 fixed action

action that has a fixed distribution and position over the structure or structural member such that the
magnitude and direction of the action are determined unambiguously for the whole structure or structural
member if this magnitude and direction are determined at one point on the structure or structural member

3.19.11 free action
action that may have various spatial distributions over the structure
3.19.12 frequent value of a variable action (y1 Qk)

value determined - in so far as it can be fixed on statistical bases - so that either the total time, within
the reference period, during which it is exceeded is only a small given part of the reference period, or
the frequency of it being exceeded is limited to a given value. It may be expressed as a determined part
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of the characteristic value by using a factor y1< 1
NOTE - For the frequent value of multi-component traffic actions see load groups in EN 1991-2
3.19.13 permanent action (G)

action that is likely to act throughout a given reference period and for which the variation in magnitude
with time is negligible, or for which the variation is always in the same direction (monotonic) until the
action attains a certain limit value

3.19.14 quasi-permanent value of a variable action (y2Qx)

value determined so that the total period of time for which it will be exceeded is a large fraction of the
reference period. It may be expressed as a determined part of the characteristic value by using a factor

Y < 1

3.19.15 quasi-static action

dynamic action represented by an equivalent static action in a static model
3.19.16 reference period

chosen period of time that is used as a basis for assessing statistically variable actions, and possibly for
accidental actions

3.19.17 representative value of an action (Frep)

value used for the verification of a limit state. A representative value may be the characteristic value (Fx)
or an accompanying value (yfy)

3.19.18 seismic action (AE)
action that arises due to earthquake ground motions
3.19.19 single action

action that can be assumed to be statistically independent in time and space of any other action acting
on the structure

3.19.20 static action

action that does not cause significant acceleration of the structure or structural members

3.19.21 variable action (Q)

action for which the variation in magnitude with time is neither negligible nor monotonic

3.20 Terms relating to geometrical data

3.20.1 characteristic value of a geometrical property (ax)

value usually corresponding to the dimensions specified in the design. Where relevant, values of
geometrical quantities may correspond to some prescribed fractiles of the sta- tistical distribution
3.20.2 design value of a geometrical property (Qq)

generally a nominal value. Where relevant, values of geometrical quantities may correspond to some
prescribed fractile of the statistical distribution

NOTE - The design value of a geometrical property is generally equal to the characteristic value. However, it may
be treated differently in cases where the limit state under consideration is very sensitive to the value of the
geometrical property, for example when considering the effect of geometrical imperfections on buckling. In such
cases, the design value will normally be established as a value specified directly, for example in an appropriate
Tanzania Standard or Prestandard. Alternatively, it can be established from a statistical basis, with a value
corresponding to a more appropriate fractile (e.g. a rarer value) than applies to the characteristic value.

3.21 Terms relating to material and product properties

3.21.1 characteristic value (Xk or Rk)

value of a material or product property having a prescribed probability of not being attained in a
hypothetical unlimited test series. This value generally corresponds to a specified fractile of the assumed
statistical distribution of the particular property of the material or product. A nominal value is used as the
characteristic value in some circumstances

3.21.2 design value of a material or product property (Xq or Rq)

value obtained by dividing the characteristic value by a partial factor »m or yu, or, in special
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circumstances, by direct determination
3.21.3 nominal value of a material or product property (Xnom Or Rnom)

value normally used as a characteristic value and established from an appropriate document such as a
Tanzania Standard or Prestandard

3.22 Terms relating to structural analysis
3.22.1 elasto-plastic analysis

structural analysis that uses stress-strain or moment/curvature relationships consisting of a linear elastic
part followed by a plastic part with or without hardening

NOTE - In general, it is performed on the initial structural geometry, but it may also be applied to the geometry of
the displaced (or deformed) structure.

3.22.2 first order elastic-perfectly plastic analysis

structural analysis based on moment/curvature relationships consisting of a linear elastic part followed
by a plastic part without hardening, performed on the initial geometry of the structure

3.22.3 first order linear-elastic analysis with redistribution

linear elastic analysis in which the internal moments and forces are modified for structural design,
consistently with the given external actions and without more explicit calculation of the rotation capacity

3.22.4 first order linear-elastic analysis without redistribution

elastic structural analysis based on linear stress/strain or moment/curvature laws and performed on the
initial geometry

3.22.5 first order non-linear analysis

structural analysis, performed on the initial geometry, that takes account of the non-linear deformation
properties of materials

NOTE - First order non-linear analysis is either elastic with appropriate assumptions, or elastic-perfectly plastic (see
3.22.8 and 3.22.9), or elasto-plastic (see 3.22.10) or rigid-plastic (see 3.22.11).

3.22.6 global analysis

determination, in a structure, of a consistent set of either internal forces and moments, or stresses, that
are in equilibrium with a particular defined set of actions on the structure, and depend on geometrical,
structural and material properties

3.22.7 rigid plastic analysis

analysis, performed on the initial geometry of the structure, that uses limit analysis theorems for direct
assessment of the ultimate loading

NOTE - The moment/curvature law is assumed without elastic deformation and without hardening.
3.22.8 second order elastic-perfectly plastic analysis

structural analysis based on moment/curvature relationships consisting of a linear elastic part followed
by a plastic part without hardening, performed on the geometry of the displaced (or deformed) structure

3.22.9 second order linear-elastic analysis

elastic structural analysis, using linear stress/strain laws, applied to the geometry of the deformed
structure

3.22.10 second order non-linear analysis

structural analysis, performed on the geometry of the deformed structure, that takes account of the non-
linear deformation properties of materials

NOTE - Second order non-linear analysis is either elastic-perfectly plastic or elasto-plastic.
3.22.11 structural analysis
procedure or algorithm for determination of action effects in every point of a structure

NOTE - A structural analysis may have to be performed at three levels using different models: global analysis,
member analysis, local analysis.

3.23 undisturbed sample
sample where no change in the soil characteristics of practical significance has occurred
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3.24 undrained shear strength of fine soils (cy)
shear resistance of soil in the undrained condition
3.24.1 extremely low

cu < 10 kPa

3.24.2 very low

cu=10- 20 kPa

3.24.3 low

cu=20- 40 kPa

3.24.4 medium

cu=40 - 75 kPa

3.24.5 high

cu=75- 150 kPa

3.24.6 very high

cu = 150 - 300 kPa

3.24.7 extremely high

cu> 300 kPa

3.25 working platform

temporary structure that provides a foundation for construction plant

4 General rules
4.1 Choice and design of foundation
4.1.1 General
The design of foundations should conform to Eurocode 7 or BS EN 1997-1 and this clause (4)
NOTES
1. Guidance on geotechnical design, construction, and verification can be found in the ICE manual of
geotechnical engineering (2012), Volume II [1]
2. Guidance on geotechnical engineering principles, problematic soils, and site investigation can be found in
the ICE manual of geotechnical engineering (2012), Volume | [2].
3. Guidance on the selection of a suitable foundation type can be found in the ICE manual of geotechnical
engineering (2012), Volume |, Chapter 9 [2] and Volume Il, Chapter 52 [1].
4. Further guidance can be sought from relevant Tanzania manuals.
4.1.2 Spread foundations
4.1.2.1 The design of spread foundations should conform to 4.1.1 and Clause 5.
NOTE - Spread foundations are generally suitable in, but not limited to, the following design situations:
» where an adequate bearing stratum occurs at shallow depth (typically. less than 2 m deep);
+ on dense (or denser) coarse soils above the water table; on medium strength (or stronger) fine soils.
4.1.2.2 Spread foundations should not be placed on non-engineered fill unless such use can be justified
on the basis of a thorough ground investigation and detailed design. Spread foundations should
generally not be placed on engineered fill unless that fill is designed for the use of spread
foundations.
4.1.3 Pile foundations
4.1.3.1 The design of pile foundations should conform to 4.1.1 and Clause 6.
NOTE Pile foundations are generally suitable in, but not limited to, the following design situations:
» on compressible strata overlying bedrock;

» on compressible strata overlying coarse soils of adequate density. there being no other beds of greater
compressibility below the, coarse soils;

» where the strata consist of fine soils of great thickness capable of supporting the piles by friction;

» where there is a need to minimize movements of a structure owing to swelling or shrinkage of surface soils;
and
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» where the addition of a foundation load would cause instability of the existing ground (e.g. at the crest of an
existing slope).
4.1.3.2 Deep foundations, such as piles, should be considered when no adequate bearing stratum exists
at shallow depths to permit economic construction of spread foundations.
4.1.3.3 The design of helical steel pile foundations should conform to Annex A.

4.1.4 Underpinning
4.1.4.1 The design of underpinning should conform to 4.1.1 and Annex B.
NOTE
1. Underpinning is typically used for, but not limited to, the following design situations:
* to rectify distress that a structure has already suffered;
« to extend foundations downwards to enable building and civil engineering works to be carried out; and
* to provide adequate resistance to increased loading on an existing structure.
2. Guidance on the use of underpinning can be found in the ICE manual of geotechnical engineering (2012), Volume
I, Chapter 83 [1].

4.1.5 Piled rafts

COMMENTARY ON 4.1.5

There are two different types of piled raft in common practice: raft-enhanced pile groups and pile-
enhanced rafts.

4.1.5.1 The design of piled rafts should conform to 4.1.1 and Clause 5 and Clause 6.
NOTE
1. Piled rafts are typically used for, but not limited to, the following design situations:

« to minimize total, and particularly differential, foundation settlement; to reduce bending moments and shear
forces in un-piled rafts; and

« to reduce the thickness of a raft foundation.
2. Guidance on the use of piled rafts can be found in the ICE manual of geotechnical engineering (2012), Volume
I, Chapter 56 [1]
4.1.5.2 The design of raft-enhanced pile groups should ensure that stresses within both the piles and
the raft do not exceed the elastic range of behaviour.

4.1.5.3 The design of pile-enhanced rafts should ensure that all of the piles mobilise their ultimate
resistance before the raft reaches its ultimate resistance.

4.1.6 Piled embankments
4.1.6.1 The design of piles used in piled embankments should conform to 4.1.1 and Clause 6.
NOTE - Piled embankments are typically used for, but not limited to, the following design situations:
« to support infrastructure over low strength ground (e.g. alluvium);
* to support infrastructure over compressible ground (e.g. loose fill);
* to support infrastructure over collapsing ground (e.g. loess and karst geology); and
« to support infrastructure over unstable areas (e.g. land prone to mining subsidence).
4.1.6.2 The design of embankments should conform to BS 6031.
4.1.6.3 The design of basal reinforcement to piled embankments should conform to BS 8006-1:2010,
8.3.
4.2 Basis of geotechnical design

4.2.1 Design requirements

4.2.1.1 Geotechnical data and investigation

4.2.1.1.1 Geotechnical data should be obtained in accordance with BS EN 1997-1:2004+A1:2013, Clause
3.

4.2.1.1.2 Particular attention should be given to the requirements of BS EN 1997-1:2004+A1:2013,3.1.

4.2.1.1.3 Geotechnical investigations should conform to BS EN 1997-1:2004+A1:2013, 3.2.

4.2.1.1.4 Ground investigations should conform to BS EN 1997-2 and BS 5930. Information about the site
from the desk study should be used to supplement that obtained in any new ground investigation.

4.2.1.1.5 Sampling and testing of contaminated ground and groundwater should conform to BS 10175 and
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BS ISO 5667-11.

4.2.1.1.6 The spacing and depth of site investigations for foundations should conform to BS EN 1997-
2:2007, 8.3, and this clause.

4.2.1.1.7 The number of investigation points should be sufficient to establish ground conditions, and any
variability in those conditions, in the vicinity of the foundation.

4.2.1.1.8 For low-rise buildings, the number of investigation points undertaken (n) should satisfy the
following, unless the ground conditions can be shown to be sufficiently uniform to justify a greater
spacing:

n >{ 3 for A <300m?
~(4/100 m? for A > 300 m?

A is the plan area of each building's footprint.

)

4.2.1.1.9 Where a development involves construction of several buildings, equation (1) may be applied to
the aggregate plan area of the buildings' footprints, provided the ground conditions can be shown
to be sufficiently uniform.

4.2.1.1.10 For high-rise buildings and industrial structures, the number of investigation points undertaken
should conform to BS EN 1997-2:2007, B.3.

4.2.1.1.11 For low-rise buildings, the depth of investigation below the planned base of the foundation (z)
should satisfy the following minimum requirements:
2b
> F
Zs = {3 m
where:
br is the smaller side length of the wall's foundation (on plan).

)

4.2.1.1.12 For high-rise buildings and industrial structures, the depth of investigation should conform to the
minimum requirements of BS EN 1997-2:2007, B.3, namely:
6m

3

4.2.1.1.13 Where the base of the foundation is located on or near bedrock, the depth of investigation may
be reduced.

4.2.1.1.14 The presence of trees and large shrubs should be noted during the course of the ground
investigation, so that decisions can be taken concerning their retention or subsequent removal.

NOTE - Guidance on site investigation can be found in the ICE manual of geotechnical engineering (2012), Volume I,

Section 4: Site investigation [2] and in the NHBC Design Guide NF21, Efficient design of piled foundations for low rise

housing (2010), Section 4: Site investigation [3]

Z, >

4.2.2 Design situations
4.2.2.1 Design situations should be specified in accordance with BS EN 1997-1:2004+A1:2013, 2.2.
4.2.2.2 Design situations for foundations should include:

« the conditions given in BS EN 1997-1:2004+A1:2013, 6.3;

* collapse settlement;

* building within the zone of influence of buried highwalls (at the edge of opencast mining);

* building over landfill;

» the influence of global ground movements on foundation performance; and

« all other conditions specific to the site that can reasonably be forseen.

4.2.2.3 To conform to BS EN 1990, exceptional conditions involving local failure (such as a burst water
pipe that continues to leak after the burst) should be classified as accidental design situations.

4.2.2.4 Design water levels should be compatible with the drainage provisions.
NOTE - Information about exclusion zones around buried highwalls can be found in BRE Report 424 [4].

4.2.3 Design considerations

COMMENTARY ON 4.2.3
Design and construction considerations for foundation; are given throughout BS EN 1997-1. The design
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considerations given in this clause are more specific examples of the issues that can affect the performance
of a foundation.

4.2.3.1 General
The design of foundations should consider:

« the design considerations given in BS EN 1997-1:2004+A1:2013, 6.4;

« the possibility of weak layers below the proposed foundation level leading to greater settlement of the
foundation than would occur in their absence;

» the possibility of shear failure of the ground supporting the foundation owing to the presence of
cuttings, excavations, or sloping ground;

« the possibility of inclined or jointed strata in which the bedding or joint planes dip towards an
excavation or natural depression causing stability problems due to failure along bedding planes or
joints;

 the possibility of settlement of adjacent structures caused during or after construction of the
foundations;

« the effect on the groundwater regime during and after construction;
» the execution (i.e. construction or installation) of the foundation; and
+ global ground movements (e.g. due to bulk excavation or filling, water table changes, etc.) that can
cause foundation deformations, additional to those induced by superstructure loads, and/or additional
forces in the foundation or superstructure.
NOTE - Global ground movements can be horizontal or vertical depending on the design situation.
4.2.3.2 Drainage
COMMENTARY ON 4.2.3.2

Provision of suitable drainage is vital to ensure the acceptable performance of a foundation. Groundwater
control is separate from the control of surface water, such as rainfall run-off.

4.2.3.2.1 Drainage should be provided to prevent:
« surface water from entering and eroding the face of any excavations;

* build-up of water pressures during construction in case they have harmful effects upon the
foundations; and

* instability of slopes.
4.2.3.2.2 Surface water drains should be constructed using one of the types of pipe listed in 4.3.10.
4.2.3.2.3 Drainage systems should be designed for ease of maintenance and renewal during the design
working life of the structure.
4.2.3.2.4 Drainage systems should be designed with positive outfalls to prevent ponding and include
provisions of suitable discharge outfalls or soakaways.
4.2.3.2.5 Where the safety and serviceability of the works depend on the successful performance of the
drainage system, the consequences of failure should be considered and one of the following
conditions (or a combination of them) should be applied:
* a maintenance programme specified;
+ a drainage system specified that will perform adequately without maintenance; or
+ a secondary ("backup") system specified - for example, a pipe or channel that encloses the primary
system - that will prevent any potential leakage from entering the ground beneath or next to the
structure.

NOTE

1. Guidance on surface water control can be found in Groundwater lowering in construction [5], Construction
dewatering and groundwater control [6], and Groundwater control: design and practice [7].

2. Guidance on groundwater control can be found in the ICE manual of geotechnical engineering (2012), Volume
Il, Chapter 80 [1].

4.2.3.3 Cyclic loading

The design of foundations subject to cyclic loading should consider the following:

« degradation of ground strength (leading to ultimate limit states being exceeded at loads below those

expected from verifications based on static strength);
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« degradation of ground stiffness, leading to an accumulation of permanent foundation displacement
("ratcheting” effects); and
» amplification of loads or movements owing to resonance.

NOTE - Guidance on foundations subjected to cyclic and dynamic loads can be found in the ICE manual of geotechnical
engineering (2012), Volume I, Chapter 60 [1].

4.2.3.4 Trees
COMMENTARY ON 4.2.3.4

Foundations built adjacent to existing trees might suffer deleterious effects from the penetration of root-

systems. These effects include increased loading on the structure and penetration of roots into joints or

drainage systems.

4.2.3.4.1 The principles and procedures to be applied to achieve a harmonious and sustainable relationship
between trees (including shrubs and hedges) and structures should conform to BS 5837.

4.2.3.4.2 Foundations should be designed to accommodate any volumetric changes in clay soils that might
be caused by the presence of nearby trees.

NOTE - Guidance on building near trees can be found in NHBC Standards, Chapter 4.2 [8].

4.2.3.5 Environmental considerations
The design of foundations should consider:
« their effect on sensitive species;
+ generation and control of noise and dust during construction;
* generation, reuse and disposal of waste materials;
* minimizing the amount of material to be disposed of;
» contaminants entering watercourses (for example, as a result of excavation);
» the use of ground improvement; and
» the carbon footprint of the construction and the use of the structure.

4.2.3.6 Ground improvement
COMMENTARY ON 4.2.3.6

Ground improvement is the modification of ground properties obtained by binding or densifying the ground
or creating inclusions in the ground.

Ground improvement involves the enhancement of ground properties, principally by strengthening of
stiffening processes and compaction or densification mechanisms, to achieve a specific geotechnical
performance (see ICE manual of geotechnical engineering, Volume I [2]).

Ground improvement includes any method by which natural or disturbed ground has its geotechnical
performance altered.

Ground improvement covers many methods of ground treatment, including. modification, chemical
alteration, reinforcement with steel or geosynthetics, strengthening by drainage, densification by vibration
or consolidation, void filling, settlement or compensation grouting (see Contributions to Geotechnique 1948-
2008 [9)).

Ground improvement techniques can be used to alter ground strength, stiffness, or permeability. Common
applications include methods to enhance bearing resistance, control post-construction settlements,
increase or decrease ground permeability, improve ground stability, generate controlled ground
displacement, and mitigate the risk of liquefaction.
4.2.3.6.1 The design of ground improvement by deep mixing should conform to BS EN 14679:2005, Clause
7.
4.2.3.6.2 The design of ground improvement by deep vibration should conform to BS EN 14731:2005,
Clause 7.
4.2.3.6.3 The design of ground improvement by vertical drainage should conform to BS EN 15237:2007,
Clause 7.
NOTE
1. Comprehensive guidance on the design and execution of the most common forms of ground improvement can
be found in Ground Improvement [10].
2. Information about the role of ground improvement can be found in the ICE manual of geotechnical engineering
(2012), Volume I, Chapter 25 [2].
3. Guidance on vibrocompaction and vibro stone columns, vibro concrete columns. and dynamic compaction can
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be found in the ICE manual of geotechnical engineering (2012), Volume I, Chapters 59 and 84 [1].
4. Guidance on a range of ground improvement techniques can be found in CIRIA Reports C572 [11] and C573
[12].
5. Guidance on grouting for ground engineering (including permeation, rock grouting, hydrofracture, ground
compaction, jet grouting, and compensation grouting) can be found in CIRIA Report C514 [13].
. Guidance on soil mixing can be found in the BRE Design Guide to soft soil stabilisation [14].
. Information about vibro stone columns can be found in BRE Report BR 391[15].
. Information about the design of vibrocompaction/vibroflotation and vertical band drains can be found in the
Institution of Civil Engineers' Specification for ground treatment [16].
9. Guidance on the design, construction and control of rigid inclusion ground improvements can be found in the
recommendations of the ASIRI National Project [17].

4.3 Materials

4.3.1 Soils

4.3.1.1 General
COMMENTARY ON 4.3.1.1

The design of foundations usually involves effective stress analysis, although, in some circumstances, total
stress analysis might be appropriate or necessary for the design of foundations in fine soils. Soil properties
are determined as part of the site investigation process but might be supplemented by data from back
analysis of comparable foundations in similar ground conditions.

4.3.1.1.1 The identification and description of soil should conform to BS EN IS0 14688-1.

4.3.1.1.2 The classification of soil should conform to BS EN 1SO 14688-2.

4.3.1.1.3 Soil properties should be determined in accordance with BS EN 1997-2 and BS 5930.

4.3.1.1.4 Characteristic soil parameters should be selected in accordance with BS EN 1997-1, based on
the results of field and laboratory tests, complemented by well-established experience.

0 N O

NOTE
1. Guidance on soil description can be found in Soil and rock description in engineering practice [18].

2. Information about the behaviour of soils as particulate materials can be found in the ICE manual of geotechnical
engineering (2012), Volume |, Chapter 14 [2].

3. Information about the strength and deformation behaviour of soils can be found in the ICE manual of geotechnical
engineering (2012), Volume |, Chapter 17 [2].

4.3.1.2 Very coarse soils (cobbles and boulders)

COMMENTARY ON 4.3.1.2

Very coarse soils contain a majority (by weight) of particles >63 mm in size. Cobbles are between 63 mm
and 200 mm in size; boulders are greater than 200 mm.

Very coarse soils should be identified and classified in accordance with BS EN IS0 14688 and BS 5930.
4.3.1.3 Coarse soils (sands and gravels)

COMMENTARY ON 4.3.1.3

Coarse soils contain a majority (by weight) of particles >63 mm in size and do not stick together when wet.

Sand particles are between 0.063 mm and 2 mm in size; gravels are between 2 mm and 63 mm. Coarse
soils cannot be remoulded.

4.3.1.3.1 When establishing the values of parameters for coarse soils, the following should be considered:
* the items listed in BS EN 1997-1:2004+A1:2013, 2.4.3(5);
« the weakening of collapsible soils above the groundwater table, owing to percolation or a rise in
groundwater levels;
« disturbance of dense deposits owing to unsuitable construction methods; and the presence of weaker
material.

4.3.1.3.2 For coarse soils above the groundwater table, the suggested values for characteristic weight
density given in Figure 1 may be used in the absence of reliable test results.

4.3.1.3.3 For coarse soils below the groundwater table, the suggested values for characteristic weight
density given in Figure 2 may be used in the absence of reliable test results.

4.3.1.3.4 A superior value of weight density should be selected when a high value is unfavourable; an
inferior value should be selected when a low value is unfavourable.
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Above the water table Weight density (kN/m°)
0 12 1 16 18 220 2 24 2%

very loose

loose

medium

Gravel

dense
very dense

|_density

very loose

loose

medium

Sand

dense

very‘ dense

L_density

Silt

very low

low

medium
high
very high

Clay

extIemer high
L undrained shear strength

coarse fill

fine fill

Engineered fill

Source: Data from Bond[19]
Figure 1-Suggested values for characteristic weight density of soils above the groundwater table
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Below the water table Weight density (kN/m?®)
10 12 14 16 20 22 24 26

-
oo

very loose
loose

medium

Gravel

dense

very dense

Ldensity

very loose
loose

medium

Sand

dense
ver)‘ dense
L density

very low
low
medium
high

Clay

very high

EEEEEE M EEEEE EEEEE

ext‘remely high
L undrained shear strength

coarse fill

{

fine fill

Engineered fill

Source: Data from Bond[19]
Figure 2-Suggested values for characteristic weight density of soils below the groundwater table

4.3.1.3.5 For siliceous sands and gravels, the characteristic constant volume (also known as critical state)
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effective angle of shearing resistance (¢, ,) may, in the absence of reliable test results, be
estimated from:

(pév,k =30° + (pt’mg + (p;’SD (4)

where;

@ang is contribution to ¢, , from the angularity of the particles; and
@psp is contribution to ¢, , from the soil's particle size distribution
Values of ¢g,, and @pgp, are given in Table 1

4.3.1.3.6 For siliceous sands and gravels with fines content less than 15%, the characteristic peak effective
angle of shearing resistance (¢, ) may be estimated from:

Oprk = Pevie T Pair )

where;
@y is contribution to ¢y, , from soil dilatancy.
Values of ¢;, are given in Table 1

4.3.1.3.7 The value of ¢;; may alternatively be estimated from:
Puy = nlg =n[l, x ln(ac/af') —1] (6)

where;
@y IS contribution to ¢y, , from soil dilatancy.
Values of ¢;; are given in Table 1

n is 3 for triaxial strain or 5 for plane strain;

Ip is the soil's relative dilatancy index;

Ip is the soil's density index (defined in BS EN ISO 14688-2);
o, is the aggregate crushing stress; and

of is mean effective stress in the soil at peak strength.

NOTE

1. Bolton [20] defines the relative dilatancy index as Ig = Ip(Q — I,p) — 1, where Q=I,0.and p’ = cr;c
2. Many geotechnical problems can be simplified into a two-dimensional form where the foundation or structure is
significantly long in one direction in comparison with other dimensions. Hence, a large number of stability
problems involving embankments and cuttings, retaining walls and strip footings are commonly analysed by
assuming a plane strain condition in which no deformation occurs in the direction of the long dimension of the
foundation or structure.
4.3.1.3.8 The value of g, may be taken as 20 MPa for quartz sands, but can be substantially larger for
quartz silts, and substantially smaller for carbonate sands (see The strength and dilatancy of
sands [20]).

4.3.1.3.9 If the fines content of the coarse soil exceeds 25%, then ¢;;, should be assumed to be zero,
unless testing demonstrates otherwise. For coarse soils with fines content between 15% and 25%,
@q; May be determined by linear interpolation.

4.3.1.3.10 If shearing is matrix (i.e. fines) controlled, then ¢;,,, should be assumed to be zero, unless testing
demonstrates otherwise. For coarse soils with fines content between 15% and 25%, ¢g,, may be
determined by linear interpolation.

4.3.1.3.11 The characteristic angle of shearing resistance (¢,,) for coarse soils with fines content exceeding
25% should be determined as for fine soils (see 4.3.1.4).

Table 1- Values of ¢z, psp and @y to obtain values of ¢, , and ¢, for siliceous sands and gravels
with fines content not exceeding 15%

Soil property Determined from Classification Parameter P
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Angularity of particles? Visual description of Rounded to well-rounded  ¢g,,=0°
soil Sub-angular to sub Ping=2°
rounded @, =40
ang
Very angular to angular
Uniformity coefficient, Cy ® Soil grading Cu< 2 (evenly graded) @psp=0°

2<Cu <6 (evenly graded) ¢@ps,=2°
Cu=6 (medium to multi ¢@ps,=4°
graded)

High Cu (gap graded), with  @psp=0°
Cuof fines <28

High Cu (gap graded), with  @}¢,=20
2 <Cuy of fines< 6 B

Density index, Ip ©) Standard penetration o= 0% Pay = 0°
test blow count, Ip=25% Pan = 0°
cor_rected for energy Ip=50% Qhy =3°
rating and Ilp=75% @l = 6°
overburden pressure Ip=100% Ohy = 9P
(N1)so

A) Terms for defining particle shape can be found in TZS 2500-1/1SO 14688-1,

B) The uniformity coefficient Cu is defined in BS EN 1SO 14688-2.

©) The density index Ip is defined in BS EN 150 14688-2. Density terms may be estimated from the results of
field tests (e.g, Standard Penetration Test, Cone Penetration Test) using correlations given in BS EN
1997-2

D) Values of ¢y ;; are appropriate for siliceous sands and gravels reaching failure at a mean effective stress
up to 400 kPa. For non-siliceous sands, see The strength and dilatancy of sands [20].

B) "Fines" refers to that fraction of the soil whose particle size is less than 0.063 mm

4.3.1.4 Fine soils (silts and clays)
COMMENTARY ON 4.3.1.4

Fine soils contain a majority (by weight) of particles <63 mm in size and stick together when wet. Silt
particles are between 0.002 mm and 0.063 mm in size; clay particles are smaller than 0.002 mm, Fine soils
can be remoulded.

Clay soils with plasticity indices greater than about 20% might exhibit considerably lower angles of shearing
resistance than observed at the critical state, if their particles become fully aligned with one another. This
phenomenon is termed "sliding shear" to distinguish it from "rolling shear" observed in other soils (including
coarse soils and fine soils with plasticity indices less than 20%). The angle of shearing resistance exhibited
during sliding shear is called the "residual angle of shearing resistance".

4.3.1.4.1 When establishing the values of parameters for fine soils, the following should be considered, as
a minimum:
* the items listed in BS EN 1997-1:2004+A1:2013, 2.4.3(5);
* pre-existing slip surfaces;
» dessication; and
« any changes in stress state either induced by construction or resulting from the final design condition.

4.3.1.4.2 For fine soils above the groundwater table, the suggested values for characteristic weight density
given in Figure 1 may be used in the absence of reliable test, results.

4.3.1.4.3 For fine soils below the groundwater table, the suggested values for characteristic weight density
given in Figure 2 may be used in the absence of reliable test results.

4.3.1.4.4 A superior value of weight density should be selected when a high value is unfavourable; an
inferior value should be selected when a low value is unfavourable.

4.3.1.4.5 In the absence of reliable test data, the characteristic undrained shear strength of a fine soil (cy,«)
may be estimated from:
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k
Cuk _ ky pIIJ,max 2
P1’; - klRo - kl ( p]I; ) (7)
where;
Dy is the effective overburden pressure;

Pvmax IS the maximum effective overburden pressure that the soil has previously been subjected to;
Ro is the soil's overconsolidation ratio; and
k.and k, are constants.

NOTE - The ratio cu/p;; normally varies with depth (i.e. it is not a constant).

4.3.1.4.6 In the absence of reliable test data, the values of k1 and k2 in equation (7) may be taken as 0.23
+0.04 and 0.8 respectively, following New developments in field and laboratory testing of soils
[21].

4.3.1.4.7 When determining the characteristic undrained strength of high strength fine soils, due allowance
should be made for:

« the detrimental effect of any sand or silt partings containing free groundwater;
» the influence of sampling;

« the influence of the method of testing; and

* likely softening on excavation.

4.3.1.4.8 For fine soils, the characteristic constant volume (also known as critical state) effective angle of
shearing resistance (¢, ) may, in the absence of reliable test results, be estimated from:

(p(l,'li,k = (420 - 12.5 loglo IP) fOI’ 5% < IP < 100% (8)
where;
I, is the soil's plasticity index (entered as a %)
NOTE

1. Equation (8) is based on an expression proposed by Santamarina and Diaz-Rodriguez [22], which fits data
presented by Terzaghi, Peck, and Mesri [23].

2. Values of (pé,,_k based on this expression are given in Table 2.

Table 2-Values of ¢, , for fine soils from plasticity index

Plasticity index, Ip Characteristic constant volume angle of shearing resistance, ¢,
% Degrees(°)

15 27

30 24

50 21

80 18

NOTE - Values of (p’w in excess of 40° have been observed for clays that classify as highly plastic but show
signs of bioturbation or the presence of microfossils.

4.3.1.4.9 The characteristic constant volume effective cohesion (c,, ,)should be taken as zero.

4.3.1.4.10 The peak effective angle of shearing resistance (¢,,) may be related to the constant volume
effective angle of shearing resistance (¢,) by:

Ppk = Pév T Pai 9)
where;

@y IS the soil's constant-volume angle of shearing resistance; and

@y 1s the contribution to (p;,k from soil dilatancy.
NOTE
1. The value of ¢@;; for fine soils is not the same as that for coarse soils. For fine soils, it is typically in the range of
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0° - 4°. No specific guidance is given in this standard for values of ¢g;; for fine soils.

2. Values of ¢g; are known to increase with a fine soil's overconsolidation ratio and are greater than or equal to
zero.

4.3.1.4.11 When a clay soil is able to undergo "sliding shear", normally only where pre-existing slip surfaces
exist in the ground, then the operational angle of shearing resistance is the clay's residual value

(Pres):

Pres S Pev < Ppic (10)
where;

@y IS the soil's constant-volume angle of shearing resistance; and

@4 is the soil's peak angle of shearing resistance.

NOTE - Guidance on the undrained strength and the residual shear strength of clay soils can be found in the ICE
manual of geotechnical engineering (2012), Volume |, Chapter 17 [2].

4.3.1.5 Mixed soils
COMMENTARY ON 4.3.1.5

Some deposits (especially glacial deposits) can comprise a mixture of fine and coarse soils, e.g. sandy
clays and clayey sands. The behaviour of mixed soils is typically intermediate between that of, coarse and
fine soils.

For mixed soils with clay fraction less than 50% (plasticity index less than 30% or liquid limit less than 60%),
@ May, in the absence of reliable test data, be estimated from Drained shear strength parameters for
analysis of landslides [24].

4.3.1.6 Soil stiffness
COMMENTARY ON 4.3.1.6
Young's modulus of elasticity of an isotropic soil (E) is related to its shear modulus (G) by:

E=2G(1+v) (11)
where;
v is the soil's Poisson's ratio.

Stiffness parameters for a soil depend on the level of strain (axial € or engineering shear strain y) applied
to the soil, as illustrated in Figure 3:

+ at very small strains (¢ ory < ~0.001 % ), the soil's moduli of elasticity (E and G) reach their maximum
values (Emax and Gmax.), also known as "very-small-strain” values; Emax and Gmax are normally
measured using dynamic methods, such as laboratory tests using bender-elements or field tests using
seismic methods;

+ at small strains (~0.001 % < e or y < ~ 0.1% ), E and G decrease rapidly with increasing strain, as
shown in Figure 3; their values are measured using advanced methods, such as laboratory tests with
local gauges;

« tangent values of small-strain stiffness (Ewan and Guan ) are commonly used in numerical methods of
design;

* at large strains (¢ or y > ~ 0.1% ), E and G decrease less rapidly with increasing strain and are
commonly taken to be constant in value; those values are measured using conventional laboratory
testing;

* secant values of large-strain stiffness (Esec and Gsec) are commonly used in routine methods of design;

* soil stiffness parameters are not normally isotropic. Simple isotropic models are to be used with
caution, especially if their adequacy has not been demonstrated by back analysis. Depending on the
soil's deposition history, different values of stiffness might be appropriate for vertical strains
(Ev)compared to horizontal strains (En) and for shearing in different directions (Gpn Ghy).
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A

Stress
IGmax or Emax
I A{Gtan or Etan
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Strain ?
a) Definition of tangent and secant moduli
i \ \
Stiffness | Very | Small strain | Large strain
(EorG) | small
strain \ |
Emax OF Gmax ‘ ‘
\
\
\
\
\
\
\
N
.
Strain =
(log scale)
b) Definition of very small, small and large strain stiffnesses
- _p- Dynamic methods
- —m Local gauges
- Conventional - .

soil testing

- » Retaining walls

Stiffness

-« p Shallow foundations

- Tunnels

Pile groups -—— =

Single piles «——

0.0001 0.001 0.01 a1 1 10
Strain (%)

c) Typical strain ranges for common geotechnical constructions (solid arrows) and laboratory tests
(dashed arrows)

Figure 3-Stiffness parameters for non-linear soil
NOTE - Based on Non-linear soil stiffness in routine design [25] and the ICE manual of geotechnical engineering
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(2012), Volume II, Chapter 52 [1].

4.3.1.6.1 The difference between the direction of loading and the direction of measurement of soil stiffness
should be taken into account in the assessment of soil stiffness.

4.3.1.6.2 In the absence of reliable test results, the secant shear modulus of a soil, Gsec may be estimated
from (see also Stiffness of sands through a laboratory database [26]):

Gsec __ Y~Ye mq~1
Gmax - [1 + (Yref) ] =1 (12)
where;
Gmax IS the soil's very-small-strain shear modulus;
Yy is the engineering shear strain in the soil;
Ye is the elastic threshold strain beyond which shear modulus falls below its maximum value;
Yref is a reference value of engineering shear strain (at which Gg../Gnax =0.5); and
m is a coefficient that depends on soil type.
4.3.1.6.3 In the absence of reliable test results, the values of the parameters in equation (12) may be taken
from Table 3.
Table 3-Values of parameters for use with equation (12)
Soil type Parameter Reference
yref m Ye
% %
Sand 0.02-0.1 (0.044%) 0.88 0.02% + 0.012 y,.; Oztoprak and
Bolton [26]
Clays and silts 0.0022 1 ® 0.736 +0.122 9 0 (assumed) Vardanega  and
Bolton [27]

A) Mean value
B) Ip is the soil's plasticity index.
© +value indicates standard error

4.3.1.6.4 In the absence of reliable test results, the very-small-strain shear modulus of a soll, G,,,,,may be
estimated from (see Non-linear soil stillness in routine design [25] and Stiffness at small strain:
research and practice [28]):

N
Gmax _ __*1 (p>3 (13)

Dref

Pref B (1+e)k2

where:

e is the soil's voids ratio;

p' is the mean effective stress in the soil;

Dref is 100 kPa; and
k., k, and k5 are coefficients that depend on soil type.

4.3.1.6.5 In the absence of reliable test results, the values of the parameters in equation (13) may be taken

from Table 4.
Table 4-Values of parameters for use with equation (13)
Soil type Parameter Reference
ky ks, ks Dref

Fine soll 21007 0 0.6-0.8 1 kPa Viggianni and Atkinson [29]
Sand 350-5760® 3 0.49-0.86%) 100 kPa Oztoprak and Bolton [26]
Clays and 20 000 2.4 0.5 1 kPa Vardanega and Bolton [27]
silts +5 000
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A Depends on the soil's plasticity index, Ip
B) Decreasing with strain
C) Increasing with strain

4.3.2 Rocks and rock masses
COMMENTARY ON 4.3.2

The engineering properties of rock relevant in design are controlled by the extent and orientation of the
bedding planes and joints within the rock mass, together with the water pressures on the discontinuity
planes. The site investigation needs to establish the strength and orientation of the discontinuity planes.

Weak rocks, particularly weakly cemented sandstones, fissured shales and chalk, are often difficult
materials to sample and test.

4.3.2.1 The identification and classification of rock should conform to BS EN 1ISO14689-1.

4.3.2.2 Rock properties should be determined in accordance with BS EN 1997-2 and BS 5930, as well
as BS EN 1997-1:2004+A1:2013, 3.3.2, 3.3.8 and 3.3.9.

4.3.2.3 Characteristic rock parameters for intact rock should be selected in accordance with BS EN
1997-1, based on the results of field and laboratory tests, complemented by well-established
experience.

4.3.2.4 Design parameters for the rock mass should take into account the properties of the intact rock
and any discontinuities. See BS EN 1997-1:2004+A1:2013, 3.3.8.

4.3.2.5 The following non-destructive tests may be used to determine rock mineralogy and composition
in order to predict the rock’s performance during excavation (in particular, if it will slurry or smear
rather than be broken up into smaller pieces):
* microscope;
» X-ray computerized tomography; and
* spectroscopy.

NOTE

1. Guidance on rock description in engineering practice can be found in Soil and rock description in engineering
practice [18].

2. Information about the behaviour of rocks can be found in the ICE manual of geotechnical engineering (2012),
Volume |, Chapter 18 [2].

3. Information about mudrocks, clay, and pyrite (and their issues) can be found in the ICE manual of geotechnical
engineering (2012), Volume |, Chapter 36 [2].

4.3.3 Fill
COMMENTARY ON 4.3.3

The term "fill" refers to artificially deposited material, for example, in an excavation or as ground made by
human activity. These materials are also termed "artificial ground".

"Non-engineered" fill is material that is dumped with little control and in deep lifts. It is often poorly
compacted, and thus in a loose state, and has varying geotechnical properties, both horizontally and
vertically. Non-engineered fill is commonly referred to as "made ground".

"Engineered" fill is material that is placed with some degree of control to ensure that its geotechnical
properties conform to a predetermined specification.

Engineered fill is commonly referred to as just "fill".

On geological maps, "made ground" refers to material placed above and "fill' to material placed below

original ground level. On recent British Geological Survey (BGS) maps, these terms have been altered to

"made up ground" and "infilled ground".

4.3.3.1 All materials intended to be placed behind foundations should be properly investigated and
classified.

4.3.3.2 Non-engineered fill, such as industrial, chemical, and domestic wastes, should not be placed
beneath foundations.

4.3.3.3 Engineered fill comprising selected coarse granular soils, such as well-graded small rockfills,
gravels, and sands, may be placed beneath foundations.
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4.3.3.4 Engineered fill should be appropriate to the intended application. The fill should be classified and
an earthworks specification provided detailing acceptability criteria, compliance testing, and
compaction requirements. The general specification of earthworks fill should conform to BS
6031.

NOTE

1. Guidance on the description of made ground can be found in Soil and rock description in engineering practice,
Chapter 14 [18].

2. Information about non-engineered fills can be found in the ICE manual of geotechnical engineering (2012),
Volume |, Chapter 34 [2].

3. Information about fill formation and deposits (covering opencast mining backfill, colliery spoil, pulverized fly ash,
industrial and chemical wastes, urban fill, domestic refuse, infilled docks, pits, and quarries, and hydraulic fill)
can be found in BRE Report 424 (2™ edition), Chapter 2 [30].

4.3.4 Earthworks
The properties of earthworks should be determined in accordance with BS 6031.

4.3.5 Groundwater

4.3.5.1 Groundwater pressures should be determined by considering hydrological, hydrogeological, and
environmental information.

4.3.5.2 To conform to BS EN 1997-1:2004+A1:2013, 2.4.6.1(6)P, design values of groundwater
pressure at the serviceability limit state should be the most unfavourable values that could occur
during normal circumstances.

4.3.5.3 To conform to BS EN 1997-1:2004+A1:2013, 2.4.6.1(6)P, design values of groundwater
pressure at the ultimate limit state should be the most unfavourable values that could occur
during the design lifetime of the structure.

NOTE - The relationship between characteristic and design water pressures can be determined by applying a
geometrical margin.

4.3.5.4 If suitable statistical data is available, then design values of groundwater pressure at the
serviceability limit state should be chosen with a return period at least equal to the duration of
the design situation; and design values at the ultimate limit state should be chosen such that
there is a 1% probability that they are exceeded during the design situation.
4.3.5.5 Where groundwater pressures are not hydrostatic, the design should take into account:
« the worst credible combination of heterogeneity and anisotropy of permeability;
« effects of layering, fissuring and other heterogeneity;

» any geometrical features that could cause pressures to concentrate (such as in corners of
excavations).
4.3.5.6 Long-term changes in groundwater that are likely to occur during the design working life of the
structure (including those due to climate change and rising groundwater) should be taken into
account.
4.3.5.7 Increased groundwater pressures owing to burst pipes and other failures of engineered systems
should be classified as accidental actions if the event that causes the increase in groundwater
pressure is unlikely to occur during the design working life of the structure.

4.3.5.8 The design of a foundation should be based on the most adverse water pressure conditions that
can be anticipated.

NOTE - Guidance on the selection of water tables and seepage forces can be found in CIRIA Report C580 [31]
4.3.5.9 Design water pressures should take into account the effect of tides on water levels in the ground.

NOTE - Guidance on tides and water level variations can be found in BS 6349-1-3.

4.3.5.10 If the equilibrium level of the water table is well defined and measures are taken to prevent it
changing during heavy rain or flood, the design water pressures can be calculated from the
position of the equilibrium water table, making due allowance for possible seasonal variations.
Otherwise, the most adverse water pressure conditions that can be anticipated should be used
in design.
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4.3.5.11 Equilibrium water levels in fine soils should be determined from piezometric readings taken
over an adequate length of time.

4.3.5.12 Allowance should be made in undrained (i.e. total stress) analyses for water pressures due to
the temporary filling of cracks in fine soils.

4.3.5.13 Water pressures used in drained (i.e. effective stress) analyses should be determined for the
groundwater regime in the vicinity of the structure.

4.3.5.14 Where a difference in water pressures exists on opposite sides of a foundation, allowance
should be made for seepage around the wall. Where layers of markedly different permeability
exist, the water levels relevant to each permeable stratum should be taken into account.

4.3.5.15 The distribution of pore water pressures may be determined from a flow net, provided it
adequately represents the hydraulic and permeability conditions in the vicinity of the structure.
4.3.6 Concrete

4.3.6.1 Concrete incorporated into foundations should conform to BS EN 1992-1-1, BS EN 206, and BS
8500-2.

4.3.6.2 Concrete incorporated into foundations should be specified in accordance with BS EN 206 and
BS 8500-1.

4.3.6.3 Steel reinforcement for concrete foundations should conform to TZS 142-1 or TZS 142-1

4.3.7 Steel

4.3.7.1 Steel incorporated into foundations should conform to BS EN 1993-1-1, BS EN 1993-5, and BS
8081, as appropriate.

4.3.7.2 The values of steel parameters should be determined in accordance with BS EN 1993-1-1 and
BS EN 1993-5, and their UK National Annexes.

4.3.7.3 Hot rolled steel products should conform to BS EN 10025.

4.3.7.4 Hot rolled steel products manufactured to a different standard than BS EN 10025 may be used
if it can be demonstrated by appropriate additional testing that the products meet the
requirements of BS EN 10025 that are relevant to the foundation.

4.3.7.5 Cold formed hollow steel sections should conform to BS EN 10219.

4.3.7.6 Cold formed hollow steel sections manufactured to a different standard than IBS EN 10219 may
be used if it can be demonstrated by appropriate additional testing that the sections meet the
requirements of BS EN 10219 that are relevant to the foundation.

4.3.8 Timber

4.3.8.1 Timber incorporated into foundations should conform to BS EN 1995-1-1.

4.3.8.2 The values of timber parameters should be determined in accordance with BS EN 1995-1-1.

4.3.9 Masonry
4.3.9.1 Masonry incorporated into foundations should conform to BS EN 1996-1-1.
4.3.9.2 The values of masonry parameters should be determined in accordance with BS EN 1996-1-1.
4.3.9.3 The following masonry units should conform to the relevant part of BS EN 771:
» clay masonry units (Part 1 );
+ calcium silicate masonry units (Part 2),;
* aggregate concrete masonry units (Part 3);
+ autoclaved aerated concrete masonry units (Part 4);
» manufactured stone masonry units (Part 5); and
* natural stone masonry units (Part 6).

4.3.9.4 The dimensions of clay and calcium silicate brick of special shapes and sizes should conform to
BS 4729.

4.3.9.5 Mortars used in masonry foundations should conform to PD 6697.
4.3.9.6 Damp proof courses used in masonry foundations should conform to BS 8215.
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4.3.9.7 Wall ties should conform to PD 6697.
4.3.10 Pipes
Pipes used in drainage systems for foundations should conform to one of the following standards, as
appropriate:
« vitrified clay pipes - BS 65 and BS EN 295;
* concrete pipes - BS 5911 and BS EN 1916;
* glass reinforced plastics (GRP) pipes - BS 5480;
* cast iron - BS 437;
* ductile iron - BS EN 598;
+ unplasticised polyvinyl-chloride (PVC-U) - BS 4660 or BS 5481 or BS EN 1401-1;
* polypropylene (PP) - BS EN 1852-1;
* polyethylene (PE) - BS EN 12666-1,;
« thermoplastics structure wall pipes - BS 4962;
* geotextile wrapped land drains -BS 4962.

4.4 Durability
4.4.1 General
The durability of foundations should conform to BS EN 1990.

4.4.2 Concrete
4.4.2.1 The durability of concrete should *Conform to BS EN 1992-1-1.

4.4.2.2 Exposure classes for concrete should be determined in accordance with BS EN 206 and BS
8500-1.

4.4.2.3 For the purpose of specifying concrete to be used in foundations, ground conditions should be
classified in accordance with BS 8500-1:2015, Table A.2.

NOTE
1. BS 8500-1:2015 and BS 8500-2:2015 are complementary British Standards to BS EN 2062013.
2. Guidance on concrete in aggressive ground can be found in BRE Special Digest 1 [32].

4.4.3 Steel
4.4.3.1 The durability of steel should conform to BS EN 1993-1-1.
4.4.3.2 The durability of steel reinforcement in reinforced concrete should conform to BS EN 1992-1-1.

NOTE - Guidance on corrosion at bi-metallic contacts and its remediation can be found in PD 6484.

4.4.4 Timber
4.4.4.1 General

NOTE
1. Information on the biological agents that can attack wood can be found in BS EN 335:2013, Annex C.
2. Guidance on shipworm (various species of the genera Teredo and Banksia), Martesia, and gribble (various
species of the genus Limnoria) can be found in BRE Technical Note 59 [33].

4.4.4.1.1 The preservative treatment of timber should conform to BS 8417.
4.4.4.1.2 Components should be machined so that they contain a high proportion of permeable sapwood.

NOTE - Wood species can be selected for permeability and sapwood content from the information given in BS EN
350-2.

4.4.4.1.3 The durability of timber should conform to BS EN 1995-1-1, which requires timber and wood-
based materials to have either:

» adequate natural durability conforming to BS EN 350-2 for the particular hazard class defined in BS
EN 335-1:1992, BS EN 335-2:1992, and BS EN 335-3:1992, or

* be given a preservative treatment selected conforming to BS EN 351-1 and BS EN 460.
NOTE - BS EN 335-1:1992, BS EN 335-2:1992, and BS EN 335-3.1992 have been superseded by BS EN 335:2013.
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4.4.4.1.4 All machining of timber, including notching, should be undertaken before applying preservative
treatment.
4.4.4.2 Service classes

Service classes for timber should be determined in accordance with BS EN 1995-1-1.
4.4.4.3 Use classes

Use classes for timber should be determined in accordance with BS EN 335.
NOTE
1. Use classes relevant to timber in earth retaining structures are summarized in Table 5.
2. BS EN 1995-1-1:2004 requires timber structures to be assigned to one of three "service classes". BS EN
335:2013 defines five "use classes" for wood and wood-based products. BS EN 335:2013, Annex A provides
a possible mapping of service classes to use classes.

Table 5-Use classes relevant to timber in foundations

Use class Situation Attack is possible by:
uc4 Wood is in direct contact with the Fungi and wood-destroying fungi
ground or fresh water Wood-boring insects
Termites (in countries where these present a
hazard)
Bacterial decay
ucs Wood is permanently or regularly Invertebrate marine organisms
submerged in salt water (i.e. sea Wood-destroying fungi
water and brackish water) Growth of surface moulds and staining fungi

Wood-boring insects (above water)

4.4.5 Masonry
The durability of masonry foundations should conform to BS EN 1996-1-1, BS EN 1996-2, and PD 6697.

4.5 Geotechnical analysis

4.5.1 The actions assumed in the geotechnical analysis of foundations should conform to BS EN 1991.

4.5.2 The actions assumed in the geotechnical analysis of foundations subject to traffic loading should
additionally conform to the UK National Annex to BS EN 1991-2 and to PD 6694-1.

4.5.3 To conform to BS EN 1990:2002+A 1:2005, 6.4.3.3(4), combinations of actions for accidental design
situations should include either the accidental action itself or actions that occur after the accidental
event.

4.5.4 The effects of dynamic and cyclic loads on the performance of a foundation should be considered.

4.5.5 For the verification of limit states GEO, EQU, and STR, the value of load classification factor defined
in BS EN 1991-2:2003 should be taken as a= 1.1. This factor should be applied to the equivalent
vertical loading for earthworks and the earth pressure effects due to ralil traffic actions, according to
the requirements of BS EN 1991-2:2003, 6.3.2(3)P and 6.3.6.4.

4.6 Ultimate limit states
4.6.1 General

The ultimate limit state design of a foundation should conform to BS EN 1997-1:2004+A1:2013, 2.4.7.

4.6.2 Design values of geotechnical parameters

COMMENTARY ON 4.6.2

The UK National Annex to BS EN 1997-1:2004+A1:2013 states that "it might be more appropriate to

determine the design value of ¢, directly, rather than apply the partial factor y,(= 1.25 for limit state

GEO, Set M2) to its characteristic value".

4.6.2.1 In accordance with BS EN 1997-1:2004+A1:2013, 2.4.5.2, the characteristic value of a
geotechnical parameter should be selected as a cautious estimate of the value "affecting the
occurrence of the limit state". The value of ¢, may therefore be selected as a peak value, a
constant volume value, a residual value, or an intermediate value (as appropriate).

4.6.2.2 The design values of geotechnical parameters should conform to BS EN 1997-1:2004+A1:2013,
2.4.6.2.
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4.6.2.3 When the peak angle of shearing resistance is the value that affects the occurrence of the limit
state, the design value of shearing resistance (¢,) should either be assessed directly or obtained
from:

!
tan Ppkk

tan @, = v

(14)

where:
oprr 1S the characteristic value of the soil's peak angle of shearing resistance; and
Yo is the partial factor specified in the UK National Annex to BS EN 1997-1:2004+A1:2013.

4.6.2.41f it is anticipated that there can be significant post-peak softening of the soil's shearing
resistance, together with significant straining of the soil, then the peak angle of shearing
resistance should not be selected as the value that affects the occurrence of the limit state.

4.6.2.5 When the constant volume angle of shearing resistance is the value that affects the occurrence
of the limit state, the design value of shearing resistance (¢;) should either be assessed directly
or obtained from:

r
tan Ppk,k
Yo

tan @, = min
Pa tan gl

(15)
Yo,cv

where:

@i @nd y,, are as defined for equation (14);

@ is the characteristic value of the soil's constant volume angle of shearing resistance; and
Yo.cv IS @ partial factor whose value is 1.0

4.6.2.6 When the residual angle of shearing resistance is the value that affects the occurrence of the
limit state, the design value of shearing resistance (¢;) should either be assessed directly or
obtained from:

!

tan @k
Yo
!

tan @qesk

Yo, res

tan @, = min (16)

where:

@i @nd y,, are as defined for equation (14);

®resx IS the characteristic value of the soil's residual angle of shearing resistance; and
Yores IS @ partial factor whose value is 1.0

4.7 Serviceability limit states
COMMENTARY ON 4.7

A serviceability limit state is a condition beyond which specific service requirements for the structure or

foundation are no longer met. Serviceability requirements for foundations are commonly expressed as

limiting criteria for settlement or heave.

4.7.1 The serviceability limit state design of a foundation should conform to BS EN 1997-1:2004+A1:2013,
2.4.8,9.2 and 9.8.

4.7.2 The terminology used to describe foundation movements should conform to BS EN 1997-
1:2004+A1:2013, Annex H(1) and Figure H.1.

4.7.3 Damage to masonry walls owing to ground movement should be classified in accordance with
Behaviour of foundations and structures [N1].

NOTE - Guidance on building response to ground movements can be found in the ICE manual of geotechnical

engineering (2012), Volume |, Chapter 26 [2].

4.7.4 Particular consideration should be given to differential settlement, since this is normally more
damaging to a completed structure than total settlement.

4.7.5 Consideration should be given to any adverse effect that total or differential foundation settlement

31 ©TBS 2022-All rights reserved



BCDC 13 (112) DTZS

might have on services entering the structure.

4.7.6 Consideration should also be given to the adverse effect of differential settlement on services,
pavements, and rail tracks, particularly discontinuities, noting that part of the settlement normally
occurs during construction.

4.7.7 Continuous structures that are sensitive to settlement should be avoided when large differential
settlements are expected.

NOTE - Structures may be split into a number of smaller independent units to minimize the effect of differential

settlement between them. The stiffness of a framed structure may be reduced by modifying any cross bracing or

altering the connections between the frame and the cladding.

4.8 Structural design

4.8.1 The structural design of concrete foundations should conform to BS EN 1992, except where stated
otherwise in this standard (see 6.9).

4.8.2 The structural design of steel foundations should conform to BS EN 1993.

4.8.3 The structural design of timber foundations should conform to BS EN 1995.

4.9 Execution

4.9.1 General

4.9.1.1 The execution of concrete foundations should conform to BS EN 13670.

4.9.1.2 The execution of steel foundations should conform to BS EN 1090.

4.9.1.3 The execution of pile foundations should also conform to 6.10.

4.9.1.4 The execution of underpinning should also conform to B.9.

4.9.1.5 The execution of helical steel pile foundations should also conform to A.7.

4.9.1.6 When a design necessitates a particular sequence of operations, these should be clearly
indicated on the drawings or in the specification.

NOTE - Information about construction processes can be found in the ICE manual of geotechnical engineering

(2012), Volume I, Section 8 [1].

4.9.2 Temporary works

4.9.2.1 The design and construction of temporary excavations, trenches, pits and shafts should conform
to BS 6031.

4.9.2.2 The procedural controls that should be applied to all aspects of temporary works should conform
to BS 5975.

4.9.3 Working platforms
COMMENTARY ON 4.9.3

Working platforms are temporary structures that provide a foundation for heavy construction plant. Although
temporary, these are safety critical structures since bearing failure will have serious consequences in the
event of overturning of the construction plant.

It is important that working platforms are designed, installed, and operated appropriately for their intended
use.
4.9.3.1 The design of temporary works should conform to PAS 8811 and PAS 8812
4.9.3.2 Drilling and foundation equipment used for temporary works should conform to BS EN 16228.
NOTE
1. Geosynthetics incorporated into the construction of granular working platforms might provide beneficial
effects that enhance the stability of the working platform.
2. Guidance on ground conditions for construction plant can be found in Ground conditions for construction
plant [34].
3. Guidance on the design, installation, maintenance, and repair of ground-supported working platforms for
tracked plant can be found in BRE Report470 [35].
4. Guidance on the design of geosynthetics can be found in CIRIA SP 123 [36] and in manufacturers'
publications.

4.9.4 Ground improvement

4.9.4.1 The execution of deep mixing should conform to BS EN 14679.

4.9.4.2 The execution of grouting should conform to BS EN 12715.

4.9.4.3 The execution of jet grouting should conform to BS EN 12716.

4.9.4.4 The execution of hydraulically bound mixtures should conform to BS EN 14227.

4.9.4.5 The execution of deep vibration techniques (including vibro-compaction and vibro stone
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columns) should conform to BS EN 14731.
4.9.4.6 The execution of vertical drainage (including vertical band drains) should conform to BS EN
15237.

4.10 Testing
4.10.1 Tests on foundations should conform to ISO 22477, where appropriate.
4.10.2 Testing of pile foundations should also conform to 6.11.

4.11 Supervision, monitoring, and maintenance

4.11.1 Supervision of construction

Supervision of construction of foundations should conform to BS EN 1997-1:2004+A1:2013, 4.2.

NOTE - Guidance on technical supervision of site works can be found in the ICE manual of geotechnical engineering
(2012), Volume II, Chapter 96 [1].

4.11.2 Monitoring
4.11.2.1 Monitoring of foundations should conform to BS EN 1997-1:2004+A1:2013, 4.5.
4.11.2.2 Where serviceability criteria have been specified, or it is otherwise appropriate, the settlement
and deformation of the following should be monitored systematically, in order to assess their
performance:
* the supported structure;
* ground surface;
+ adjacent infrastructure; and
« any buried infrastructure or utilities.
4.11.2.3 Where appropriate, instrumentation should be installed to:
« confirm design assumptions and check the predicted behaviour of the foundation; and
« confirm that the structure continues to perform as required following construction.
4.11.2.4 Monitoring needed to implement the observational method should conform to BS EN 1997-1.
NOTE - Guidance on the principles of geotechnical monitoring can be found in the ICE manual of geotechnical
engineering (2012), Volume 11, Chapter 94 [1].
4.11.3 Maintenance
4.11.3.1 Maintenance of foundations should conform to BS EN 1997-1:2004+A1:2013, 4.6.
4.11.3.2 If the design of a foundation relies on a dewatering system, a maintenance programme for
dewatering should be specified.

4.12 Reporting
COMMENTARY ON 4. 12

BS EN 1997-1:2004+A1:2013, 2.8(1)P, requires the "assumptions, data, methods of calculation and result
of the verification of safety and serviceability" to be recorded in the Geotechnical Design Report (GDR).

Additionally, BS EN 1997-7:2004+A1:2013, 3.4.1(1)P, requires the results of a geotechnical investigation
to be compiled in a Ground Investigation Report (GIR), which "shall form a part of the Geotechnical Design
Report".

This standard extends this reporting regime to include a Geotechnical Feedback Report (GFR) that contains
full records of the works constructed. These as-built records include information that will assist with future
maintenance, design of additional works, and decommissioning of the works.

None of these reports is the same as a geotechnical baseline report, which may be used on geotechnical
projects for contractual purposes.

4.12.1 Ground Investigation Report
The Ground Investigation Report for a foundation should conform to BS EN 1997-1:2004+A1:2013, 3.4.
4.12.2 Geotechnical Design Report

The Geotechnical Design Report for a foundation should conform to BS EN 1997-1:2004+A1:2013, 2.8.
4.12.3 Geotechnical Feedback Report

COMMENTARY ON 4.12.3

The Geotechnical Feedback Report is also known as a "close-out report".
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4.12.3.1 On completion of the works, a Geotechnical Feedback Report (GFR) should be prepared that
covers the following broad classes of information:
« arecord of construction and any changes to its design; and
* results of monitoring and testing conducted during construction.

4.12.3.2 The GFR should be tailored to suit the size and complexity of the works.
4.12.3.3 The record of construction should include, as appropriate:
+ a general description of the works, including ground and groundwater conditions encountered;
« instability problems, unusual ground conditions, and groundwater problems, including measures to
overcome them;
« contaminated and hazardous material encountered on site and the location of disposal, both on and
off site;
« temporary works and foundation treatment, including drainage measures and treatment of soft areas
and their effectiveness;
* types of imported and site-won materials and their use;
« any aspect of the specification or standards used that should be reviewed in view of problems
encountered on site;
* any requirements for ongoing monitoring or abnormal maintenance requirements;
+ any unexpected ground conditions that required changes to design;
« problems not envisaged in the Geotechnical Design Report and the solutions to them; and
* as-built drawings.
4.12.3.4 The results of monitoring and testing should include:
* details of any in-situ testing;
* test logs and test results;
* summary of site laboratory testing;
* location and details of instruments;
« readings from instruments (with dates) and predicted values;
« the results of compliance testing (e.g. in-situ density measurement, plate load tests); and
« data from monitoring instruments (e.g. piezometers, inclinometers, settlement gauges).

NOTE
1. The preparation of the GFR is particularly important where the observational method of design has been
used.
2. Guidance on the preparation of close-out reports can be found in the ICE manual of geotechnical
engineering (2012), Volume Il, Chapter 101 [1].

4.12.3.5 A copy of the Geotechnical Feedback Report should be provided to the owner/client.

5 Spread foundations

COMMENTARY ON Clause 5

This clause applies to the design and construction of:
+ pad foundations;
« strip foundations;
« raft foundations;

Underpinning is covered in Annex B.

5.1 Choice and design of spread foundations

5.1.1 General
5.1.1.1 The design of spread foundations should conform to BS EN 1997-1:2004+A1:2013, Clause 6,
and Clause 4 and Clause 5 (this clause) of this standard.

NOTE - Information about shallow (i.e. spread) foundations can be found in the ICE manual of geotechnical
engineering (2012), Volume I, Chapter 53 [1].
5.1.1.2 Selection of a suitable type of spread foundation should take into account:

+ the magnitude and disposition of structural loads;

« the bearing resistance of the ground,

* the settlement characteristics of the ground;

« the differential settlement that the supported structure can tolerate; and
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« the need to found in stable soil.

NOTE - Adjacent pad foundations may be combined or joined together with ground beams to support eccentric
loads, to resist overturning, or to oppose horizontal forces. Walls between columns may be carried on ground beams
spanning between pad foundations.

5.1.1.3 When the plan area covered by pad and strip foundations exceeds more than about one half of
the superstructure footprint, consideration should be given to using a raft foundation instead.

NOTE - Some key features of pad, strip, and raft foundations are summarized in Table 6.

Table 6-Some key features of spread foundations

Type Shape on plan Aspect ratio  Used to support: Constructed in:
Pad Square, circular, or L~B One or two columns Mass or reinforced
rectangular concrete
Strip Rectangular L>>B Load-bearing wall or Mass or reinforced
several closely-spaced concrete
columns

Raft Square or rectangular  L~B Entire structure or a Reinforced
substantial part of it concrete

5.1.2 Pad foundations
COMMENTARY ON 5.1.2

A pad foundation is a spread foundation whose length (L) and breadth (B) on plan are of similar magnitude
(L~B). Pad foundations are commonly used to transmit structural loads onto a suitable bearing stratum at
shallow depth below ground level. They are the simplest of all foundations and are generally used where
groundwater is absent or can be readily controlled.
5.1.2.1 Pad foundations may be of various shapes, including circular, square, or rectangular. The shape
of a pad foundation should be chosen to accommodate the effect of eccentricity arising from
imposed moments and shear forces on the column and the method of construction.

NOTE - Deep pad foundations (>3 m deep) may be used to carry heavy column loads.
5.1.2.2 The thickness of a pad foundation should not be less than 150 mm.

5.1.3 Strip foundations
COMMENTARY ON 5.1.3

A strip foundation is a spread foundation whose length on plan (L) is very much greater than its breadth
(B), i.e. L >> B. Strip foundations are commonly used to support the walls of buildings. They are generally
used where ground water is absent or can be readily controlled.

5.1.3.1 On sloping sites, strip foundations should be founded on a horizontal bearing and stepped where
necessary to maintain adequate depth.

5.1.3.2 The thickness of a strip foundation should be not less than 150 mm.

5.1.3.3 The breadth of a strip foundation should be chosen, taking into account normal construction
tolerances (see 5.2), so as not to overstress the ground beneath it.

5.1.4 Raft foundations

COMMENTARY ON 5.1.4

A raft foundation is a spread foundation whose length (L) and breadth (B) on plan are similar to that of the
superstructure. Raft foundations are commonly used to support large or heavily loaded structures. They
can prove to be a very cost-effective foundation solution.

5.1.4.1 Raft foundations may be used to support:

* lightly loaded structures on low strength natural ground, where it is necessary to spread the load
across horizontally variable ground, fill, or weaker zones;

* structures that are sensitive to differential settlement;

« structures on ground where mining or other forms of subsidence are likely to occur and are thus a
flexible structure and foundation is required;

* low rise dwellings and lightly framed structures on soils that are susceptible to excessive shrinking or
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swelling; or
* heavy structures that could otherwise be supported on many isolated foundations, occupying a large
part of the structure's footprint, when a more economic design is required

5.1.4.2 Settlement of raft foundations may be reduced by providing piles that redistribute loads from the
upper layers of the ground to deeper strata.

NOTE - Information about rafts can be found in the ICE manual of geotechnical engineering (2012), Volume I,
Chapter 56 [1].
5.2 Actions and design situations
The design of concrete spread foundations cast directly onto the ground should take into account the
permitted sectional deviations given in BS EN 13670.
5.3 Design considerations
COMMENTARY ON 5.3
Design and construction considerations for spread foundations are given in BS EN 1997-1:2004+A1:2013,
6.4. The design considerations given in this clause are more specific examples of the issues that can affect
the performance of a spread foundation.
5.3.1 General
5.3.1.1 The design of spread foundations should consider;

* the items listed in BS EN 1997-1:2004+A1:2013, 6.4 and in 4.2.2 of this standard,;

» when relevant, the additional design considerations for spread foundations on rock given in BS EN
1997-1:2004+A1:2013, 6.7;

* changes in groundwater conditions;

* long-term stability;

* sensitive clays and loose water-bearing sands and soils that change structure when loaded;

« the effect of any excavation, on soil properties, particularly for foundations greater than 3 m deep;

+ in low strength soils particularly, the potential for damage to services and drains caused by relative
movement between the foundation and the ground when they are supported partly on each;

« the layout and design of service pipes and ducts to allow for their future maintenance without the need
to break through the foundation;

« the potential for underground services, such as drains and water mains, to be damaged by shrinkage
and swelling of clay soils;

* in connection with extensions of existing buildings:
« differential movement of the foundations between new and existing structures;

* where cracking and subsequent remedial work is not acceptable, provision of joints between
extensions and existing buildings;

« stability of existing foundations where they abut the foundations of an extension; and
* the possibility of damage caused by the presence of chemicals.

5.3.1.2 Specialist advice should be sought where sensitive clays and loose water-bearing sands and
soils that change structure when loaded are expected.

5.3.1.3 Whenever possible, the center of area of a foundation or group of foundations should be located
directly beneath the centre of gravity of the superstructure vertical loads. When this is not
possible, the effects on the structure of tilting and settlement of the foundation should be
considered.

5.3.1.4 Where foundation support is provided by a number of separate bases these should, as far as
practicable, be proportioned so that differential settlement is minimal.

5.3.2 Depth of foundation

5.3.2.1 Strip foundations of traditional brick and masonry buildings should be founded at a depth where
the anticipated ground movements will not impare the stability or serviceability of any part of the
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building, taking due consideration of soil type and the influence of vegetation and trees on the
ground.

5.3.2.2 The depth to the underside of foundations should be not less than 750 mm on low shrinkage
clay soils, 900 mm on medium shrinkage clay soils, and 1 000 mm on high shrinkage clay soils.
These depths might need to be increased in order to transfer the load onto satisfactory ground
or where trees are located nearby.

NOTE - Information about low-rise buildings on shrinkable clay soils can be found in BRE Digests 240 [37] and 241
[38].

5.3.3 Trees and other vegetation

Consideration of trees and other vegetation in the design of spread foundations should conform to 4.2.3.4.

5.3.4 Frost heave
COMMENTARY ON 5.3.4

Traditionally, foundations have been taken to a depth of at least 450 mm below ground level to avoid frost
heave.

The design of foundations to avoid frost heave should conform to 1ISO 13793.

5.3.5 Heating

5.3.5.1 The design of a shallow foundation should take into account possible ground movement due to
shrinkage of clay caused by:

* boiler installations;

« furnaces and kilns;

+ underground cables and services;

* ground storage energy systems;

« other artificial sources of heat; and

« fill or other soils containing combustible materials.

5.3.5.2 Where excessive heat would otherwise be transmitted, the installation should be isolated from
the soil and the foundation by a suitable form of construction. Where the installation is small,
insulating materials might be adequate but some form of forced ventilation or cooling by
circulated water might be required.

5.4 Calculation models

5.4.1 Bearing resistance - Models based on ground parameters
COMMENTARY ON 5.4.1

BS EN 1997-1:2004+A 1:2013, Annex D, presents a sample analytical method for bearing resistance
calculation that does not include depth, ground inclination, or rigidity factors. This clause gives an alternative
method that includes these factors.

5.4.1.1 General

The design of spread foundations from ground parameters should conform to BS EN 1997-
1:2004+A1:2013,6.5.2.2.

5.4.1.2 Coarse soils (sands and gravels)

5.4.1.2.1 As an alternative to the sample analytical method given in BS EN 1997-1:2004+A1:2013, D.4, the
following expression may be used to calculate the ultimate bearing resistance of a spread
foundation (Rv) on coarse soils using effective stress parameters:

Ry /A" = ¢'N¢ bescicdcegcere + q'NgbgSqiqdqgqry + 0.5v'B'N,bys, i, d, g,7, a7
where:

¢' q' and y'are as defined in BS EN 1997-1:2004+A1:2013, D.4;

B’ is defined in BS EN 1997-1:2004+A1:2013, D.4;
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and the various coefficients N, b s etc are defined below, after Poulos et al. [39]

NOTE - Care is required in assessing submerged weight density term y’ particularly when groundwater is close to
the foundation.

5.4.1.2.2 The bearing coefficients in equation (17) should be calculated from:
N, = e™"" % tan?(45° + ¢ /2)

axeb>? for ¢ > 0°
N, = o
0 foro =20
N, = (N; — 1) cote (18)

5.4.1.2.3 The shape factors in equation (17) should be calculated from:

Sq =1+ (B/L)tang

s, =1—04(B/L)

se =1+ (B/L)(Ng/N,) (19)

5.4.1.2.4 The load inclination factors in equation (17) should be calculated from:

H m
-l )
fa [ V +A'c’ coto

H m+1
v == erey )
V+ A'c’' cotey

o iq—(%)for<p>0°
T 1—(mH) for e =0° 20

c/NcA!

5.4.1.2.5 The base inclination (also known as "foundation tilt") factors in equation (17) should be calculated
from:

q=b

b
b, = (1 — atan@)?

1-b
b, — L) for ¢ > 0°
b, = q (thanq)) (21)

1—(2—a) for o =0°

T+2

14

5.4.1.2.6 The ground inclination (also known as "surface inclination") factors in equation (17) should be
calculated from:

{(1 —tanw)? for ¢ > 0°
9q =

1 for ¢ =0°

9y = Yq
1_

90~ (o) for 0 >0°

9c = 20 0 (22)
1-— (m) foro =0
5.4.1.2.7 The depth factors in equation (17) should be calculated from:
d; =1+ 2tan (1 —sing)*tan"*(D/B)
d, =1
_ 1-dgq 0

dc = dq (than(p) fOT ¢ > 0 (23)

1+0.33tan"*(D/B) for ¢ =0°
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5.4.1.2.8 The rigidity factors in equation (17) should be calculated from:
3.07 sin ¢ log,, 21,

L=e [(—4.4 +0.6B/L)tan @ +

1+sing
=T
rc:{rq—(N:tTT:(p) for ¢ > 0° (24)
0.32 + 0.12(B/L) + 0.60log,o I, for ¢ = 0°

where:

1) is angle of shearing resistance of the soil;

a is 0.0663 for a smooth foundation or 0.1054 for a rough foundation;

b is 9.3 or 9.6 for a smooth or rough foundation, respectively (when ¢ is entered in radians);
alternatively, b = 0.162 or 0.168 respectively (when ¢ is entered in degrees);

B is the breadth of the foundation on plan;

L is the length of the foundation on plan;

D is the depth to the underside of the foundation;

A is the effective area of the foundation;

H is the horizontal force applied to the foundation;

Y is the vertical force applied to the foundation;
is (2 + B/L) / (1 + B/L) for loading in the direction of B or (2 +L/B) / (1 + L/B) for loading in the
direction of L;

a is the inclination of the underside of the footing from the horizontal;

1) is the inclination of the ground surface below the horizontal in the direction away from the
foundation;

I, is G/(c' + g, tan ¢)

G is the soil's shear modulus of elasticity;

c' is the soil's effective cohesion; and

oy is the vertical effective stress on the foundation.

NOTE

1. The expressions given for N, and N, are identical to those in BS EN 1997-1:2004+A1:2013, Annex D. The
expressions given for the shape, load inclination, and base inclination factors are also identical to those in
Annex D, except for s, and s, The expressions given for d,, g, and r, etc. are missing from Annex D.

2. The expression given for N, is one of many that have been proposed in the geotechnical literature. The
expression given (after Poulos [39]) is generally conservative when compared to other expressions.

5.4.1.2.9 The effects of load combinations involving large inclinations of force or large moments should be
assessed using more advanced calculation models than those given in BS EN 1997-1:2004+A
1:2013, D.4, or this clause.

NOTE - Information about more advanced bearing resistance models can be found in the ICE manual of
geotechnical engineering (2012), Volume |, Chapter 21 [2].

5.4.1.2.10 A concrete foundation cast directly against the ground may be considered "rough"; pre-cast
concrete foundations should be considered "smooth".

5.4.1.3 Fine soils (silts and clays)

5.4.1.3.1 The ultimate bearing resistance of a spread foundation on fine soils should be calculated as the
smaller of its undrained and drained bearing resistances.
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5.4.1.3.2 Under undrained (usually short term) conditions, the ultimate bearing resistance of a spread
foundation on fine soils should typically be calculated using total stress parameters.

5.4.1.3.3 Under drained (usually long term) conditions, the ultimate bearing resistance of a spread
foundation on fine soils should be calculated from effective stress parameters, as described in
5.4.1.2.

5.4.1.3.4 As an alternative to the sample analytical method given in BS EN 1997-1:2004+A1:2013, D.3, the
following expressions (after Salgado et al.[40]) may be used, for design situations in which there
is no load or ground inclination, to calculate the ultimate bearing resistance of a spread foundation
(Rv) on fine soils using total stress parameters:

RU/A’ = NcCuScdc + qvb

N.=m+2
S, = 1+0.21§+0.17 ><\/E
L B
d.=1+0.27 x \/g (25)
where:
A is the effective plan area of the foundation;
Cy is the undrained shear strength of the fine soill;
S is shape factor;
d,. is depth factor;
q, is total overburden pressure at the underside of the foundation;
B is the breadth of the foundation;
L is the length of the foundation; and
D is the depth to the underside of the foundation.

5.4.1.3.5 This expression should not be used if the ground surface, the applied load, or the base of the
foundation is inclined.

NOTE
1. When the ground surface is inclined, omission of a ground inclination factor from the expression for R, above is
potentially unsafe.
2. When the load is inclined, omission of a load inclination factor from the expression for Ry above is potentially
unsafe.
3. When the base is inclined, omission of a base inclination factor from the expression for Rv above is potentially
unsafe.

5.4.2 Sliding resistance

Any earth pressure that is included in the sliding resistance of a spread foundation should be calculated at
a strain level that is compatible with that assumed in the calculation of shear resistance along the foundation
base.
5.4.3 Settlement
COMMENTARY ON 5.4.3
The magnitude of the settlement that will occur when foundation loads are applied to the ground depends
on the rigidity of the structure, the type and duration of the loading, and the deformation characteristics of
the ground.
The settlement of a spread foundation may be calculated using any of the following, as appropriate:

* methods based on the theory of elasticity;

* methods based on one-dimensional consolidation;
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« for foundations on sand, the empirical method given in BS EN 1997-2:2007, F.3;
» methods using non-linear stress-strain models; or
* numerical models.

NOTE - Guidance on the calculation of settlement for a shallow (i.e. spread) foundation can be found in the ICE
manual of geotechnical engineering (2012), Volume I, Chapter 53 [1].

5.4.4 Combined bearing and settlement check using prescriptive measures

COMMENTARY ON 5.4.4

The design of many simple foundations has traditionally been checked against "allowable bearing
pressures” which are normally very conservative estimates of the, ultimate bearing resistance of the ground,
selected on the basis of soil and rock descriptions. The settlement of a spread foundation that has been
designed using allowable bearing pressures is commonly assumed to be acceptable.

In BS EN 1997-1, "allowable bearing pressures" are now called "presumed bearing resistance" and this
method of design is termed a "prescriptive method".

5.4.4.1 General

Spread foundations may be designed using prescriptive methods based on presumed bearing resistance.
5.4.4.2 Presumed bearing resistance of coarse soils

5.4.4.2.1 Suggested values for the presumed design unit bearing resistance (qgypresq) Of Spread
foundations on coarse soils, and located a distance above the water table at least equal to the
foundation's breadth, may be estimated from:

0.5XNy g XBXys

qRrv,pres,d = YRo.SLS (2 6)

where:
N, isabearing coefficient based on equation (18), using the characteristic angle of shearing resistance
of the soil;

B is the breadth of the foundation;
Yok is the characteristic weight density of the soil; and

YrosLs 1S @ partial factor on bearing resistance.

5.4.4.2.2 For foundations not exceeding 1 m in width that are subject primarily to permanent loading, a
value of yz, 515 = 2.0 should be adopted.

5.4.4.3 Presumed bearing resistance of fine soils
5.4.4.3.1 Suggested values for the presumed design unit bearing resistance (qgy pres,a) Of fine soils may be
estimated from the expression:

(7T+2)><Cu,k

qRrvpres,d = YRo.SLS (27)

where:
Cuk is the characteristic undrained shear strength of the soil; and
YrosLs 1S @ partial factor on bearing resistance.

5.4.4.3.2 For foundations not exceeding 1 m in width that are subject primarily to permanent loading, a
valule of yg, 515 = 3.0 should be adopted.

5.4.4.4 Presumed bearing resistance of rocks

Suggested values for the presumed design unit bearing resistance (qupres d) of square pad foundations

on rock (for settlements not exceeding 0.5% of the foundation width) may be obtained from BS EN 1997-
1:2004+A1:2013, Annex G.

5.5 Materials
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5.5.1 Concrete

Concrete and related products incorporated into spread foundations should conform to 4.3.6.
5.5.2 Steel

Steel and related products incorporated into spread foundations should conform to 4.3.7.
5.5.3 Timber

Timber and related products incorporated into spread foundations should conform to 4.3.8.
5.5.4 Fill

Fill incorporated into spread foundations should conform to 4.3.3.

5.6 Durability

5.6.1 Concrete

The durability of concrete used in spread foundations should conform to 4.4.2.

5.6.2 Steel

The durability of steel used in spread foundations should conform to 4.4.3.

5.6.3 Timber

The durability of timber used in spread foundations should conform to 4.4.4.

5.7 Ultimate limit state design

5.7.1 General

5.7.1.1 The ultimate limit state design of spread foundations should conform to 4.6 and this subclause
(5.7).

5.7.1.2 The ultimate limit state design of a foundation should conform to BS EN 1997-1:2004+A1:2013,
6.5.

5.7.2 Bearing

The design value of the ultimate bearing resistance of a spread foundation (Rq) should be verified according
to BS EN 1997-1:2004+A1:2013, 6.5.2, and conform to expression (6.1) of that standard.

5.7.3 Sliding

5.7.3.1 The design value of the ultimate sliding resistance of a spread foundation (Rq4) should be verified
according to BS EN 1997-1:2004+A 1:2013, 6.5.3, and conform to expression (6.2) of that
standard.

5.7.3.2 For drained conditions, Rq should be calculated according to expression (6.3a) of BS EN 1997-
1:2004+A 1:2013 in preference to (6.3b).

5.7.3.3 For undrained conditions, Rq should be calculated according to expression (6.4a) of BS EN 1997-
1:2004+A1:2013 in preference to (6.4b).

5.7.4 Overturning

Overturning of a spread foundation should be prevented by verifying ultimate limit state EQU in accordance
with BS EN 1997-1:2004+A1:2013, 2.4.7.2 and the UK National Annex to BS EN 1997-1:2004+A1:2013

5.7.5 Global stability

The global stability of a spread foundation should conform to BS EN 1997-1:2004+A1:2013, 6.5.1.

5.8 Serviceability limit state design

The serviceability limit state design of a foundation should conform to BS EN 1997-1:2004+A1:2013, 6.6.
5.9 Structural design
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5.9.1 General
5.9.1.1 The structural design of a foundation should conform to BS EN 1997-1:2004+A1:2013, 6.8.

5.9.1.2 Spread foundations may be constructed using reinforced or plain (i.e. unreinforced or mass)
concrete.

5.9.1.3 The design of reinforced concrete spread foundations should conform to BSEN 1992-1-1.

5.9.1.4 The design of plain (i.e. unreinforced) concrete spread foundations should conform to BS EN
1992-1-1:2004+A1:2014, Section 12.

5.9.1.5 Foundations that act as retaining walls should conform to BS 8002, particularly when:
« founded on sloping ground; or
* steps occur between adjacent ground floor slabs or finished ground levels.

5.9.2 Pad foundations
The thickness of the foundation should not be less than 150 mm.
5.9.3 Strip foundations

Reinforcement should be provided in strip foundations wherever an abrupt change in load or variation in
ground support occurs.

5.9.4 Raft foundations

The structural design of a raft foundation should take into account the reduction in strength caused by holes,
ducts, etc. used to accommodate service pipes, drains, and such like.

5.10 Execution

The execution of concrete spread foundations should conform to 4.9.

5.11 Testing

5.11.1 Testing of a spread foundation should conform to prEN ISO 22477.

5.11.2 Plate loading tests should conform to prEN ISO 22476-13.

5.12 Supervision, monitoring, and maintenance

Supervision, monitoring, and maintenance of a spread foundation should conform to 4.11.
5.13 Reporting

Reports for spread foundations should conform to 4.12.

6 Pile foundations

COMMENTARY ON Clause 6
This clause applies to the design and construction of:
* bored cast-in-place concrete piles;
« driven cast-in-place concrete piles;
* prefabricated piles, made of concrete, steel, cast iron, or timber;
* micro piles;
* helical steel piles;
* piled underpinning;
* pile groups.
6.1 Choice and design of pile foundations

6.1.1 General

6.1.1.1 The design of pile foundations should conform to BS EN 1997-1:2014+A1:2013, Section 7, and
Clause 4 and Clause 6 (this clause) of this standard.
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NOTE - Information about different types of bearing piles can be found in the ICE manual of geotechnical
engineering (2012), Volume Il, Chapter 81 [1].

6.1.1.2 Piles may be classified according to the ground disturbance caused by their installation, as
shown in Table 7.
Table 7-Classification of piles according to ground disturbance caused by installation
Pile class Examples Classification® for the
purpose of selecting partial
factors from BS EN 1997-1
High displacement®  Driven cast-in-place concrete piles Driven
Precast concrete piles of solid section,
Closed-ended tubular steel piles
Timber piles
Low displacement ® Displacement auger piles (not screw Driven
piles) ©
Steel bearing piles of H-section
Open-ended tubular steel piles
Helical steel piles

D)

Replacement Bored cast-in-place concrete piles CFA
(installed using a continuous flight auger
[CFA)])

Bored cast-in-place concrete piles Bored
(installed using casing and drilling tools)
Micro piles
A) BS EN 1997-1 provides partial factors for driven, CFA, and bored piles only.
B) The words "high" and "low" here refer to the degree of disturbance of the ground during installation.
©) May be classified as large displacement in dense, coarse soils or stiff, fine soils.
D) If these piles plug, then they should be re-classified as large displacement piles.

6.1.2 Bored cast-in-place concrete piles

Bored cast-in-place concrete piles may be constructed in supported or unsupported borings that are created
by rotary drilling or continuous flight auger (CFA) equipment.

6.1.3 Driven cast-in-place concrete piles
Driven cast-in-place concrete piles may be constructed with or without permanent casing.

6.1.4 Prefabricated piles
6.1.4.1 Precast concrete piles
COMMENTARY ON 6.1.4.1

Prefabricated concrete piles are also commonly termed "precast concrete piles". Precast concrete piles
may be reinforced or prestressed.

6.1.4.1.1 Precast concrete piles should be manufactured in accordance with BS EN 12794.
6.1.4.1.2 Precast concrete piles should be formed from one of the following sectional shapes:

* prismatic section;
« circular section with a solid core; or
« circular section with a hollow core.

6.1.4.1.3 The cross-section of a precast concrete pile may be constant or tapered over all or part of its
length.

6.1.4.1.4 Precast concrete piles may be manufactured in single lengths or in segments connected with cast-
in joints.

6.1.4.1.5 Precast concrete piles should be manufactured using normal weight concrete conforming to BS
EN 206.
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6.1.4.2 Steel bearing piles

Steel bearing piles may be formed from the following sectional shapes:
* H-sections;
* pipes; or
* box piles.

6.1.4.3 Helical steel piles

Helical steel piles (also known as "screw piles") should conform to Annex A.
6.1.4.4 Timber piles

NOTE - Guidance on the design and installation of timber piling can be found in BRE Digest 479 [41].

6.1.5 Micro piles
COMMENTARY ON 6.1.5

Although there is an execution standard (BS EN 14199), there is currently no detailed UK specification for
micro piles. Project-specific specifications - based on the principles set out in SPERW [N3], but adapted for
the particulars of micro piles - are commonly used as a substitute.

Micro piles should be manufactured in accordance with BS EN 14199.
NOTE

1. See Guide to drafting a specification for micro piles [42].

2. The website of the International Society for Micro piles [43] lists 50 papers on micro piles (but does not
provide a standard specification).

3. See Guidelines on safe and efficient underpinning and mini piling operations [44].

6.1.6 Piled underpinning

NOTE - Guidance on underpinning can be found in the ICE manual of geotechnical engineering (2012), Volume Il,
Chapter 83 [1].

6.1.7 Pile groups

COMMENTARY ON 6.1.7

Pile groups are often used when the bearing resistance of individual piles is insufficient to carry load from
the structure. Although pile groups provide greater bearing resistance, they might do .so less efficiently than
individual piles, leading to greater settlement during service owing to interaction between the piles in the

group.

Group effects may be ignored when there are fewer than five piles in the group and the piles are spaced
no closer than three times their diameter centre-to-centre.

NOTE - Guidance on pile-group design can be found in the ICE manual of geotechnical engineering (2012), Volume
II, Chapter 55 [1].

6.2 Actions and design situations

6.2.1 The design of concrete pile foundations should take into account the construction tolerances given in
the relevant execution standard, as follows:

» for bored piles, BS EN 1536;
« for micro piles, BS EN 14199; and
« for displacement piles, BS EN 12699.

6.2.2 Pile foundations should be classified as Geotechnical Category 2 or higher, as defined in BS EN
1997-1:2004+A1:2013, 2.1.

6.3 Design considerations

6.3.1 General
6.3.1.1 The design of pile foundations should consider:
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« the items listed in BS EN 1997-1:2004+A1:2013, 7.4.2;
* the possibility of piles imperfections and the impact they will have on the structure;

» where large soil movements due to swelling or shrinkage of upper layers of the ground are expected,
sleeving the upper part of the pile shaft or providing reinforcement to resist the resulting forces in the
pile (the pile should also have sufficient shaft resistance below the zone of swelling soil to resist the
uplift forces);

« influence of different soil/rock layers below the base of the piles;
« potential for lateral soil movements adjacent to excavation and fill areas in the vicinity of piles.

6.3.1.2 The design of a pile foundation should be modified as necessary to account for any significant
variation from the expected pile behaviour during pile driving or from expected ground conditions
during boring for cast-in-place piles.

6.3.2 Ground investigation

Ground investigation for pile foundations should conform to BS EN 1997-2 as well as the specific
requirements of:

* BS EN 1536 for bored piles;

* BS EN 12699 for displacement piles; and

* BS EN 14199 for micro piles.

6.3.3 Pile spacing
COMMENTARY ON 6.3.3

The resistance of individual piles is reduced in the vicinity of other piles. It is common to limit this reduction
in resistance by specifying a minimum spacing between the piles. The relevant spacing differs for "friction
piles", which derive the majority of their bearing resistance from their shafts, and for "end-bearing piles”,
which derive the majority of their bearing resistance from their bases.

6.3.3.1 When viewed on plan, the centre-to-centre spacing (S) of "friction" piles should satisfy:

$2{3"” for non creutar piles @8)
and that of end-bearing piles:

S2{30/5  formoncircuta pites 9)
where:

P is the perimeter of the larger of two adjacent piles; and

D is the outside diameter of the larger of two adjacent piles.

6.3.3.2 Closer pile spacings may be used if it can be shown that any increased settlement of the piles
arising from their interaction does not lead to a limit state being exceeded.

6.3.3.3 Closer pile spacings may be used when the piles form part of an earth retaining structure.

6.3.3.4 The choice of pile spacing should take into account the pile installation method, particularly when
dealing with driven piles

6.4 Calculation models

COMMENTARY ON 6.4

BS EN 1997-1 allows the ultimate bearing resistance of an individual pile to be determined from any of the
following:

« static pile formulae based on ground parameters;
« direct formulae based on the results of field tests;
* the results of static pile load tests;

* the results of dynamic impact tests;

» pile driving formulae; and
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* wave equation analysis.

6.4.1 Bearing resistance
6.4.1.1 General

6.4.1.1.1 Unless otherwise stated, the total bearing resistance of an individual pile (R¢) should be calculated

from:
R, =Rs+R, (30)
where:
R is "the resistance of "the pile shaft; and
Rp is the resistance of the pile base.

6.4.1.1.2 The bearing resistance of a pile foundation should be determined for the appropriate failure
criterion corresponding to an ultimate limit state of the foundation.

NOTE - BS EN 1997-12004+A 1:2013, 7.6.1.1(3) recommends that settlement of the pile top equal to 10% of the
pile base diameter be adopted as the failure criterion when it is difficult to define the ultimate limit state.

6.4.1.1.3 The base resistance calculated from models that assume plunging failure of the pile should be
reduced appropriately to match failure criterion appropriate to the ultimate limit state of the pile.

6.4.1.2 Models based on ground parameters
6.4.1.2.1 General
COMMENTARY ON 6.4.2.1.1
BS EN 1997-1 uses several terms that differ from traditional British practice:
* "unit resistance" refers to resistance per unit area (i.e. over an area of 1 m?);

« "ultimate unit shaft resistance" (with symbol g;is equivalent to "limiting shaft (or skin) friction"
(traditional symbolf;; and

« "ultimate base resistance “is the same as "limiting end-bearing pressure".

A static pile formula based on ground parameters provides an estimate of the ultimate bearing resistance
of the pile. The method's accuracy depends on the reliability of the chosen formula. the soil strength data
to which it is applied, and site-specific pile installation methods.

6.4.1.2.1.1 The ultimate bearing resistance of a pile foundation may be calculated from static pile formulae
using values of ground parameters obtained from field or laboratory tests on soil and rock.

6.4.1.2.1.2 The consequences of differences between the true ultimate bearing resistance of a pile and its
calculated value (which might occur, for example, owing to differences between actual and the
assumed ground conditions) should be considered where reasonably foreseeable.

6.4.1.2.1.3 The calculation of ultimate compressive resistance from ground parameters should conform to
the "alternative method" given in BS EN 1997-1:2004+A1:2013, 7.6.2.3.

6.4.1.2.1.4 If this method is used, the characteristic ultimate compressive resistance of an individual pile
(R.x) should be calculated as:

Rek =Rk + Ry (31)
where:
R is the pile's characteristic ultimate shaft resistance; and

Ry i is the pile's characteristic ultimate base resistance.
6.4.1.2.1.5 The characteristic ultimate shaft resistance (R, ;) may be calculated from:

R, = Yi=1(4s,j%asf) (32)
! YRd

where:

Agj is the total circumferential area of the pile shaft (in layer j);
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qs,j is the average ultimate unit shaft resistance (in layer j) calculated from ground parameters;
n is the total number of layers in contact with the pile shaft; and
YRd is a model factor. The value of y,,; should conform to the UK National Annex to BS EN 1997-

1:2004+A1:2013
6.4.1.2.1.6 The characteristic ultimate base resistance (R, ;) may be calculated from:

R, = 20X (33)
YRa

where:

Ap is the total cross-sectional area of the pile base;

ap is the ultimate unit base resistance calculated from ground parameters; and

YRd is a model factor. The value of yz,; should conform to the UK National Annex to BS EN 1997-

1:2004+A1:2013.

6.4.1.2.1.7 The value of g, should include the contribution due to the total overburden pressure at the level
of the pile base.

6.4.1.2.1.8 If the self-weight of the pile is omitted from the calculation of the action, as allowed by BS EN
1997-1, 7.6.2.1(2), then the overburden pressure should be omitted from the calculation of R},

so that:

Rb,k _ Abx(zb_o'v,b) (34)
Rd

where:

Oy b is total overburden pressure at the pile base.

6.4.1.2.1.9 The value of the model factor y,, should be taken from the UK National Annex to BS EN 1997-
1:2004+A1:2013.

NOTE - The value of the model factor yr4given in the UK National Annex to BS EN 1997-1:2004+A 1:2013 varies
with the amount of static pile load testing that is available to corroborate the calculation of bearing resistance.
Background information about the purpose of the model factor can be found in Decoding Eurocode 7 [45] and Pile
design to Eurocode 7 and the National Annex: Part 2 [46].

6.4.1.2.2 Coarse soils

6.4.1.2.2.1 In coarse soils, the ultimate unit shaft resistance in layer j (g5 ;) may be calculated from effective
stress parameters, as follows:

qs; = K;j x tan &; X 8, ; (35)
where:

K, is an earth pressure coefficient (for layer j) against the pile shaft;

d; is the angle of interface (also known as "wall") friction between the pile and layer j; and

8y is the average vertical effective stress acting in the soil in layer j

6.4.1.2.2.2 In the absence of reliable test data, values of Ks, may be taken from Table 8. Alternative values
of Ks may be used, provided there is previously documented evidence of the successful
performance of the same type of pile in similar ground conditions using these alternative values.

Table 8-Suggested values of Ks for piles installed in coarse silica soils

Pile type Soil type Typical coefficient, Ks” B
Large displacement Precast concrete (solid) (all) 1.0-1.2

Closed-ended tubular steel

Timber

Driven cast-in-place concrete
Small displacement H-section steel bearing piles (all) 80% of large displacement
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Open-ended tubular steel value
Helical steel
Replacement © Continuous flight auger (CFA)  Clean medium- 0.9

coarse sand
Fine sand 0.7-0.8
Silty sand 0.6-0.7
Inter layered silt 0.5-0.6
and sand

Bored cast-in-place concrete 0.7

Micro piles D)

A) Ks values may vary due to details of specific installation, methods. soil layering, groundwater pressures,
and elapsed time between installation and testing.

B) K values may be superseded by local static pile test data, provided comprehensive documentation is
provided (i.e. factual test data, interpretation, local ground conditions, specific pile installation details,
etc.).

©) Values taken from the ICE manual of geotechnical engineering (2012), Volume II, Chapter 54 [1].

D) Higher values of Ks may be used for micro piles grouted under pressure.

6.4.1.2.2.3 Values of § may be estimated from:

ks X @,
5= min{ 6 % Ppi (36)
(pCU
where:
Opik is the soil's peak angle of shearing resistance;
Ow is the soil's constant-volume angle of shearing resistance determined in accordance with 4.6.2.4;
and
ks is a dimensionless coefficient.

6.4.1.2.2.4 In the absence of reliable test data, values of ks may be taken from Table 9.

Table 9-Suggested values of k; for piles installed in coarse soils

Pile type Coefficient, kg
Large displacement Precast concrete (solid) 0.67
Closed-ended tubular steel
Driven cast-in-place concrete 0.9
Timber 0.85
Small displacement Steel bearing piles of H-section 0.67
Open-ended tubular steel
Helical steel piles 0.67” or 1.0®
Replacement Continuous flight auger (CFA) 1.0
Bored cast-in-place concrete
Micro piles

A) Value along periphery of steel shaft (soil-to-steel boundary).
B) Value along periphery of helices (soil-to-soil boundary).

6.4.1.2.2.5 Depending on the pile installation method, the presence of fine soils overlying coarse soils can
adversely affect the angle of interface friction in those underlying coarse soils. The value of §
should be selected appropriately when this is the case.

6.4.1.2.2.6 In coarse soils, the ultimate effective unit base resistance (q;) may be calculated from effective
stress parameters, as follows:

q, =Ny x 0y, (37)
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where:
Opp is the vertical effective stress at the pile base; and
N, is a bearing pressure coefficient that depends on the soil's constant-volume angle of shearing

resistance, ¢.,; the soil's density index, Ip; and the vertical effective stress at the pile base, o, -

NOTE - The value of N, can be obtained from a wide range of theories, including those given in Load bearing

capacity and deformation of piled foundations [47], Piling Engineering (3rd edition) [48], and The Engineering of
Foundations [49].

6.4.1.2.2.7 The density index, Ip, (which is defined in BS EN ISO 14688-2) may be estimated from the
results of field tests (e.g. Standard Penetration Test, Cone Penetration Test) using correlations
given in BS EN 1997-2.

6.4.1.2.3 Fine soils

6.4.1.2.3.1 In fine soils, the ultimate unit shaft resistance in layer j (qu) may be calculated from effective
stress parameters, as follows:

s,j = Bj X by, (38)
where:

Bj is an empirical coefficient (for layer j); and

by, j is the average vertical effective stress acting in the soil in layer j

6.4.1.2.3.2 In the absence of reliable test data, values of g for fine soils may be estimated from (see Shaft
friction on piles in clay: a simple fundamental approach [50] and Bearing capacity and settlement
of pile foundations [51]):

{ (1 —sing)tan¢ for normally consolidated clays (29)

1.5(1 — sin ¢) tan (p\/R_o for overconsolidated clays
where:
1) is the soil's angle of shearing resistance; and
R, is the soil's overconsolidation ratio, given by R, = Py max/Po;
o is the effective overburden pressure; and
Prmax 1S the maximum effective overburden pressure that the soil has previously been subjected to.

6.4.1.2.3.3 Alternatively, the ultimate unit shaft resistance in layer j (qu) may be calculated from total stress
parameters, as follows:

qsj = q; X Cu,j (40)
where:
a; is an empirical coefficient (for layer j) that depends on the strength of the soil, the effective

overburden pressure acting on it, pile type, and method of execution; and
Cuj is the undrained shear strength of the soil in layer j.

NOTE - Equation (40) is an empirical relationship between undrained shear strength measured using historical
sampling and laboratory test practice (e.g. quick undrained triaxial compression test on 100 mm diameter samples)
and test data from static pile load tests using maintained load.
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6.4.1.2.3.4 For piles located in ground that is subject to a reduction in stress (for example, within the zone
of influence of deep excavations), equation (40) should only be used if allowance is made for
this stress relaxation.

6.4.1.2.3.5 Values of a should be obtained from previous evidence of acceptable performance in static load
tests on the same type of pile of similar length and cross-section and in similar ground
conditions.

6.4.1.2.3.6 In the absence of reliable test data, values of @« may be estimated from one of the methods given
in this subclause (6.4.1.2.3).

6.4.1.2.3.7 In the absence of reliable test data, values of a for replacement piles (denoted a,.,;), may be
estimated from:

04 < Qpep = Ky (1 — k, log, —u) <1.0 (41)
Pref

where:

Cyu is the undrained shear strength of the fine soill;

Dref is 100 kPa; and
k, and k, are coefficients whose values may be taken as 0.45 and 1.0, respectively

6.4.1.2.3.8 For replacement piles in glacial tills, the values of k; and k, in equation (41) may be taken as
0.75 and 0.75, respectively (see Piling in 'boulder clay' and other glacial tills [52]).

6.4.1.2.3.9 For bored piles in stiff overconsolidated clays (such as London, Gault, Lias, Oxford and Weald
Clays), provided the bore is left open for less than 12 hours, then a,., may be taken as 0.5
(see Foundations no. 1 [53]).

6.4.1.2.3.10 Alternative values of «,.,, may be used, provided there is previously documented evidence of
the successful performance of the same type of pile in similar ground conditions using these
alternative values.

6.4.1.2.3.11 In the absence of reliable test data, values of « for displacement piles (denoted ;) may be
estimated from:

Agisp = 0.5(cy/0p)™™ (42)
where:

Cy is the undrained shear strength of the fine soill;

oy is the effective vertical stress (overburden pressure) acting on the soil; and

m is 0.25 for ¢, /o, = 1 and 0.5 for ¢, /o, < 1

6.4.1.2.3.12 Alternative values of a;5, may be used, provided there is previously documented evidence of
the successful performance of the same type of pile in similar ground conditions using these
alternative values.

6.4.1.2.3.13 In fine soils, the ultimate unit base resistance (q,) may be calculated from total stress
parameters, as follows:

qp = Ne X cyp (43)
where:

N, is a bearing pressure coefficient that depends on the depth of the pile base; and

Cub is the undrained shear strength of the soil at the pile base.

6.4.1.2.3.14 In the absence of reliable test data, the value of N, may be calculated from:

N, =9 %Xk, xk, (44)
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where:
ky is a coefficient that accounts for insufficient embedment of the pile toe; and
k, is a coefficient that accounts for the stiffness of the bearing stratum.

6.4.1.2.3.15 The value of k; in equation (44) should be calculated from:

k=2(1+2) (45)
where:

L is the depth of embedment of the pile toe into the bearing stratum; and

B is the pile breadth (or diameter)

6.4.1.2.3.16 Values of k, should be taken from Table 10.

Table 10-Suggested values of k., for piles installed in fine soil

Pile type Undrained shear strength of soil, c, k, 9 X k,
kPa

Bored, CFA® <25 0.72 6.5
50 0.89 8
>100 1.0 9

Driven ® 1.11 10

A) Values based on FHWA Report No. NHI-10-016 [54]; k, may be interpolated for intermediate
values of c¢,,.
B) value based on Salgado [49].

6.4.1.3 Models based on the results of ground tests
6.4.1.3.1 General

6.4.1.3.1.1 The ultimate bearing resistance of a pile foundation may be calculated directly from the results
of ground tests on soil and rock (i.e. without first converting those results to ground parameters).

6.4.1.3.1.2 The calculation of ultimate compressive resistance from the results of ground tests should
conform to the main method given in BS EN 1997-1:2004+A1:2013, 7.6.2.3.

6.4.1.3.1.3 If this method is used, the characteristic ultimate compressive resistance of an individual pile
(R¢x) should be calculated as the smaller of the following two values:

R cal /&

Rex = min (Recate) a3 (46)
(Rc,calc)mm/&,

where:

&and é, are correlation coefficients that depend on the number of tests performed,;

(R 1 ) is the mean calculated ultimate compressive resistance of the pile; and

6calc)mean

(Recalc). . is the minimum calculated ultimate compressive resistance of the pile.
’ min

6.4.1.3.1.4 The calculated ultimate compressive resistance of an individual pile (R.c,c) should be
determined from:

Rc,calc = Rs,calc + Rb,calc (47)
where:
R; a1 is the calculated ultimate shaft resistance; and

Ry calc  is the calculated ultimate base resistance.
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6.4.1.3.1.5 The calculated ultimate shaft resistance (R ,c) may be determined from:

Ry cate = 211 (As, X psi) (48)
where:

Ag; is the total circumferential area of the pile shaft (in layer i);

Ds,i is the ultimate unit shaft resistance (in layer i) obtained from a field test; and

n is the total number of layers in contact with the pile shatft.

6.4.1.3.1.6 The calculated ultimate base resistance (Ry, ;) may be determined from:

Ry calc = Ap X Py (49)
where:

Ap is the total cross-sectional area of the pile base; and

Db is the ultimate unit base resistance obtained from a field test.

6.4.1.3.1.7 The values of the correlation coefficients &; and &, should be taken from the UK National Annex
to BS EN 1997-1:2004+A1:2013.

6.4.1.3.2 Cone penetration tests (CPTSs)

6.4.1.3.2.1 The ultimate unit shaft resistance in layer j (p, ;) may be calculated from:

Ds,j = Cs,j X qc, (50)
where:

Cs,j is an empirical coefficient (for layer j) that depends on soil and pile type; and

qc,j is the measured cone resistance in layer j.

6.4.1.3.2.2 The ultimate unit base resistance, at a settlement equal to 10% of pile diameter, (p, o,) Mmay be
calculated from:

Pb,0.1 = €p,0.1 X qcb
where:
cpo1 is an empirical coefficient that depends on soil and pile type; and
e is the average cone resistance measured over a distance 1.5 pile diameters below the pile base.
6.4.1.3.2.3 In the absence of reliable test data, values of ¢; and ¢, o, may be estimated from Table 11.
NOTE - Further information about ¢p 9.1 can be found in Comparing CPT and pile base resistance in sand [55].

Table 11-Values of the empirical coefficients ¢, and ¢, , ;, according to soil and pile type

Soil type Cq Ch01
Displacement piles Replacem | Displacement piles Replacem
High Low ent piles High Low ent
displacem | displacem displacem | displacem | piles
ent ent ent ent
Sand 0.0004 - |0.0015 - | 0.003 -103-05P]0.15-0.25|0.15-0.25
0.009 A B | 0.004 ~ B | 0.006 DE |6 F) 6) H)
Q) ©)
Silt 0.006 - 0.01® © 0.003 - | Data not available
0.006 ®
Cla | Medium to | 0.007--0.017 ® © 0.008 -10.8-1.39 0.4-0.65" | 0.34-0.66
y high 0.012D D)
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strength/over-
consolidated
Low Data not available 09-1.0 0.9-1.0
strength/norm
ally
consolidated
to lightly over-
consolidated
A) See Estimation of load capacity of pipe piles in sand based on CPT results [56].

B) See An approximate method to estimate the bearing capacity of piles [57].

©) See Fundacdes para o silo vertical de 100000 t no Porto de Paranagua [58].

D) See On the prediction of the bearing capacity of bored piles from dynamic penetration tests [59].
B) See Pile capacity by direct CPT and CPTu methods applied to 102 case histories [60].

F) See Evaluation of a minimum base resistance for driven pipe piles in siliceous sand [61].

) See Investigations into the behaviour of displacement piles for offshore structures [62].

M) See Determination of pile base resistance in sands [63].

) See ICP design method for driven pile in sands and clays [64]

6.4.1.3.3 Standard Penetration Tests (SPT)

6.4.1.3.3.1 The ultimate unit shaft resistance in layer j (p, ;) may be calculated from:

Psj = Msj X Pres X Nj (52)
where:
N, j is an empirical coefficient (for layer j) that depends on soil and pile type;

Dref is 100 kPa; and
N; is the measured (uncorrected) SPT blow count in layer j.

6.4.1.3.3.2 The ultimate unit base resistance, at a settlement equal to 10% of pile diameter, (p o,) may be
calculated from:

Pb,0.1 = Npo.1 X Pref X Np (53)
where:

npo.1 IS an empirical coefficient that depends on soil and pile type;

Pres  is 100 kPa; and

N, is the measured (uncorrected) SPT blow count at the level of the pile base.

6.4.1.3.3.3 In the absence of reliable test data, values of ng and n,,; may be estimated from Table 12.

Table 12-Values of the empirical coefficients ng and n, ,; according to soil and pile type

Soil type ng Mpo.1
Displacement Replacement Displacement Replacement
Sand 0.033-0.0437B  0.014 - 0.026A B O 2.9-4.8" 0.72-0.829
Silt 0.018 - 0.037 B 0.016 - 0.0239 1.1-2.6M8 0.41-0.669
Clay 0.020 - 0.0294®  0.024 - 0.0319 0.95-1.6M8 0.34-0.669

A) See An approximate method to estimate the bearing capacity of piles [57].
B) See Fundagdes para o silo vertical de 100000 t no Porto de Paranagua [58].
€) See On the prediction of the bearing capacity of bored piles from dynamic penetration tests [59].

6.4.1.3.3.4 Correlations with SPT blow count should be treated with caution, since they are inevitably
approximate and not universally applicable.

6.4.1.4 Models based on static pile load tests
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COMMENTARY ON 6.4.1.4

In the UK, static pile load tests are mainly used to verify resistance calculated using estimated soil
parameters.

Static pile load tests are ill suited for designing piles in variable ground conditions, where it is impossible to
determine the resistance provided by different strata.

Pile designs based on the results of dynamic impact tests alone can be unreliable when downdrag occur.

6.4.1.4.1 The ultimate bearing resistance of a pile foundation may be calculated directly from the results of
static pile load tests.

6.4.1.4.2 The calculation of ultimate compressive resistance from static pile load tests should conform to
BS EN 1997-1:2004+A1:2013, 7.6.2.2.

6.4.1.4.3 If this method is used, the characteristic ultimate compressive resistance of an individual pile (R, )
should be calculated as the smaller of the following two values:

Rem) /64
Rem) . /62

R, = min (54)

where:
& and é, are correlation factors that depend on the number of tests performed;

(Rem) is the mean measured ultimate compressive resistance of the pile; and

EM ) mean

(Rem). . is the minimum measured ultimate compressive resistance of the pile.
CM ) min

6.4.1.4.4 The values of the correlation factors &, and &, should be taken from the UK National Annex to BS
EN 1997-1:2004+A1:2013, Table A.NA.9.

6.4.1.5 Models based on dynamic impact tests

COMMENTARY ON 6.4.1.5

According to BS EN 1997-1:2004+A1:2013, 7.6.2.4(1)P, the ultimate bearing resistance of a pile foundation
may be calculated from dynamic impact tests provided the validity of the results "have been demonstrated
by previous evidence of acceptable performance in static load tests on the same type of pile of similar
length and cross-section and in similar ground conditions".

In the UK, dynamic impact tests are mainly used to verify resistance calculated using estimated soil
parameters.

Dynamic impact tests are ill suited for designing piles in variable ground conditions, where it is impossible
to determine the resistance provided by different strata.

Pile designs based on the results of dynamic impact tests alone can be unreliable when downdrag occurs.

6.4.1.5.1 The calculation of ultimate compressive resistance from dynamic impact tests should conform to
BS EN 1997-1:2004+A1:2013, 7.6.2.4.

6.4.1.5.2 If this method is used, the characteristic ultimate compressive resistance of an individual pile (R )
should be calculated as the smaller of the following two values:

(Rem) poqn/ s
(Rem) i/ 6

Ry = min (55)

min
where:

& and & are correlation factors that depend on the number of tests performed,;
(Rc,m)mean is the mean measured ultimate compressive resistance of the pile; and

(R ) _ is the minimum measured ultimate compressive resistance of the pile.
CMJmin

6.4.1.5.3 The values of the correlation factors &5 and &, should be taken from the UK National Annex to BS
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EN 1997-1:2004+A1:2013, Table A.NA.11.

6.4.1.6 Models based on pile driving formulae
COMMENTARY ON 6.4.1.6

According to BS EN 1997-1:2004+A1:2013, 7.6.2.5(2)P, the ultimate bearing resistance of a pile foundation
may be calculated from dynamic pile driving formulae provided the validity of the formulae has been
demonstrated "by previous experimental evidence of acceptable performance in static load tests on the
same type of pile, of similar length and cross-section, and in similar ground conditions".

6.4.1.6.1 The ultimate bearing resistance of a pile foundation may be calculated from pile driving formulae.
However, preference should be given to another method of calculating the resistance.

6.4.1.6.2 The calculation of ultimate compressive resistance from pile driving formulae should conform to
BS EN 1997-1:2004+A 1:2013, 7.6.2.5.

6.4.1.6.3 If this method is used, the characteristic ultimate compressive resistance of an individual pile (R ;)
should be calculated from equation (55).

6.4.1.6.4 If a pile exhibits reduced resistance when redriven, and the resistance does not increase again
significantly, then care should then be exercised in applying pile driving formulae and preference
given to designing on the basis of 6.4.2.1 or 6.4.2.2.

6.4.1.6.5 Pile driving formulae should be used in combination with other verification methods, such as those
givenin 6.4.2.1, 6.4.2.2, and 6.4.2.3.

6.4.1.7 Models based on wave equation analysis
COMMENTARY ON 6.4.1.7

According to BS EN 1997-1:2004+A1:2013, 7.6.2.6(2)P, the ultimate bearing resistance of a pile foundation
may be calculated from wave equation analysis provided the validity of the analysis has been demonstrated
"by previous evidence of acceptable performance in static load tests on the same pile type, of similar length
and cross-section, and in similar ground conditions".

6.4.1.7.1 The ultimate bearing resistance of a pile foundation may be calculated from wave equation
analysis. However, preference should be given to another method of calculating the resistance.

6.4.1.7.2 The calculation of ultimate total resistance from wave equation analysis should conform to BS EN
1997-1:2004+A1:2013, 7.6.2.6.

6.4.1.7.3 If this method is used, the characteristic ultimate compressive resistance of an individual pile (R, )
should be calculated from equation (55).

6.4.1.7.4 Wave equation analysis should be used in combination with other verification methods, such as
those given in 6.4.2.1, 6.4.2.2, and 6.4.2.3.

6.4.1.8 Modifications for downdrag (also known as "negative skin friction")

COMMENTARY ON 6.4.1.8

The term "downdrag" is used in this standard to refer to the phenomenon whereby the ground surrounding
a pile settles a significant amount relative to the pile head. Downdrag is particularly relevant to piles installed
in low strength clay or in coarse soils subject to upfilling or a lowering of the groundwater table.

The additional axial force in the pile due to downdrag is termed the "drag force" and the additional settlement

of the pile is called the "drag settlement" (after A practical design approach for piles with negative skin
friction [65]).

It is a common misconception that downdrag reduces the ultimate bearing resistance of a pile. In many
situations, the settlement of the pile at the ultimate limit state is sufficient to cancel the effects of downdrag,
resulting in no reduction in ultimate bearing resistance.

Although downdrag might have little effect on a pile's ultimate bearing resistance, the drag force does
influence the structural design of the pile and the drag settlement influences its serviceability.

Downdrag causes shaft friction over the upper part of a pile to act as an additional force applied to the pile,
instead of as a resistance. Because the direction (or "sign") of this shaft friction is reversed from the norm,
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it is commonly termed "negative skin friction".

The depth at which there is no relative movement between the pile and the surrounding ground is known
as the "neutral plane". The neutral plane occurs where the ground settlement (sg) at a particular depth
equals the pile settlement (sp)at the same depth, as shown in Figure 4.

The depth of the neutral plane can be over-predicted by linear elastic settlement analyses for friction piles
in strata whose stiffness increases gradually with depth.

6.4.1.8.1 The characteristic compressive force (F, ;) acting on a pile that is subject to downdrag should be
calculated from:

Fer = Py + Wi + Paa e (56)
where:

P.x is the characteristic compressive force applied to the pile by the structure;

Wi is the characteristic self-weight of the pile; and

Paar is the additional characteristic compressive force owing to downdrag, given by:

Paay = fode(Cs X qs,k,sup)dz (57)
where:

Laa is the length of pile subject to downdrag (defined in Figure 4);

Cs is the circumference of the pile shaft at depth z; and

D e sup is the "superior" characteristic (defined below) unit shaft friction at depth z.

6.4.1.8.2 The "superior" characteristic unit shaft friction (g, s.,) should be selected as a cautious upper
estimate of the mean shatft friction, acting over the length of pile that is subject to downdrag.

NOTE - A cautious upper estimate of the mean is one that has a 5% probability of being exceeded during the design
working life.

6.4.1.8.3 The characteristic shaft resistance (R;44,) Of a pile subject to downdrag should be calculated

from:
fL CsXqs k,inf)dz
Rsaqar = de(y# (58)
Rd
where:
L is the total length of the pile;
Laa is the length of pile subject to downdrag (equal to the depth of the neutral plane defined in Figure
6);
Cs is the circumference of the pile shaft at depth z;
s joinf is the "inferior" characteristic (defined below) unit shaft friction at depth z; and
Yrd is a model factor.

6.4.1.8.4 The "inferior" characteristic unit shaft friction (g nr) Should be selected as a cautious lower
estimate of the mean shatft friction acting over the length of pile that is not subject to downdrag.

NOTE - A cautious lower estimate of the mean is one that has a 5% probability of not being achieved during the
design working life.
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Figure 4-Calculation model for downdrag

6.4.2 Tensile resistance
COMMENTARY ON 6.4.2

BS EN 1997-1 allows the ultimate tensile resistance of an individual pile to be determined from any of the
following:

« static pile formulae based on ground parameters;

« direct formulae based on the results of field tests; and

« the results of static pile load tests.

6.4.2.1 Models based on ground parameters
6.4.2.1.1 General

6.4.2.1.1.1 The calculation of ultimate tensile, resistance from ground parameters should conform to the
"alternative method" given in BS EN 1997-1:2004+A1:2013, 7.6.3.3.

6.4.2.1.1.2 When this method is used, the characteristic ultimate tensile resistance of an individual pile
(R ) should be calculated as:

Rex = Rsi (59)
where:
Rk is the pile's characteristic ultimate shaft resistance

6.4.2.1.1.3 The characteristic ultimate shaft resistance (R ) should conform to 6.4.1.2.

6.4.2.1.1.4 The value of the model factor y,4 should be taken from the UK National Annex to BS EN 1997-
1:2004+A1:2013.

6.4.2.1.2 Rock and rock masses
COMMENTARY ON 6.4.2.1.2

The resistance of a pile foundation in rock depends markedly on the method of pile construction and the
roughness of the rock socket in which the pile is located.
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6.4.2.1.2.1 The equations given in this subclause (6.4.2.1.2) should not be used for the verification of the
ultimate limit state of piles in rock, unless the parameters used have been corroborated by the
results of static pile load tests on similar piles in similar ground conditions.

NOTE - The equations given in this subclause can be used for preliminary design without pile testing.

6.4.2.1.2.2 In weak to medium strong rock, the ultimate unit shaft resistance (g;) may be calculated from
(see Piling Engineering (3" edition) [48]):

k2
4, = karer (1) (60)

where:

qu is the rock's unconfined compression strength;

k, and k, are empirical coefficients that depend on rock and pile type; and
Dref is given in Table 4

NOTE - Guidance on the calculation of unit shaft friction in rocks can be found in the ICE manual of geotechnical
engineering (2012), Volume I, Chapter 54 [1] and in State of the art report: Analysis and design [66].

6.4.2.1.2.3 In the absence of reliable test data, values of k; and k,may be taken from Table 13.

6.4.2.1.2.4 In weak to medium strong rock, the ultimate unit base resistance (q,) may be calculated from
(see Piling Engineering (3 edition) [48]):

ks
4y = ksprer () (61)
where:

qu is the rock's unconfined compression strength; and

ks and k, are empirical coefficients that depend on rock type; and

Dref is given in Table 4.

NOTE - Guidance on the calculation of unit base resistance in rocks can be found in the ICE manual of geotechnical
engineering (2012), Volume I, Chapter 54 [1] and in State of the art report: Analysis and design [66].

6.4.2.1.2.5 In the absence of reliable test data, values of k; and k, may be taken from Table 13.

6.4.2.1.2.6 The values of k, to k,should be selected very cautiously, unless there is static pile load test
data to corroborate less cautious values.

6.4.2.1.2.7 The ultimate unit shaft and base resistances of piles in chalk should be determined in
accordance with CIRIA Report C574, Chapter 8 [N2].

NOTE

1. Guidance on piled foundations in weak rocks can be found in CIRIA Research Report 181 [67].
2. Guidance on rock-socketed shafts for highway structure foundations can be found in NCHRP Synthesis 360

[68].
Table 13-Suggested values of the coefficients k, to k, for piles installed in rocks
Rock type Coefficient k4 Coefficient k, Coefficient kg Coefficient k,
(Generic) 0.63-1.26% 0.5% - -
Soft rock 1.0-1.298 0.57-0.619 - -
Cemented 0.7-2.19 0.59 159 0.59
materials

A) Values from Results of tests to determine shaft resistance of rock socketed drilled piers [69].
B) Values from A design method for drilled piers in soft rock [70].
) Values from Drilled shaft side resistance in clay soil to rock[71].

6.4.2.2 Models based on the results of ground tests
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6.4.2.2.1 The calculation of ultimate tensile resistance from the results of field tests should conform to the
main method given in BS EN 1997-1:2004+A1:2013, 7.6.3.3.

6.4.2.2.2 When this method is used, the characteristic ultimate tensile resistance of an individual pile (R, )
should be calculated as the smaller of the following two values:

Rey = min (Recate) g/ 43 (62)
' (Recatc), /€4

where:

& and &, are correlation factors that depend on the number of tests performed,;

(Recatc) is the mean calculated ultimate tensile resistance of the pile; and

(Rt,mlc)mm is the minimum calculated ultimate tensile resistance of the pile.

6.4.2.2.3 The calculated ultimate tensile resistance of an individual pile (R, .q;) should be determined from:

Rt calc = Rscaic (63)

where:

R;caic 1S the calculated ultimate shaft resistance.
6.4.2.2.4 The calculated ultimate shaft resistance (R;.q;) should conform to 6.4.2.2.

6.4.2.2.5 The values of the correlation factors &; and &, should be taken from the UK National Annex to BS
EN 1997-1:2004+A1:2013, Table A.NA.10.

6.4.2.3 Models based on static pile load tests

6.4.2.3.1 The ultimate tensile resistance of a pile foundation may be calculated directly from the results of
static pile load tests.

6.4.2.3.2 The calculation of ultimate tensile resistance from static pile load tests should conform to BS EN
1997-1:2004+A1:2013, 7.6.3.2.

6.4.2.3.3 If this method is used, the characteristic ultimate tensile resistance of an individual pile (R.)
should be calculated as the smaller of the following two values:

(Rem),.. J1

Ry x = min (Rt,m)min/fz (64)

where:
& and é, are correlation factors that depend on the number of tests performed,;

(Rem) is the mean measured ultimate tensile resistance of the pile; and

’ mean

(Rem)._ . is the minimum measured ultimate tensile resistance of the pile.
’ min

6.4.2.3.4 The values of the correlation factors &, and &, should be taken from the UK National Annex to BS
EN 1997-1:2004+A1:2013, Table A.NA.10.

6.4.3 Transverse resistance
6.4.3.1 Models based on ground parameters
6.4.3.1.1 General

COMMENTARY ON 6.4.3.1.1
BS EN 1997-1 recommends that the following failure mechanisms should be considered when verifying the
transverse resistance of an individual pile:
« for short piles, rotation or translation as a rigid body (termed the "short pile mechanism"); and
« for long slender piles, bending failure of the pile, accompanied by local yielding and displacement of
the soil near the top of the pile (termed the "long pile mechanism").
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6.4.3.1.1.1 The calculation of ultimate transverse resistance from ground parameters should conform to BS
EN 1997-1:2004+A1:2013, 7.7.3.
6.4.3.1.1.2 The characteristic ultimate transverse resistance of an individual pile (R, ;) should be calculated

from:
Rtr,k = min(Rtr,short,k' Rtr,long,k) (65)
where:
Rer shortk is the characteristic ultimate transverse resistance of an individual pile rotating or

translating as a rigid body (the "short pile mechanism"); and

Rerlong,k is the characteristic ultimate transverse resistance of an individual pile that fails in bending

near its head (the "long pile mechanism").

6.4.3.1.2 Coarse soils

6.4.3.1.2.1 In coarse soils, the characteristic ultimate unit transverse resistance of a pile (R, ) may be
calculated using Broms' method [72] from an expression of the form:

Ry = func{oy, vi, B, L, e, Mgy } (66)
where:

func{....} denotes a function of the enclosed variables;

Ok is the soil's characteristic angle of shearing resistance;

Vi is the soil's characteristic weight density;

B is the pile's breadth;

L is the pile's embedded length;

e is the eccentricity of the transverse load applied to the pile; and

Mgy is the pile's characteristic ultimate bending resistance.

NOTE - Guidance on the precise form of the function to be used in equation (66) can be found in textbooks, such
as The engineering of foundations [49] and Piles and pile foundations [73].

6.4.3.1.2.2 Alternatively, the characteristic ultimate unit transverse resistance of a pile in coarse soils may
be calculated using Brinch Hansen's closed-form solution (see The ultimate resistance of rigid
piles against transversal forces [74]).

NOTE - Guidance on the use of Brinch Hansen's method can be found in textbooks, such as Pile design and
construction [75].

6.4.3.1.3 Fine soils
6.4.3.1.3.1 In fine soils, the characteristic ultimate unit transverse resistance of a pile (R;.,) may be
calculated using Broms' method [76] from an expression of the form:

Ryr = func{cu,k, B,L,e, MRk} (67)
where:
Cuk is the soil's characteristic undrained shear strength; and the other symbols are as defined for

equation (66).

NOTE - Guidance on the precise form of the function to be used in equation (67) can be found in standard textbooks,
such as The engineering of foundations [49] and Piles and pile foundations [73].

6.4.3.1.3.2 Alternatively, the characteristic ultimate unit transverse resistance of a pile in fine soils may be
calculated using Brinch Hansen's closed-form solution (see The ultimate resistance of rigid piles
against transversal forces [74]).

NOTE - Guidance on the use of Brinch Hansen's method can be found in textbooks, such as Pile design and
construction [75].
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6.4.3.2 Models based on the results of field tests

The calculation of ultimate transverse resistance from the results of field tests should conform to BS EN
1997-1:2004+A1:2013, 7.7.3.
6.4.3.3 Models based on static pile load tests

6.4.3.3.1 The ultimate transverse resistance of a pile foundation may be calculated directly from the results
of static pile load tests.

6.4.3.3.2 The calculation of ultimate transverse resistance from static pile load tests should conform to BS
EN 1997-1:2004+A1:2013, 7.7.2.

6.4.4 Settlement
6.4.4.1 The settlement of a pile foundation may be calculated using any of the following models, as
appropriate:
* theory of elasticity (see Pile foundation analysis and design [77]);
* t-z curves (see Analysis and design of shallow and deep foundations [78]);

* hyperbolic stress-strain model (see A new method for single pile settlement prediction and analysis
[79]);

* numerical models, including:
« the interaction-factor method (see An analysis of the vertical deformation of pile groups [80]);
« the boundary element method (see Non-linear analysis of pile groups [81]);
« finite element method,;

* wave equation analysis, provided the validity of the analysis has been demonstrated by previous
evidence of acceptable performance in static load tests on the same pile type, of similar length and
cross-section, and in similar ground conditions; or

« other appropriate models not listed here.

6.4.4.2 In order to conform to BS EN 1997-1:2004+A1:2013, 7.4.1, the validity of the pile settlement
model that is used for design should be demonstrated by static pile load tests in comparable
situations.

NOTE

1. Guidance on the calculation of settlement for single piles can be found in the ICE manual of geotechnical
engineering (2012), Volume Il. Chapter 54 [1].

2. Guidance on the calculation of settlement of pile groups can be found in the ICE manual of geotechnical
engineering (2012), Volume I, Chapter 55 [1].

6.4.5 Lateral displacement
6.4.5.1 The lateral displacement of a pile foundation may be calculated using any of the following
models, as appropriate:

« theory of elasticity (see Pile foundation analysis and design [77]);

* p-y curves (see Single piles and pile groups under lateral loading [82]);

* subgrade reaction models;

* numerical models, including:
« the interaction-factor method (see An analysis of the vertical deformation of pile groups [80]);
« the boundary element method (see Non-linear analysis of pile groups [81]);
« the finite element method; or

« other appropriate models not listed here.

6.4.5.2 Owing to rapid degradation of mobilized stiffness with pile head movement when using linear
elastic and subgrade reaction models, preference should be given to an alternative method of
calculating lateral displacement of a pile foundation.

6.4.5.3 Local near surface ground conditions can have a significant influence on an individual pile's
response to lateral loading.

6.4.5.4 Pile head fixity can have a significant influence on a pile group's response to lateral loading.
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6.5 Materials

6.5.1 Concrete
6.5.1.1 The materials and products incorporated into concrete piles should conform to 4.3.6.

6.5.1.2 Materials and products incorporated into bored cast-in-place concrete piles should also conform
to BS EN 1536 and BS EN 206:2013, Annex D.

6.5.1.3 Materials and products incorporated into driven cast-in-place concrete piles should also conform
to BS EN 12699 and BS EN 206:2013, Annex D.

6.5.1.4 Materials and products incorporated into prefabricated concrete piles should also conform to BS
EN 12699 and BS EN 12794.

6.5.1.5 Materials and products incorporated into micropiles should also conform to BS EN 14199 and
BS EN 206:2013, Annex D.

NOTE

1. BS EN 206:2013, Annex D, includes the normative rules for concrete for special geotechnical work. that
were previously given in BS EN 1536.2010, BS EN 1538: 2010, BS EN 12699:2001, and BS EN 14199:2005.

2. Guidance on the use of low-strength concrete mixes for use in firm female secant piles can be found in BRE
Information Paper IP 17/05 [83].

6.5.2 Steel
6.5.2.1 The materials used to fabricate steel piles should conform to 4.3.7.

6.5.2.2 Materials used to fabricate H-section and tubular steel piles should also conform to BS EN
12699.

6.5.2.3 Hot finished tubular steel piles should also conform to BS EN 10210.

6.5.2.4 Cold formed tubular steel piles should also conform to BS EN 10219.

6.5.2.5 Hot rolled steel sheet piles used as bearing piles should also conform to BS EN 10248.

6.5.2.6 Cold formed steel sheet piles used as bearing piles should also conform to BS EN 10249.

6.5.2.7 Steel reinforcement used in the fabrication of concrete piles should conform to BS EN 1992-1-1
and TZS 142-1 or TZS 142-1.

6.5.3 Timber

COMMENTARY ON 6.5.3

Certain types of softwood and hardwood are suitable for use as permanent piles. The choice depends upon
availability in suitable sizes, the expected useful life, and the relative cost including preservative treatment.
Avalilability in the required lengths is frequently a limiting factor.

Straightness of grain is important in timber piles, particularly where hard driving is anticipated.
6.5.3.1 The materials used to fabricate timber piles should conform to 4.3.8 and BS EN 12699.
6.5.3.2 Timber piles should be free from any defects that could affect their strength or durability.

6.5.3.3 Piles should be ordered long enough to ensure that, after cut-off at the proper level, the top of
the pile is clean, sound, and undamaged after driving.

6.5.3.4 When straight trunks of coniferous trees are used for timber piles, the bark should be removed
and the timber pressure impregnated with preservative.

NOTE - Strength classes for structural timber are defined in BS EN 338.

6.5.4 Cement grout

Cement grout incorporated into micropiles should conform to BS EN 14199.
6.6 Durability

6.6.1 Concrete

The durability of concrete piles should conform to 4.4.2.

6.6.2 Steel
6.6.2.1 The durability of steel bearing piles should conform to 4.4.3.
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6.6.2.2 The durability of steel bearing piles should also conform to BS EN 1993-5.
NOTE

1. NA+A1:2012 to BS EN 1993-5:2007 gives UK values for loss of thickness per face due to corrosion of steel
bearing piles in soils, with or without groundwater.

2. A method of assessing the corrosivity of the ground surround buried steel pile can be found in Table 8.1 of
the Design Manual for Roads and Bridges, Volume 2, Section 2, Part 6, BD 12/01 [84].

6.6.3 Timber
6.6.3.1 The durability of timber piles should conform to 4.4.4.
6.6.3.2 Measures taken to prolong the life of timber piles should conform to BS EN 1995-1-1.

NOTE - Timber piles may be designed with no protection against decay if they are kept below a moisture content
of 22% or they are buried in the ground below the lowest permanent water table.

6.6.4 Cement grout

The durability of cement grout incorporated into micropiles should conform to BS EN 14199:2015, 7.6.
6.7 Ultimate limit state design

6.7.1 General

The ultimate limit state design of a pile foundation should conform to 4.6 and this subclause (6.7).

6.7.2 Bearing
6.7.2.1 Individual piles
COMMENTARY ON 6.7.2. 1
BS EN 1997-1 provides several alternative methods for verifying the ultimate compressive resistance of an
individual pile, including methods based on:
« static pile load tests;
* ground test results;
* dynamic impact tests;
* pile driving formulae; and
» wave equation analysis.
Traditional UK practice has been to verify the compressive resistance of an individual pile using ground test
results in calculations based on soil mechanics theory. This approach is termed the "alternative procedure"
in BS EN 1997-1:2004+A1:2013, 7.6.2.3.
6.7.2.1.1 The design value of the ultimate compressive resistance of an individual pile (R.4) should be
verified according to the alternative procedure given in BS EN 1997-1:2004+A1:2013, 7.6.2.3,
and conform to expression (7.5) of that standard, namely:

— Rbk | Rsk
Rea =+ (68)

where:
Ry is the characteristic value of the pile's (calculated) ultimate base resistance;
Ry is the characteristic value of the pile's (calculated) ultimate shaft resistance; and

yp and y are the partial factor given in the UK National Annex to BS EN 1997-1:2004+A1:2013,

whose values depend on the level of pile testing that is performed to corroborate the calculations of

resistance.

6.7.2.1.2 In the United Kingdom, the ultimate geotechnical compressive resistance of an individual pile may
be verified using Design Approach 1 Combination 2 alone, since the values of the partial factors
y, and yg, given in the UK National Annex to BS EN 1997-1:2004+A1:2013 are such that Design
Approach 1 Combination 1 cannot govern the design.

6.7.2.1.3 The design compressive force (F,4) applied to an individual pile at its ultimate limit state should
be calculated from;

Fea=Xi(vriiPei) + ve(Wi + Pagy) (69)
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where:
P..; istheith characteristic compressive force applied to the pile by the structure;
W, is the characteristic self-weight of the pile;

Py is the additional characteristic compressive force owing to downdrag, given by equation (57);

Y; is the corresponding combination factor for the i th force;
Yri is the corresponding partial factor on actions for the i th force; and
Y is the partial factor on permanent actions

6.7.2.1.4 The additional characteristic compressive force owing to downdrag (P, ;) should only be included
in equation (69) when the pile head displacement at the geotechnical ultimate limit state is less
than the anticipated settlement of the ground surface. In that situation, the pile's bearing resistance
should also be reduced accordingly, to;

_ Rbk | Rsddk
Rog= V. + ” (70)
where:
R;qar 1 the characteristic shaft resistance of the pile when subject to downdrag, given by equation (58);

and
the other symbols are as defined for equation (68).

6.7.2.1.5 The method used to determine the ultimate limit state of a pile may be based on any of the
following criteria:

« the ultimate load measured at a settlement equal to 10% of the pile's diameter, as recommended in
BS EN 1997-1:2004+A1;2013, 7.6.1.1(3) when it is difficult to define the ultimate limit state from the
load settlement curve;

+ Chin's criterion [85], assuming a hyperbolic pile load vs settlement curve; or

* Fleming's method [79], assuming separate hyperbolic shaft and base load vs settlement curves and
elastic pile shortening;

* Davisson's offset limit [86];

* Butler and Hoy's slope and tangent method [87].
6.7.2.2 Pile groups
COMMENTARY ON 6.7.2.2

Provided the pile cap has adequate structural strength to redistribute axial loads across the group, full
mobilization of an individual pile's geotechnical resistance can occur within a large pile group (comprising
5 or more piles) without the pile group reaching an ultimate limit state.

6.7.2.2.1 The compressive resistance of a pile group should be verified assuming the individual piles and
the ground between them act as a block.

6.7.2.2.2 Where a row of piles is used to form a retaining wall, particular attention should be paid to the
possibility of failure of that row when the retaining wall carries significant vertical load.

6.7.2.2.3 The design value of the ultimate compressive resistance of a pile group (Ryroup,c,qa) Should be
calculated from:

Rgroup,c,d = min(Rsum,c,d; Rblock,c,d; Rrow,c,d) (71)
where:

Rsumeca is the sum of the ultimate compressive resistances of all the individual piles;

Rpiock.ca is the ultimate compressive resistance of a block that encloses the pile group;

Rrow.ca is the ultimate compressive resistance of a row of piles within that block.

6.7.2.2.4 The design value of the ultimate compressive resistance of a large pile group subject to large
horizontal loads and/or moments may alternatively be calculated from:
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Rgroup,c,d =Rsum,c,d (72)

NOTE - For the purposes of this clause, a pile group is considered "large" if it comprises five or more piles and has
a cap that can redistribute axial loads across the group.

6.7.2.2.5 The sum of the ultimate compressive resistances of the individual piles (Rsymcq) Should be
calculated from:

Rsum,c,d = Z;'j;(Rc,d)j (73)
Where:
(Rc,d)j is the design value of the ultimate compressive resistance of pile j; and

n is the total number of piles in the group

6.7.2.2.6 In coarse soils, the design value of the ultimate compressive resistance of the block that encloses
the pile group (Rpiock,c,a) May be calculated from:

Rpiockca = (Ko X 0 X tan @ X Ag X Spiocr) + (Nq X 0, X Ab) (74)
where:

K, is the soil's at-rest earth pressure coefficient;

o, is the average vertical effective stress over the side of the block;

1) is the soil's angle of shearing resistance;

Ag is the total side area of the block (i.e. perimeter of block x pile length);

Spiock IS @ shape factor chosen in accordance with 5.4.1.2;

N, is a bearing coefficient chosen in accordance with 5.4.1.2;
Oy is the vertical effective stress at the base of the block; and
Ap is the total base area of the block (i.e. width x breadth of block).

6.7.2.2.7 In fine soils, the design value of the ultimate compressive resistance of the block that encloses
the pile group (Rpiock.c,a) May be calculated from:

Rptociec.a = (Cua X As X Spioc) + (N X Cypa X Ap) (75)
where:

Cud is the soil's average design undrained shear strength over the side of the block;

Ag is the total side area of the block (i.e. perimeter of block x pile length);

Spiock IS @ shape factor chosen in accordance with 5.4.1.3;
N, is a bearing coefficient chosen in accordance with 5.4.1.3;
cupa IS the soil's design undrained shear strength at the base of the block; and

A, is the total base area of the block (i.e. width x breadth of block).
NOTE

1. The design value of the ultimate compressive resistance of a row of piles within the block (R,,,cq) may be
calculated in a similar fashion to the block as a whole, adjusting A; and A, accordingly.

2. Except when the spacing between rows is variable or the action from horizontal forces or moments is large
relative to the action from vertical forces, the compressive resistance of a row of piles does not normally
govern the design and may therefore be ignored.

6.7.3 Tension/pull-out
6.7.3.1 Individual piles
COMMENTARY ON 6.7.3.1

BS EN 1997-1 provides two alternative methods for verifying the ultimate compressive resistance of an
individual pile, including methods based on:
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« static pile load tests; and
* ground test results.

Traditional UK practice has been to verify the tensile resistance of an individual pile using ground test results
in calculations based on soil mechanics theory. This approach is termed the "alternative procedure" in BS
EN 1997-1:2004+A1 :2013, 7.6.3.3,

6.7.3.1.1 The design value of the ultimate tensile resistance of an individual pile (R, ;) should be verified

according to the alternative procedure given in BS EN 1997-1:2004+A1:2013, 7.6.3.3, and
conform to expressions (7.15 and 7.16) of that standard, namely:

R R
Riq = ﬁ = ﬁ’: (76)
where
Ry is the characteristic value of the pile's (calculated) ultimate tensile resistance;
R is the characteristic value of the pile's (calculated) ultimate shaft resistance; and

Vst is the partial factor given in the UK National Annex to BS EN 1997-1:2004+A1:2013, whose value
depends on the level of pile testing that is performed to corroborate the calculation of resistance.

6.7.3.1.2 In the United Kingdom, the ultimate geotechnical tensile resistance of an individual pile may be
verified using Design Approach 1 Combination 2 alone, since the values of the partial factors y,
given in the UK National Annex to BS EN 1997-1:2004+A1:2013 are such that Design Approach
1 Combination 1 cannot govern the design.

6.7.3.2 Pile groups

6.7.3.2.1 The tensile resistance of a pile group should be verified assuming the individual piles and the
ground between them act as a block.

6.7.3.2.2 The design value of the ultimate tensile resistance of a pile group (Rg;oup.,q) Should be calculated

from:
Rgroupta = min(Rsum,t,di Ryiock,t,as Rrow,t,d) (77)
where:
Roum.td is the sum of the ultimate tensile resistances of all the individual piles;
Rpiock,ta is the ultimate tensile resistance of a block that encloses the pile group;
Rrowta is the ultimate tensile resistance of a row of piles within that block.
6.7.3.2.3 The sum of the ultimate tensile resistances of the individual piles (R, ) should be calculated
from:
Rsum,t,d = Z;:T(Rt,d)j (78)
where:
(Rt,d)]_ is the design value of the ultimate tensile resistance of pile j;
n is the total number of piles in the group.

6.7.3.2.4 In coarse soils, the design value of the ultimate tensile resistance of the block that encloses the
pile group (Rpiock,t.q) May be calculated from:

Rpiock,ta = Ko X 0y X tan @ X Ag X Spiock (79)
where:

K, is the soil's at-rest earth pressure coefficient;

o, is the average vertical effective stress over the side of the block;

1) is the soil's angle of shearing resistance;

Ag is the total side area of the block (i.e. perimeter of block x pile length);

Spiock IS @ shape factor chosen in accordance with 5.4.1.2;

6.7.3.2.5 In fine soils, the design value of the 'Ultimate tensile resistance of the block that encloses the pile
group (Rpiock,t,q) May be calculated from:
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Ryiock,t,a = Cua X As X Spiock (80)
where:

Cua is the soil's average design undrained shear strength over the side of the block;

Ag is the total side area of the block (i.e. perimeter of block x pile length);

Spiock IS @ shape factor chosen in accordance with 5.4.1.3;

6.7.3.2.6 The design value of the ultimate tensile resistance of a row of piles within the block (R, ¢ 4) may
be calculated in a similar fashion to the block as a whole, adjusting A, accordingly.

NOTE

Except when the spacing between rows is variable or the action from horizontal forces or moments is large relative

to the action from vertical forces, the tensile resistance of a row of piles may be ignored since it does not normally

govern the design.

6.7.4 Transverse resistance

6.7.4.1 Individual piles

COMMENTARY ON 6.7.4.1

Although BS EN 1997-1.2004+A1:2013, 7.7.1(2)P, requires verification that an individual pile "will support

the design transverse load with adequate safety against failure”, it gives no details of which partial factors

are to be applied or their recommended values.

6.7.4.1.1 The design value of the ultimate transverse resistance of an individual pile (R..4) should be
calculated from:

func{@gy,v4, B, L, e, Mgy} in coarse soils

Ripa = 1
trd { func{c, 4, B,L,e,Mgy} in fine soils (81)
where:

®, is the soil's design angle of shearing resistance;

Y4 is the soil's design weight density;

Cud is the soil's design undrained shear strength;

Mgy  is the pile's design ultimate bending resistance; and

the other symbols are as defined for equation (66).

6.7.4.1.2 The design values of the soil parameters to be used in equation (81) should conform to BS EN
1997-1:2004+A1:2013, 2.4.6.2, with the partial factors y¢y, ¥, and y, as specified in the UK
National Annex to BS EN 1997-1:2004+A1:2013 for Design Approach 1, Combinations 1 and 2.

6.7.4.1.3 The effect of ground movement of the transverse resistance of an individual pile should be
considered.

6.8 Serviceability limit state design

6.8.1 General

6.8.1.1 Serviceability limit states should be verified according to BS EN 1997:2004+A1:2013, 2.4.8(1)P,
by ensuring:

Ey < Cy (82)

where:

E, is the design effects of actions specified in the serviceability criterion; and

Cqy is the limiting value of the relevant serviceability criterion.

6.8.1.2 Where appropriate, allowance should be made for elastic shortening of the pile shaft under axial
loading.

6.8.2 Individual piles
COMMENTARY ON 6.8.2
In order to keep settlement to a minimum, it is common practice in the UK to limit the representative load
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on a friction pile to its characteristic shaft resistance (thereby discounting its base resistance). This is not a
requirement of BS EN 1997-1:2004+A1:2013.

In this context, the relevant serviceability criterion C,; in equation (82) is the shaft resistance of the pile
calculated for ultimate limit state conditions.

6.8.2.1 Settlement of a pile foundation may be verified by satisfying the following serviceability criterion:
RS
Frep S —% (83)

Vs,SLS

where:

Fcrep isthe representative value of the compressive force applied to the pile in its serviceability limit state;
Ry is the characteristic value of the pile's ultimate shaft resistance; and

Yss.s IS apartial factor for shaft resistance in the serviceability limit state.

NOTE - The symbol y; 5.5 is introduced here to prevent potential confusion with the value of y_ used under ultimate
limit state conditions.

6.8.2.2 The value of y, ;5 should be taken as a minimum of 1.2.

NOTE

1. With y 5.5 = 1.0 the settlement of an individual pile can be limited to less than 3% of its diameter, D; with
Yssis = 1.2 the settlement can be limited to less than 1.5% D.
2. Use of equation (83) can lead to uneconomic designs when:
« the serviceability limit state has been otherwise verified by calculation or load testing;
« settlement of the pile is not a concern;
« the pile is installed by driving into competent ground; or
* the stiffness of the ground below the pile toe has been improved significantly (for example, by base
grouting).

6.8.2.3 The design value of the compressive force applied to an individual pile at its serviceability limit
state should be calculated from equation (69) with the values of the partial factors y; and y;
normally taken as 1.0.

NOTE - The symbol y, 5, 5.is introduced here to prevent potential confusion with the value of y; used under ultimate
limit state conditions.
6.9 Structural design

6.9.1 General
6.9.1.1 The structural design of pile foundations should conform to 4.8.
6.9.1.2 The structural design of individual piles should consider:

» compressive and tensile resistance of the pile shaft;

* shear resistance of the pile shaft;

* bending resistance of the pile shaft;

« torsional resistance of the pile shaft;

* buckling resistance of the pile shaft, particularly in the absence of lateral restraint from the ground, for
example if a gap opens up around the pile during installation (so-called "post-holing");

» weakening of the pile material as a result of corrosion or other forms of deterioration;
« connection of the pile to a pile cap or slab;

« flared pile heads;

« combinations of axial load and moments; and

* concrete crack widths.

6.9.1.3 For the purposes of its structural design, the design value of the compressive force applied to
an individual pile at the ultimate limit state should be calculated from equation (64).

6.9.1.4 The likelihood of some degree of eccentric loading on foundations consisting of only one or two
piles should be considered. The piles should be designed to resist the bending which results or
the pile cap should be effectively restrained from lateral or rotational movements. The restraint
and the pile section or both should be sufficient to resist the moments due to eccentric loading
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or other causes.

6.9.2 Bored cast-in-place concrete piles
COMMENTARY ON 6.9.2

BS EN 1992-1-1:2004, 2.3.4.2 provides supplementary requirements for cast-in-place piles without
permanent casing. These supplementary requirements involve reducing the diameter of these piles by 5%
for the purposes of their structural design. This reduction is unnecessary when the execution of these piles
conforms to BS EN 1536 or BS EN 14199.

BS EN 1992-1-1:2004, 2.4.2.5 provides partial factors for materials for foundations, including cast-in-place
piles without permanent casing. A factor k; is introduced as a multiplier to the partial factor for concrete y,,
with a recommended value of 1.1. UK National Annex to BS EN 1992-1-1:2004, Table NA.1 specifies use
of this recommended value in the UK. Thus, in permanent and transient design situations, the "effective"
partial factor on cast-in-place concrete in piles without permanent casing is:
ke Xy, =11x15=1.65 (84)
BS EN 1992-1-1:2004+A1:2014, 9.8.5 provides application rules for detailing cast-in-place concrete piles,
in particular with regard to the minimum number and minimum diameter of longitudinal bars. These rules
differ from the requirements of BS EN 1536:2010+A1 :2015, which states:
» 7.5.2.3 for reinforced piles the minimum longitudinal reinforcement shall be four bars of 12 mm
diameter; and
» 7.5.2.5 Spacing of longitudinal bars should always be maximized in order to allow proper flow of
concrete but should not exceed 400 mm.
6.9.2.1 The design compressive resistance (R, ;) of the reinforced length of a cast-in-place pile may be
calculated from:

Req = feaAca t fyaAsa = (%) Acg + %As,d (85)
where:

for @nd foq are the characteristic and design compressive strengths of the reinforced concrete,
respectively;

fyr @and fyq are the characteristic and design yield strengths of the steel reinforcement, respectively;

A.qand A;; are the cross-sectional area of the reinforced concrete and compressive steel
reinforcement, respectively;

Aee is a factor taking into account the long-term reduction in strength, etc., of reinforced concrete; and
¥, and y, are partial factors on the strength of the reinforced concrete and the steel reinforcements,
respectively

6.9.2.2 The design compressive resistance (R.,,4) of the unreinforced length of a cast-in-place pile should
be calculated from:

AeeptXfe
Repta = fraAca = (“220%) A, (86)

where:

ac.p s afactor taking into account the long-term reduction in strength, etc., of plain concrete; and
the other symbols are defined for equation (85).

6.9.2.3 Values of y. , ¥s accp @and kg should conform to the UK National Annex to BS EN 1992-1-1.

6.9.2.4 A cast-in-place pile (without permanent casing) that conforms to BS EN 1536 or BS EN 14199
should be considered to meet the "other provisions" specified in BS EN 1992-1-1:2004,
2.3.4.2(2). Therefore, the diameter used in design calculations of cast-in-place piles without
permanent casing should be as given in Table 14.

Table 14-Design pile diameter for cast-in-place piles without permanent casing
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Nominal pile diameter, Design pile diameter, d4

dyom In absence of other provisions Conforms to BS EN 1536 or
BS EN 14199

dyom < 400mm dg = dpom — 20mm dg = dpom

400 < d,,,, < 1000mm dy = 0.95d,,0m dy = dyom

dom > 1000mm dg = dyom — 50mm dg = dyom

6.9.2.5 Longitudinal bars in cast-in-place concrete piles should conform to BS EN 1536, as follows:
+ the minimum diameter should be no less than 12 mm (instead of 16 mm, as stated in BS EN 1992-1-
1);
+ the minimum number of bars should be no fewer than 4 (instead of 6, as stated in BS EN 1992-1-1).

« the clear distance between bars should be no greater than 400 mm (instead of 200 mm, as stated in
BS EN 1992-1-1).

6.9.2.6 Depending on the type and magnitude of loading, a cast-in-place concrete pile may be reinforced
over its whole length, over part of its length, or merely provided with short splice bars at the top
for bonding into a pile cap. If a cast-in-place concrete pile is required to resist tensile forces, its
reinforcement should extend over the full length of pile that is subjected to those tensile forces
(including into any enlarged base, if necessary).

6.9.2.7 Reinforcement should be provided to resist tensile forces that might arise due to swelling of
unloaded ground. In the temporary condition, it might be acceptable not to fully reinforce the pile.

6.9.3 Driven cast-in-place concrete piles

The structural design of driven cast-in-place concrete piles should conform to 6.9.2.

6.9.4 Prefabricated piles
6.9.4.1 Precast concrete piles
COMMENTARY ON 6.9.4.1

The structural design of precast concrete piles is often governed by the stresses that occur during handling
(lifting, stacking, and transporting) and installation into the ground.

6.9.4.1.1 The manufacture of precast concrete piles should conform to BS EN 12794.

6.9.4.1.2 Precast concrete piles should be designed to withstand the stresses that occur during handling
(lifting, stacking, and transporting) and installation into the ground.

6.9.4.1.3 Lifting points should be clearly marked on all precast concrete piles.

NOTE - Guidance on the manufacture of precast concrete piles can be found in the ICE Specification for piling and
embedded retaining walls, Sections B2 and C2 Driven pre-cast concrete piles (SPERW [N3]).

6.9.4.2 Steel bearing piles
COMMENTARY ON 6.9.4.2

The structural design of steel bearing piles is often governed by the stresses that occur during installation
into the ground.

Steel bearing piles should be designed to withstand the stresses that occur during handling (lifting, stacking,
and transporting) and installation into the ground.

NOTE - Guidance on a suitable sheet pile section to withstand driving in different ground conditions can .be found
in the Piling Handbook [88].

6.9.4.3 Helical steel piles

The structural design of helical steel piles should conform to A.6.

6.9.4.4 Timber piles

NOTE - Guidance on the design of timber piling can be found in BRE Digest 479 [41].

6.10 Execution

NOTE - Guidance on the impact of piling on archaeology can be found in the English Heritage guidance notes on
piling and archaeology [89].
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6.10.1 General
The execution of pile foundations should conform to 4.9 and this subclause (6.10).
6.10.2 Bored cast-in-place concrete piles

The execution of bored cast-in-place piles should conform to BS EN 1536.
NOTE

1. Guidance on the installation of bored cast-in-place concrete piles can be found in the ICE Specification for
piling and embedded retaining walls, Sections B3 and C3, Bored cast-in-place piles (SPERW [N3]).

2. Guidance on the installation of continuous flight auger piles can be found in the ICE Specification for piling
and embedded retaining walls, Sections B4 and C4, Piles constructed using continuous flight augers or
displacement augers (SPERW [N3]).

6.10.3 Driven cast-in-place concrete piles

The execution of driven cast-in-place piles should conform to BS EN 12699.

NOTE - Guidance on the installation of driven cast-in-place concrete piles can be found in the ICE Specification for
piling and embedded retaining walls, Sections B5 and C5, Driven cast-in-place piles (SPERW [N3]).

6.10.4 Prefabricated piles

6.10.4.1 Precast concrete piles

The execution of precast concrete piles should conform to BS EN 12699.

NOTE - Guidance on the installation of precast concrete piles can be found in the ICE Specification for piling and
embedded retaining walls, Sections B2 and C2, Driven pre-cast concrete piles (SPERW [N3]).

6.10.4.2 Steel bearing piles

The execution of steel bearing piles should conform to BS EN 12699.

NOTE - Guidance on the installation of steel bearing piles can be found in the ICE Specification for piling and
embedded retaining walls, Sections B6 and C6, Steel bearing piles (SPERW [N3]).

6.10.4.3 Helical steel piles

The execution of helical steel piles should conform to A.7.
6.10.4.4 Timber piles
COMMENTARY ON 6.10.4.4

Hard driving of timber piles is likely to broom the butts, crush the tips, and cause cracking. Such damage
will lead to a loss of structural strength and might well nullify the effect of preservatives.

6.10.4.4.1 The execution of timber piles should conform to BS EN 12699.

6.10.4.4.2 Where untreated softwood piles form the foundation of a permanent structure, their heads should
be cut off below the lowest anticipated ground-water level. If necessary, the pile heads may be
extended in concrete or other suitable material.

6.10.4.4.3 The length of any timber piles embedded in a concrete pile cap should be sufficient to ensure
full transmission of the applied load. Concrete cover around timber piles should be at least 150
mm and suitable to prevent splitting of the pile.

NOTE

1. Guidance on the installation of timber piles can be found in the ICE Specification for piling and embedded
retaining walls, Sections B7 and C7 Timber piles (SPERW [N3]).
2. Guidance on the installation of timber piling can be found in BRE Digest 479 [41].

6.10.5 Micro piles
The execution of micro piles should conform to BS EN 14199.

6.11 Testing
COMMENTARY ON 6.11

Static pile load tests are performed on test piles in order to determine the resistance versus displacement
characteristics of the pile and the surrounding ground.
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Test piles may be any of the following:

* Preliminary piles - piles that are installed before commencement of the main piling works for the
purpose of establishing the suitability of the chosen pile type and for confirming its design, dimensions,
and bearing resistance;

* Trial piles - piles that are installed to determine the practicability and suitability of the construction
method for a particular application; and

» Working piles - piles that are incorporated into the finished works.

6.11.1 General

Pile load tests should be performed under the circumstances identified in BS EN 1997-1:2004+A1:2013,
7.5.1.

6.11.2 Investigation tests

COMMENTARY ON 6.11.2

Investigation tests typically involve loading a sacrificial pile up to its ultimate limit state.

Investigation tests have traditionally been known as "preliminary pile tests".

6.11.2.1 Investigation tests should conform to one of the methods described in 6.11.4.

6.11.2.2 Investigation tests may be used to determine the expected performance of a pile type, under
specific loading conditions, in the ground conditions relevant to the construction project.

6.11.2.3 At least 1 preliminary pile for every 500 working piles should normally be subjected to an
investigation test.

6.11.2.4 Whenever practicable, piles that are to be subjected to investigation tests should be installed
before commencement of the main piling works. Working piles that are installed before the
results of investigation tests are available should be designed with the larger model factor given
in the UK National Annex to BS EN 1997-1:2004+A1:2013, A.3.3.2.

6.11.2.5 Detailed notes should be taken during investigation tests to assist in their subsequent
evaluation.

6.11.2.6 Investigation tests should be supervised by people experienced in pile testing.

NOTE - Guidance on pile capacity testing can be found in the ICE manual of geotechnical engineering (2012),
Volume II, Chapter 98 [1].

6.11.3 Control tests
COMMENTARY ON 6.11.3

Control tests typically involve loading a working pile 1,1p to a specified load in excess of its serviceability
limit state.

Control tests have traditionally been known as "working pile tests".
6.11.3.1 Control tests should conform to one of the methods described in 6.11.4.

6.11.3.2 Control tests may be used to determine the performance of a particular pile under working
loads, in the ground in which it has been, installed.

6.11.3.3 At least 1 working pile for every 100 working piles should normally be subjected to a control
test.

6.11.3.4 Detailed notes should be taken during control tests to assist in their subsequent evaluation.
6.11.3.5 Control tests should be supervised by people experienced in pile testing.

6.11.4 Static load tests
6.11.4.1 General

Static load tests may be used to determine the ultimate static resistance of a single pile and its service
performance under static load.

6.11.4.2 Axial compression

Tests that subject the pile to static axially loaded compression should be performed in accordance with the
ICE Specification for piling and embedded retaining walls (SPERW [N3]), Sections B15 and C15, Static
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load testing of piles.
6.11.4.3 Axial tension
Tests that subject the pile to static axially loaded tension should be performed in accordance with the ICE

Specification for piling and embedded retaining walls (SPERW [N3]), Sections B15 and C15, Static load
testing of piles.

6.11.4.4 Transverse loading
Tests that subject the pile to static transversally loaded tension should be performed in accordance with

the ICE Specification for piling and embedded retaining walls (SPERW [N3]), Sections B15 and C15, Static
load testing of piles.

6.11.4.5 Thermal integrity profiling
Integrity tests that use thermal integrity profiling should be performed in accordance with ASTM D7949-14.

6.11.5 Dynamic and rapid load tests
6.11.5.1 General

6.11.5.1.1 Dynamic and rapid load tests may be used to determine the ultimate static resistance of a single
pile and its service performance under static load.

6.11.5.1.2 Rate effects (including creep), excess pore water pressures, and inertia effects (due to
acceleration) may be present in a dynamic or rapid load test and might differ from what would
be expected from an equivalent static load test. The results of dynamic and rapid load tests
should be calibrated against static load test results in order to account for these effects.

6.11.5.2 Dynamic load testing
Tests that subject the pile to dynamic loading should be performed in accordance with the ICE Specification

for piling and embedded retaining walls (SPERW [N3]), Sections B14 and C14, Dynamic and rapid load
testing.

6.11.5.3 Rapid load testing

Tests that subject the pile to rapid loading should be performed in accordance with the ICE Specification
for piling and embedded retaining walls (SPERW [N3]), Sections B14 and C14, Dynamic and rapid load
testing.

6.11.6 Integrity tests

6.11.6.1 General

6.11.6.1.1 Integrity tests may be used to determine the integrity of cast-in-place piles, barrettes, and
retaining wall elements after their installation in the ground.

6.11.6.1.2 When performing integrity tests, one of the following should be used:
* impulse response method;
* sonic echo, frequency response, or transient dynamic steady-state vibration method;
* cross-hole sonic logging method; or
« thermal integrity profiling.

NOTE - Guidance on pile integrity testing can be found in the ICE manual of geotechnical engineering (2012), Volume
II, Chapter 97 [1].

6.11.6.2 Impulse response method
Integrity tests that use the impulse response method should be performed in accordance with the relevant

parts of the ICE Specification for piling and embedded retaining walls (SPERW [N3]). Sections B13 and
C13, Integrity testing.

6.11.6.3 Sonic echo, frequency response. or transient dynamic steady-state vibration method

Integrity tests that use the sonic echo, frequency response, or transient dynamic steady-state vibration
method should be performed in accordance with the relevant parts of the ICE Specification for piling and
embedded retaining walls (SPERW [N3]), Sections B13 and C13, Integrity testing.

6.11.6.4 Cross-hole sonic logging method
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Integrity tests that use the cross-hole sonic logging method should be performed in accordance with the
relevant parts of the ICE Specification for piling and embedded retaining walls (SPERW [N3]), Sections B13
and C13, Integrity testing.

6.12 Supervision, monitoring, and maintenance

6.12.1 Supervision of construction

The construction of a pile foundation should be supervised by an appropriately qualified and experienced
person.

6.12.2 Monitoring

Monitoring for other types of foundations should conform to BS EN 1997-1:2004+A1:2013, 4.5, for helical
steel piles monitoring should conform to A.8.

6.12.3 Maintenance

6.12.3.1 If the design of the pile foundation relies upon a dewatering system, maintenance of that system
should be ensured.

6.12.3.2 Where bolted connections to piles are used, maintenance of those connections should be
ensured.

6.13 Reporting

6.13.1 Ground Investigation Report

The Ground Investigation Report for a pile foundation should conform to 4.12.1.

6.13.2 Geotechnical Design Report

The Geotechnical Design Report for a pile foundation should conform to 4.12.2 and should also include,
where appropriate:

+ assumed design values for ,K;,6 and N, (defined in 6.4.1.2.2 and 6.4.1.2.3) and any correlations on
which these values are based;

» assumed design values for « and N, (defined in 6.4.1.2.3 and any correlations on which these values
are based,;

» assumed design values for ¢, and ¢, (defined in 6.4.1.3.2);

» assumed design values for ng;and for n,, (defined in 6.4.1.3.3); and
+ any assumptions regarding groundwater.
6.13.3 Geotechnical Feedback Report

6.13.3.1 The Geotechnical Feedback Report for a pile foundation should conform to 4.12.3 and this
clause (6.13.3).

6.13.3.2 The load test report required for all load tests by BS EN 1997-1:2004+A1:2013, 7.5.4, should
be included in the Geotechnical Feedback Report.

6.13.3.3 The Geotechnical Feedback Report for a pile foundation should also include, where
appropriate:
* records of all pile installations;
* survey results of as-built pile locations relative to a site datum;
* survey results of as-built pile levels relative to surrounding ground levels;
+ any variation from the specified construction works;
* the design action for which each pile has been designed;

* levels and measurements to determine ground heave or movement of any pile resulting from the piling
operation;

« details of all obstructions, delays, and other interruptions to the piling operations;
« for prefabricated piles:

« details of the type and positions of joints;
« for cast-in-place concrete piles:
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« the method used;

» concrete mix details, including: concrete class, nominal maximum aggregate size; cement
content, water/cement ratio, details and quantity of any admixtures or cement replacement
material used;

« reinforcement details, including: number, type, and size of main reinforcement bars, type and size
of shear links, the reinforced length of pile; and

» record drawings showing the piles as constructed.

6.13.3.4 The Geotechnical Feedback Report should be prepared jointly by the pile designer and piling
contractor.

6.13.3.5 The Geotechnical Feedback Report for a helical pile foundation should also conform to A.9.3.
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Annex A
(normative)
Helical steel pile foundations

COMMENTARY ON Annex A
This annex applies to the design and construction of helical steel piles.

Helical (screw) piles generally comprise a lead section, which comprises helix plates attached to a central
steel shaft, and extension sections.

Helical steel piles are typically suitable for use in loose to medium dense coarse soils and low to medium
strength fine soils.

A.

1 General

The design of helical steel pile foundations should conform to BS EN 1997-1:2004+A1:2013, Section 7,
Clause 4 and Clause 6 of this standard, and this annex.

A.

> » >»>rP>>>r

>

> » » >

2 Design considerations

. 2.1 General

. 2.1.1 The design of helical steel pile foundations should conform to 6.3.1.

. 2.1.2 The helix pitch should not be less than 75 mm.

. 2.1.3 The gradient of the helix plates should be constant throughout their pitch.

. 2.1.4 The outer diameter of the helix should be circular in plan and undamaged by the forming
process.

. 2.1.5 The shaft of a helical pile should be manufactured from circular hollow sections (CHS) or
square sections, with the former being preferred.

.2.1.6 To prevent formation of an annulus around the helical pile shaft, the diameter of any shaft

extensions should be constant or decrease with depth. The diameter of any oversized
connections should also be constant or decrease with depth.

. 2.1.7 Connections between shaft extensions should allow full transfer of bending moments (i.e. they

should not be a pinned connection). Connections should not oversize the hole formed during
installation to create an annulus around the helical pile shaft.

. 2.1.8 Where threaded connections are used, the direction of the thread should be opposite to the

direction of rotation during installation. A locking device for the connection should be used.

. 2.1.9 The design of helical piles should be based on a conventional soil mechanics approach

supported by pile testing data where this is combined with an empirical approach.

. 2.1.10 Helical piles should not be designed solely on empirical rules relating soil resistance to the

applied torque measured during pile installation.

. 2.1.11 Particular consideration should be given to the effects of the following:

» actions that are applied repeatedly;

« actions with varying intensity;

* actions that produce a dynamic response in the structure or the ground; and
* water pressures.

A.

2.2 Ground investigation

Ground investigation for helical pile foundations should conform to BS EN 12699.

A.

A.
A.

A.

2.3 Pile spacing

2.3.1 The plan location and inclination of helical piles should conform to BS EN 12699.
2.3.2 The bearing resistance of helical piles spaced closer than 4 helix: diameters (centre-to-centre
on plan) should be reduced to account for interaction between the helices.

2.4 Calculation models

NOTE

77

1. Guidance on the design of helical piles can be found in Helical piles - a practical guide to design and installation
[90].

©TBS 2022-All rights reserved



BCDC 13 (112) DTZS

2. The tensile resistance of a helical pile is typically calculated as the sum of the resistances of its helix plates
acting in pull-out. This is known as the "reverse bearing capacity model". This calculation mode/ ignores any
beneficial effect of shaft friction.

A. 3 Materials

A. 3.1 Materials used to fabricate helical steel piles should conform to 6.5.2.
A. 3.2 Hot finished helical steel piles should also conform to BS EN 10210.

A. 3.3 Cold formed helical steel piles should also conform to BS EN 10219.

A. 3.4 Helical steel piles should be manufactured in accordance with BS EN 1090.
A. 4 Durability

The durability of helical steel piles should conform to 6.6.

A. 5 Ultimate limit state design

A. 5.1 Bearing

A. 5.1.1 For the purpose of selecting partial factors from BS EN 1997-1, helical piles should be classified
as shown in Table 8, Table 9 and Table 10.

A. 5.1.2 For helical piles, the following potential ultimate limit states should be checked:

« failure of a helix: in bearing;
» a combination of helix bearing failure and plugged shaft failure;
* base punching failure into underlying weak layers; and

* rotational failure mechanisms caused by the application of torque to the pile head (typically only
relevant to single piles or pairs of piles).
A. 5.1.3 The potential contribution to bearing resistance from friction on the pile shaft should be ignored,
unless there is definitive evidence from pile load tests that the soil between the helices does not
form a plugged shatft.

NOTE - Plugged shatft failure might not need to be checked if there is sufficient vertical spacing between the helices
to ensure that a plugged shaft does not form.

A. 5.2 Tension/pull-out

The potential contribution to pull-out resistance from friction on the pile shaft should be ignored, unless
there is definitive evidence from pile load tests that the soil between the helices does not form a plugged
shaft.

A. 6 Structural design

The structural design of helical piles should consider:
» compressive, tensile, and bending resistance of the shaft;
« torsional resistance of the shaft;

* buckling resistance of the shaft, particularly in the absence of lateral restraint from the ground, for
example if installation postholing occurs;

« failure of the connections between shaft segments;

« structural failure of the helix plate;

« failure of the welds between the shaft and the helix; and
» weakening of the pile as a result of corrosion.

A. 7 Execution

A. 7.1 The penetration rate of a helical pile per revolution of the pile (v) should satisfy:

0.85p<v <1.15p (A1)
Where:
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p is the pitch between adjacent helices.
A. 7.2 A variable axial force should be applied to the pile head to ensure that (A.1) is satisfied.

NOTE - The axial force applied to the pile head to advance the pile into the ground is commonly known as the
"crowd force" (or just "crowd").

A. 7.3 If the penetration rate falls outside the limits given above, the design resistance of the pile should
be re-assessed and downgraded appropriately unless testing validates the pile's resistance.

A. 7.4 Installation of a helical pile should cease immediately if its penetration rate falls below 0.5 p. The
pile's design resistance should be reassessed and downgraded appropriately.

A. 7.5 If the rotation of a helical pile is reversed during installation (i.e. the pile is "back-spun"), then its
design resistance should be re-assessed and downgraded, if appropriate, unless testing
validates the pile's resistance.

A. 7.6 Installation of a helical pile should cease immediately if the installation torque exceeds its
maximum design value before the pile has reached its design depth of penetration.

A. 7.7 The rotation speed during installation of a helical pile should:
* not exceed 20 revolutions per minute;
* be appropriate to the anticipated ground conditions;
* be appropriate for the responsiveness of the installation equipment; and
* be reduced appropriately where unacceptable penetration rates are observed.

A. 7.8 If pre-drilling is used to assist pile installation, the diameter of the pre-drilled hole should not
exceed the pile's shaft diameter. To prevent gaps occurring between the pile shaft and the
surrounding ground, pre-drilling should not result in the removal of material.

A. 7.9 Helical piles should be removed from the ground by unscrewing, in a similar manner to their
installation.

A. 7.10 A helical pile should not be re-used after removal without it first being confirmed by inspection
(by either the manufacturer or installer) that the pile's condition is such that it continues to provide
the required design strength and durability. The results of this inspection should be recorded on
the piling record.

A.7.11 If a new pile is to be installed in the same location as a previous removed helical pile, proper
allowance should be made in the design for the disturbance of the ground caused by the previous
pile.

. 7.12 The mean installation torque measured over the final 1 m of installation should be used to check

compliance with the design torque requirements.

A. 7.13 If the torsional resistance of the pile shaft is exceeded prior to achieving the required depth of
installation, either the installation should be terminated at the depth reached or the pile should
be replaced by a new one with smaller diameter helices, fewer plates, or a larger shaft diameter.

A. 7.14 If the minimum design installation torque is not achieved at the required depth of installation:

« the depth of penetration should be increased by adding extension sections to the pile; or
» the pile should be replaced by a new one with additional and/or larger diameter plates; or
« the pile should be relocated.

>

A. 8 Monitoring

A. 8.1 The following information should be collected during the execution of helical piles:

« installation torque should be monitored throughout installation and recorded during the last 1 m of
penetration (at intervals not less than 0.5 m);

* rotation speed and penetration rate should be monitored throughout installation to ensure the pile is
not flighting; and

» depth and diameter of any pre-drilling, details of any pile flighting, and details of any pre-augering
should be recorded.
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A. 8.2 This information should be collected at intervals not exceeding 500 mm of penetration.
A. 8.3 Appropriate adjustments should be made to the installation procedure and, when necessary, the
pile resistance, based on the information recorded.

A. 9 Reporting

A. 9.1 Ground Investigation Report
The Ground Investigation Report for a helical pile foundation should conform to 4.12.1.

A. 9.2 Geotechnical Design Report

The Geotechnical Design Report for a helical pile foundation should conform to 6.13.2 and should also
include, where appropriate, assumed design values for torque and any correlations on which these values
are based.

A. 9.3 Geotechnical Feedback Report

The Geotechnical Feedback Report for a helical pile foundation should conform to 6.13.3 and should also
include, where appropriate:

* installation torque records and associated calibration data;

» number of pile rotations per minute;

* rate of penetration (distance travelled per revolution and per unit of time);
+ depth and diameter of any pre-drilling;

+ details of any pile flighting or augering;

« final depth of bottom plate.
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Annex B
(normative)
Underpinning

COMMENTARY ON Annex B

This annex applies to the design and construction of underpinning.
B.1 General

COMMENTARY ON 8. 1

Underpinning is commonly employed to rectify distress caused to a building by excessive movement of its
foundation, to extend foundations into the ground to facilitate future construction work, to accommodate
additional loading applied to an existing building, to allow adjacent ground to be lowered, or to change the
support system.

The design of underpinning should conform to BS EN 1997-1, and Clause 4 of this standard and this annex.

B.2 Choice of structure
NOTE - Underpinning may be provided by:
+ extending the depth of existing pad or strip footings;
» constructing ground beams beneath existing walls by stooling (and supporting them on piers or piles);
+ constructing needle beams through existing waifs (and supporting them on piers or piles);
» constructing piles that are drilled through existing foundations.

The choice of underpinning system should consider the loads to be carried, the sensitivity of the structure
and the ground, and working conditions.
NOTE
1. Guidance about underpinning can be found in the ICE manual of geotechnical engineering (2012), Volume 1I,
Chapter 83 [1].
2. See Guidelines on safe and efficient basement construction directly below or near to existing structures [91].
3. Guidance on health and safety in geotechnical engineering can be found in the ICE manual of geotechnical
engineering (2012). Volume |. Chapter 8 [2].
4. Further information about underpinning can be found in Underpinning and retention (2" edition) [92].

B.3 Design considerations

B.3.1 Before underpinning is commenced, a comprehensive inspection, carefully recorded and
photographed, should be undertaken to identify the condition of the structure that is to be
underpinned and the condition of those structures adjacent to it.

B.3.2 The structure to be underpinned should be carefully examined for indications of differential
foundation movement and for inherent weaknesses which might be accentuated during the
process of underpinning, and the structure should be temporarily supported or strengthened.
Particular care should be exercised when underpinning piers, columns or walls pierced by
openings.

B.3.3 Underpinning systems should be designed in accordance with good soil mechanics practice
taking into account all vertical and lateral loads imposed upon them, including particularly
transient conditions that might arise during construction.

B.3.4 The whole foundation, including that part modified by underpinning, should continue to perform
satisfactorily during and after underpinning. If the changed support conditions give rise to
excessive differential movement, jacks should be installed temporarily or permanently to correct
this. If a structure subsides unevenly, the whole structure should be underpinned and partial
underpinning should not be used.

NOTE - Guidance on condition surveys can be found in Appraisal of existing structures [93], Inspection manual for

highway structures, Volumes 1 and 2 [94], [95].

B.4 Materials
B.4.1 Concrete

Concrete and related products incorporated into underpinning should conform to 4.3.6.
B.4.2 Steel
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Steel and related products incorporated into underpinning should conform to 4.3.7.

B.4.3 Timber

Timber and related products incorporated into underpinning should conform to 4.3.8.

B.4.4 Soils, rocks, and rock masses

Particular attention should be paid during the ground investigation for underpinning to determine:
+ ground and groundwater conditions below and adjacent to the structure;

« conditions responsible for any excessive movement so that appropriate underpinning measures can
be undertaken;

« the ground's load-bearing capacity where the underpinning is to be founded; and
« the disposition and effect of adjoining foundations and services.

B.5 Durability

B.5.1 Concrete

The durability of concrete and related products used for underpinning should conform to 4.4.2.
B.5.2 Steel

The durability of steel and related products used for underpinning should conform to 4.4.3.
B.5.3 Timber

The durability of timber and related products used for underpinning should conform to 4.4.4.

B.6 Ultimate limit state design

B.6.1 The ultimate limit state design of underpinning involving spread foundations should conform to
5.7.

B.6.2 The ultimate limit state design of underpinning involving pile foundations should conform to 6.7.

B.7 Serviceability limit state design

B.7.1 The serviceability limit state design of underpinning involving spread foundations should
conform to 5.8.

B.7.2 The serviceability limit state design of underpinning involving pile foundations should conform to
6.8.

B.8 Structural design
B.8.1 The structural design of underpinning involving spread foundations should conform to 5.9.
B.8.2 The structural design of underpinning involving pile foundations should conform to 6.9.

B.9 Execution

B.9.1 The execution of underpinning should conform to 4.9 and this subclause (B.9).

B.9.2 Before excavation is commenced, the live loads on the wall, pier or structure should be reduced
as much as practicable where they are large in relation to the dead load, the adjoining owner's
consent being obtained where necessary.

B.9.3 All excavations necessary for underpinning should be well supported, using concrete, steel, or
timber, and strutted to an approved design, e.g. by an appropriate temporary or permanent
geotechnical process, to prevent the surrounding ground from moving before it is supported by
the permanent work.

B.9.4 Either steel trench sheeting or concrete poling boards should be used if the shoring cannot be
withdrawn. Excavations for access to construct underpinning should be similarly treated and
restricted to that essential for the work. The support removed when opening up underpinning
excavations will increase the load on adjoining foundations unless it is fully compensated by
shoring. These adjoining foundations should not be weakened or undermined by the excavation
of access trenches or approach excavations.

B.9.5 Where underpinning will not give rise to excessive ground pressure, the procedure should be to
execute underpinning in a series of legs, the length of each leg depending on the general
character and condition of the structure to be underpinned, the intensity of the loading and the
nature of the ground below. Generally, in brick and/or stone walls of normal type, each leg should
be 1.0 m to 1.4 m in length; in walls capable of arching, the length of each leg may be increased
accordingly.
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B.9.6 Each series of legs should be planned to provide sufficient support between the legs under
construction, and to ensure that the loads from the unsupported portions of the wall are
distributed throughout the length of the wall. Attention should also be given to positions of
openings and piers immediately above the foundations, so that sections of the structure carrying
local heavy loads are not left unsupported. No fresh series of legs may be commenced until the
preceding underpinning is completed and finally pinned. The sequence in which the
underpinning is carried out should be executed in such a way as to avoid differential settlement
and ensure load transfer.

B.9.7 The area of open excavations should not exceed 25% of the building's footprint. This limit should
be reduced if the building comprises a number of isolated piers.

B.9.8 Where underpinning is required on account of the settlement of the foundation, or where the
safe ground pressure is likely to be exceeded during the underpinning operations, the structure
to either side of an underpinning leg should be needled and the load transferred to temporary
bearings on ground capable of carrying the additional load or other support. The siting of these
bearings should be determined to avoid undermining by any operations necessary to complete
the underpinning leg. When this is complete, underpinning can commence.

B.9.9 Alternatively, it might be possible to introduce stooled reinforced concrete transfer beam prior to
undertaking underpinning.

B.9.10 The construction of the underpinning leg should be commenced immediately after the bottom
of the excavation has been exposed. In all cases where the bottom is likely to be affected by
exposure to the atmosphere, the last section of the excavation should not be taken out unless
the underpinning can proceed forthwith. The bottom of the excavation supporting the
underpinning should be sealed with concrete immediately after inspection has shown it to be
satisfactory.

B.9.11 Before the construction of a leg, the underside of the old wall or foundation should be cleaned
and levelled ready for the new pinning. All joints against legs already constructed should be
thoroughly cleaned. The underpinning leg should be constructed as quickly as possible up to
within 75 mm to 150 mm of the underside of the old foundation ready for final pinning. The top
of the new work should be left smooth and flat to facilitate the final pinning.

B.9.12 As soon as the concrete or brickwork is strong enough to support the load to be placed upon
it, the final pinning should be carried out. The final pinning should consist of a fairly dry concrete
mix, meaning that only sufficient water has been added to moisten the mixture so that it will
remain a ball when squeezed in the hand (the maximum size of aggregate should be 10 mm).
The mix should be rammed in hard to make solid contact with the soffit of the underpinned
structure.

B.9.13 If the width of the foundation to be underpinned is greater than 1 m, it is advisable to leave the
outer half more than 150 mm below the underside of the old foundation to facilitate the pinning
up of the furthest part.

B.10 Monitoring

B.10.1 During underpinning, frequent checks for movement or distress in the structure should be
made.

B.10.2 In most cases careful inspection is adequate but in special circumstances a detailed schedule
of dilapidations should be prepared.

NOTE - Crack monitoring, levelling and plumbing might be necessary as the work proceeds.
B.11 Reporting
Reporting for underpinning should conform to 4.12.
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	4.2.3.6.1 The design of ground improvement by deep mixing should conform to BS EN 14679:2005, Clause 7.
	4.2.3.6.2 The design of ground improvement by deep vibration should conform to BS EN 14731:2005, Clause 7.
	4.2.3.6.3 The design of ground improvement by vertical drainage should conform to BS EN 15237:2007, Clause 7.



	4.3 Materials
	4.3.1 Soils
	4.3.1.1 General
	4.3.1.1.1 The identification and description of soil should conform to BS EN IS0 14688-1.
	4.3.1.1.2 The classification of soil should conform to BS EN ISO 14688-2.
	4.3.1.1.3 Soil properties should be determined in accordance with BS EN 1997-2 and BS 5930.
	4.3.1.1.4 Characteristic soil parameters should be selected in accordance with BS EN 1997-1, based on the results of field and laboratory tests, complemented by well-established experience.

	4.3.1.2 Very coarse soils (cobbles and boulders)
	4.3.1.3 Coarse soils (sands and gravels)
	4.3.1.3.1 When establishing the values of parameters for coarse soils, the following should be considered:
	4.3.1.3.2 For coarse soils above the groundwater table, the suggested values for characteristic weight density given in Figure 1 may be used in the absence of reliable test results.
	4.3.1.3.3 For coarse soils below the groundwater table, the suggested values for characteristic weight density given in Figure 2 may be used in the absence of reliable test results.
	4.3.1.3.4 A superior value of weight density should be selected when a high value is unfavourable; an inferior value should be selected when a low value is unfavourable.
	4.3.1.3.5 For siliceous sands and gravels, the characteristic constant volume (also known as critical state) effective angle of shearing resistance (,𝜑-𝑐𝑣,𝑘-′.) may, in the absence of reliable test results, be estimated from:
	,𝜑-𝑐𝑣,𝑘-′.=,30-𝑜.+,𝜑-𝑎𝑛𝑔-′.+,𝜑-𝑃𝑆𝐷-′.  (4)
	4.3.1.3.6 For siliceous sands and gravels with fines content less than 15%, the characteristic peak effective angle of shearing resistance (,𝜑-𝑝𝑘,𝑘-′.) may be estimated from:
	,𝜑-𝑝𝑘,𝑘-′.=,𝜑-𝑐𝑣,𝑘-′.+,𝜑-𝑑𝑖𝑙-′.  (5)
	4.3.1.3.7 The value of ,𝜑-𝑑𝑖𝑙-′. may alternatively be estimated from:
	,𝜑-𝑑𝑖𝑙-′.=𝑛,𝐼-𝑅.=𝑛,,𝐼-𝐷.×,ln-,,,𝜎-𝑐.-,𝜎-𝑓-′...−1..  (6)
	4.3.1.3.8 The value of ,𝜎-𝑐. may be taken as 20 MPa for quartz sands, but can be substantially larger for quartz silts, and substantially smaller for carbonate sands (see The strength and dilatancy of sands [20]).
	4.3.1.3.9 If the fines content of the coarse soil exceeds 25%, then ,𝜑-𝑑𝑖𝑙-′. should be assumed to be zero, unless testing demonstrates otherwise. For coarse soils with fines content between 15% and 25%, ,𝜑-𝑑𝑖𝑙-′. may be determined by linear i...
	4.3.1.3.10 If shearing is matrix (i.e. fines) controlled, then ,𝜑-𝑎𝑛𝑔-′. should be assumed to be zero, unless testing demonstrates otherwise. For coarse soils with fines content between 15% and 25%, ,𝜑-𝑎𝑛𝑔-′. may be determined by linear interp...
	4.3.1.3.11 The characteristic angle of shearing resistance (,𝜑-𝑘-′.) for coarse soils with fines content exceeding 25% should be determined as for fine soils (see 4.3.1.4).

	4.3.1.4 Fine soils (silts and clays)
	4.3.1.4.1 When establishing the values of parameters for fine soils, the following should be considered, as a minimum:
	4.3.1.4.2 For fine soils above the groundwater table, the suggested values for characteristic weight density given in Figure 1 may be used in the absence of reliable test, results.
	4.3.1.4.3 For fine soils below the groundwater table, the suggested values for characteristic weight density given in Figure 2 may be used in the absence of reliable test results.
	4.3.1.4.4 A superior value of weight density should be selected when a high value is unfavourable; an inferior value should be selected when a low value is unfavourable.
	4.3.1.4.5 In the absence of reliable test data, the characteristic undrained shear strength of a fine soil (cu,k) may be estimated from:
	,,𝑐-𝑢,𝑘.-,𝑝-𝑣-′..=,𝑘-1.,𝑅-𝑜-,𝑘-2..=,𝑘-1.,,,,𝑝-𝑣,𝑚𝑎𝑥-′.-,𝑝-𝑣-′...-,𝑘-2..  (7)
	4.3.1.4.6 In the absence of reliable test data, the values of k1 and k2 in equation (7) may be taken as 0.23 ±0.04 and 0.8 respectively, following New developments in field and laboratory testing of soils [21].
	4.3.1.4.7 When determining the characteristic undrained strength of high strength fine soils, due allowance should be made for:
	4.3.1.4.8 For fine soils, the characteristic constant volume (also known as critical state) effective angle of shearing resistance (,𝜑-𝑐𝑣,𝑘-′.) may, in the absence of reliable test results, be estimated from:
	,𝜑-𝑐𝑣,𝑘-′.=,(42-𝑜.−12.5,,log-10.-,𝐼-𝑃..) for 5%,≤𝐼-𝑃.≤100%  (8)
	,𝐼-𝑃. is the soil's plasticity index (entered as a %)
	4.3.1.4.9 The characteristic constant volume effective cohesion (,𝑐-𝑐𝑣,𝑘-′.)should be taken as zero.
	4.3.1.4.10 The peak effective angle of shearing resistance (,𝜑-𝑝𝑘-′.) may be related to the constant volume effective angle of shearing resistance (,𝜑-𝑐𝑣-′.) by:
	,𝜑-𝑝𝑘-′.=,𝜑-𝑐𝑣-′.+,𝜑-𝑑𝑖𝑙-′.   (9)
	4.3.1.4.11 When a clay soil is able to undergo "sliding shear", normally only where pre-existing slip surfaces exist in the ground, then the operational angle of shearing resistance is the clay's residual value (,𝜑-𝑟𝑒𝑠-′.):
	,𝜑-𝑟𝑒𝑠-′.≤,𝜑-𝑐𝑣-′.≤ ,𝜑-𝑝𝑘-′.  (10)

	4.3.1.5 Mixed soils
	4.3.1.6 Soil stiffness
	𝐸=2𝐺(1+𝜈)  (11)
	𝜈  is the soil's Poisson's ratio.
	4.3.1.6.1 The difference between the direction of loading and the direction of measurement of soil stiffness should be taken into account in the assessment of soil stiffness.
	4.3.1.6.2 In the absence of reliable test results, the secant shear modulus of a soil, Gsec may be estimated from (see also Stiffness of sands through a laboratory database [26]):
	4.3.1.6.3 In the absence of reliable test results, the values of the parameters in equation (12) may be taken from Table 3.
	4.3.1.6.4 In the absence of reliable test results, the very-small-strain shear modulus of a soil, ,𝐺-𝑚𝑎𝑥′.may be estimated from (see Non-linear soil stillness in routine design [25] and Stiffness at small strain: research and practice [28]):
	4.3.1.6.5 In the absence of reliable test results, the values of the parameters in equation (13) may be taken from Table 4.


	4.3.2 Rocks and rock masses
	4.3.2.1 The identification and classification of rock should conform to BS EN ISO14689-1.
	4.3.2.2 Rock properties should be determined in accordance with BS EN 1997-2 and BS 5930, as well as BS EN 1997-1:2004+A1:2013, 3.3.2, 3.3.8 and 3.3.9.
	4.3.2.3 Characteristic rock parameters for intact rock should be selected in accordance with BS EN 1997-1, based on the results of field and laboratory tests, complemented by well-established experience.
	4.3.2.4 Design parameters for the rock mass should take into account the properties of the intact rock and any discontinuities. See BS EN 1997-1:2004+A1:2013, 3.3.8.
	4.3.2.5 The following non-destructive tests may be used to determine rock mineralogy and composition in order to predict the rock's performance during excavation (in particular, if it will slurry or smear rather than be broken up into smaller pieces):

	4.3.3 Fill
	4.3.3.1 All materials intended to be placed behind foundations should be properly investigated and classified.
	4.3.3.2 Non-engineered fill, such as industrial, chemical, and domestic wastes, should not be placed beneath foundations.
	4.3.3.3 Engineered fill comprising selected coarse granular soils, such as well-graded small rockfills, gravels, and sands, may be placed beneath foundations.
	4.3.3.4 Engineered fill should be appropriate to the intended application. The fill should be classified and an earthworks specification provided detailing acceptability criteria, compliance testing, and compaction requirements. The general specificat...

	4.3.4 Earthworks
	4.3.5 Groundwater
	4.3.5.1 Groundwater pressures should be determined by considering hydrological, hydrogeological, and environmental information.
	4.3.5.2 To conform to BS EN 1997-1:2004+A1:2013, 2.4.6.1(6)P, design values of groundwater pressure at the serviceability limit state should be the most unfavourable values that could occur during normal circumstances.
	4.3.5.3 To conform to BS EN 1997-1:2004+A1:2013, 2.4.6.1(6)P, design values of groundwater pressure at the ultimate limit state should be the most unfavourable values that could occur during the design lifetime of the structure.
	4.3.5.4 If suitable statistical data is available, then design values of groundwater pressure at the serviceability limit state should be chosen with a return period at least equal to the duration of the design situation; and design values at the ulti...
	4.3.5.5 Where groundwater pressures are not hydrostatic, the design should take into account:
	4.3.5.6 Long-term changes in groundwater that are likely to occur during the design working life of the structure (including those due to climate change and rising groundwater) should be taken into account.
	4.3.5.7 Increased groundwater pressures owing to burst pipes and other failures of engineered systems should be classified as accidental actions if the event that causes the increase in groundwater pressure is unlikely to occur during the design worki...
	4.3.5.8 The design of a foundation should be based on the most adverse water pressure conditions that can be anticipated.
	4.3.5.9 Design water pressures should take into account the effect of tides on water levels in the ground.
	4.3.5.10 If the equilibrium level of the water table is well defined and measures are taken to prevent it changing during heavy rain or flood, the design water pressures can be calculated from the position of the equilibrium water table, making due al...
	4.3.5.11 Equilibrium water levels in fine soils should be determined from piezometric readings taken over an adequate length of time.
	4.3.5.12 Allowance should be made in undrained (i.e. total stress) analyses for water pressures due to the temporary filling of cracks in fine soils.
	4.3.5.13 Water pressures used in drained (i.e. effective stress) analyses should be determined for the groundwater regime in the vicinity of the structure.
	4.3.5.14 Where a difference in water pressures exists on opposite sides of a foundation, allowance should be made for seepage around the wall. Where layers of markedly different permeability exist, the water levels relevant to each permeable stratum s...
	4.3.5.15 The distribution of pore water pressures may be determined from a flow net, provided it adequately represents the hydraulic and permeability conditions in the vicinity of the structure.

	4.3.6 Concrete
	4.3.6.1 Concrete incorporated into foundations should conform to BS EN 1992-1-1, BS EN 206, and BS 8500-2.
	4.3.6.2 Concrete incorporated into foundations should be specified in accordance with BS EN 206 and BS 8500-1.
	4.3.6.3 Steel reinforcement for concrete foundations should conform to TZS 142-1 or TZS 142-1

	4.3.7 Steel
	4.3.7.1 Steel incorporated into foundations should conform to BS EN 1993-1-1, BS EN 1993-5, and BS 8081, as appropriate.
	4.3.7.2 The values of steel parameters should be determined in accordance with BS EN 1993-1-1 and BS EN 1993-5, and their UK National Annexes.
	4.3.7.3 Hot rolled steel products should conform to BS EN 10025.
	4.3.7.4 Hot rolled steel products manufactured to a different standard than BS EN 10025 may be used if it can be demonstrated by appropriate additional testing that the products meet the requirements of BS EN 10025 that are relevant to the foundation.
	4.3.7.5 Cold formed hollow steel sections should conform to BS EN 10219.
	4.3.7.6 Cold formed hollow steel sections manufactured to a different standard than IBS EN 10219 may be used if it can be demonstrated by appropriate additional testing that the sections meet the requirements of BS EN 10219 that are relevant to the fo...

	4.3.8 Timber
	4.3.8.1 Timber incorporated into foundations should conform to BS EN 1995-1-1.
	4.3.8.2 The values of timber parameters should be determined in accordance with BS EN 1995-1-1.

	4.3.9 Masonry
	4.3.9.1 Masonry incorporated into foundations should conform to BS EN 1996-1-1.
	4.3.9.2 The values of masonry parameters should be determined in accordance with BS EN 1996-1-1.
	4.3.9.3 The following masonry units should conform to the relevant part of BS EN 771:
	4.3.9.4 The dimensions of clay and calcium silicate brick of special shapes and sizes should conform to BS 4729.
	4.3.9.5 Mortars used in masonry foundations should conform to PD 6697.
	4.3.9.6 Damp proof courses used in masonry foundations should conform to BS 8215.
	4.3.9.7 Wall ties should conform to PD 6697.

	4.3.10 Pipes

	4.4 Durability
	4.4.1 General
	4.4.2 Concrete
	4.4.2.1 The durability of concrete should •Conform to BS EN 1992-1-1.
	4.4.2.2 Exposure classes for concrete should be determined in accordance with BS EN 206 and BS 8500-1.
	4.4.2.3 For the purpose of specifying concrete to be used in foundations, ground conditions should be classified in accordance with BS 8500-1:2015, Table A.2.

	4.4.3 Steel
	4.4.3.1 The durability of steel should conform to BS EN 1993-1-1.
	4.4.3.2 The durability of steel reinforcement in reinforced concrete should conform to BS EN 1992-1-1.

	4.4.4 Timber
	4.4.4.1 General
	4.4.4.1.1 The preservative treatment of timber should conform to BS 8417.
	4.4.4.1.2 Components should be machined so that they contain a high proportion of permeable sapwood.
	4.4.4.1.3 The durability of timber should conform to BS EN 1995-1-1, which requires timber and wood-based materials to have either:
	4.4.4.1.4 All machining of timber, including notching, should be undertaken before applying preservative treatment.

	4.4.4.2 Service classes
	4.4.4.3 Use classes

	4.4.5 Masonry

	4.5 Geotechnical analysis
	4.5.1 The actions assumed in the geotechnical analysis of foundations should conform to BS EN 1991.
	4.5.2 The actions assumed in the geotechnical analysis of foundations subject to traffic loading should additionally conform to the UK National Annex to BS EN 1991-2 and to PD 6694-1.
	4.5.3 To conform to BS EN 1990:2002+A 1:2005, 6.4.3.3(4), combinations of actions for accidental design situations should include either the accidental action itself or actions that occur after the accidental event.
	4.5.4 The effects of dynamic and cyclic loads on the performance of a foundation should be considered.
	4.5.5 For the verification of limit states GEO, EQU, and STR, the value of load classification factor defined in BS EN 1991-2:2003 should be taken as 𝜶= 1.1. This factor should be applied to the equivalent vertical loading for earthworks and the eart...

	4.6 Ultimate limit states
	4.6.1 General
	4.6.2 Design values of geotechnical parameters
	4.6.2.1 In accordance with BS EN 1997-1:2004+A1:2013, 2.4.5.2, the characteristic value of a geotechnical parameter should be selected as a cautious estimate of the value "affecting the occurrence of the limit state". The value of  ,𝜑-𝑘-′. may there...
	4.6.2.2 The design values of geotechnical parameters should conform to BS EN 1997-1:2004+A1:2013, 2.4.6.2.
	4.6.2.3 When the peak angle of shearing resistance is the value that affects the occurrence of the limit state, the design value of shearing resistance (,𝜑-𝑑-′.) should either be assessed directly or obtained from:
	4.6.2.4 If it is anticipated that there can be significant post-peak softening of the soil's shearing resistance, together with significant straining of the soil, then the peak angle of shearing resistance should not be selected as the value that affe...
	4.6.2.5 When the constant volume angle of shearing resistance is the value that affects the occurrence of the limit state, the design value of shearing resistance (,𝜑-𝑑-′.) should either be assessed directly or obtained from:
	4.6.2.6 When the residual angle of shearing resistance is the value that affects the occurrence of the limit state, the design value of shearing resistance (,𝜑-𝑑-′.) should either be assessed directly or obtained from:


	4.7 Serviceability limit states
	4.7.1 The serviceability limit state design of a foundation should conform to BS EN 1997-1:2004+A1:2013, 2.4.8, 9.2 and 9.8.
	4.7.2 The terminology used to describe foundation movements should conform to BS EN 1997-1:2004+A1:2013, Annex H(1) and Figure H.1.
	4.7.3 Damage to masonry walls owing to ground movement should be classified in accordance with Behaviour of foundations and structures [N1].
	4.7.4 Particular consideration should be given to differential settlement, since this is normally more damaging to a completed structure than total settlement.
	4.7.5 Consideration should be given to any adverse effect that total or differential foundation settlement might have on services entering the structure.
	4.7.6 Consideration should also be given to the adverse effect of differential settlement on services, pavements, and rail tracks, particularly discontinuities, noting that part of the settlement normally occurs during construction.
	4.7.7 Continuous structures that are sensitive to settlement should be avoided when large differential settlements are expected.

	4.8 Structural design
	4.8.1 The structural design of concrete foundations should conform to BS EN 1992, except where stated otherwise in this standard (see 6.9).
	4.8.2 The structural design of steel foundations should conform to BS EN 1993.
	4.8.3 The structural design of timber foundations should conform to BS EN 1995.

	4.9 Execution
	4.9.1 General
	4.9.1.1 The execution of concrete foundations should conform to BS EN 13670.
	4.9.1.2 The execution of steel foundations should conform to BS EN 1090.
	4.9.1.3 The execution of pile foundations should also conform to 6.10.
	4.9.1.4 The execution of underpinning should also conform to B.9.
	4.9.1.5 The execution of helical steel pile foundations should also conform to A.7.
	4.9.1.6 When a design necessitates a particular sequence of operations, these should be clearly indicated on the drawings or in the specification.

	4.9.2 Temporary works
	4.9.2.1 The design and construction of temporary excavations, trenches, pits and shafts should conform to BS 6031.
	4.9.2.2 The procedural controls that should be applied to all aspects of temporary works should conform to BS 5975.

	4.9.3 Working platforms
	4.9.3.1 The design of temporary works should conform to PAS 8811 and PAS 8812
	4.9.3.2 Drilling and foundation equipment used for temporary works should conform to BS EN 16228.

	4.9.4 Ground improvement
	4.9.4.1 The execution of deep mixing should conform to BS EN 14679.
	4.9.4.2 The execution of grouting should conform to BS EN 12715.
	4.9.4.3 The execution of jet grouting should conform to BS EN 12716.
	4.9.4.4 The execution of hydraulically bound mixtures should conform to BS EN 14227.
	4.9.4.5 The execution of deep vibration techniques (including vibro-compaction and vibro stone columns) should conform to BS EN 14731.
	4.9.4.6 The execution of vertical drainage (including vertical band drains) should conform to BS EN 15237.


	4.10 Testing
	4.10.1 Tests on foundations should conform to ISO 22477, where appropriate.
	4.10.2 Testing of pile foundations should also conform to 6.11.

	4.11 Supervision, monitoring, and maintenance
	4.11.1 Supervision of construction
	4.11.2 Monitoring
	4.11.2.1 Monitoring of foundations should conform to BS EN 1997-1:2004+A1:2013, 4.5.
	4.11.2.2 Where serviceability criteria have been specified, or it is otherwise appropriate, the settlement and deformation of the following should be monitored systematically, in order to assess their performance:
	4.11.2.3 Where appropriate, instrumentation should be installed to:
	4.11.2.4 Monitoring needed to implement the observational method should conform to BS EN 1997-1.

	4.11.3 Maintenance
	4.11.3.1 Maintenance of foundations should conform to BS EN 1997-1:2004+A1:2013, 4.6.
	4.11.3.2 If the design of a foundation relies on a dewatering system, a maintenance programme for dewatering should be specified.


	4.12 Reporting
	4.12.1 Ground Investigation Report
	4.12.2 Geotechnical Design Report
	4.12.3 Geotechnical Feedback Report
	4.12.3.1 On completion of the works, a Geotechnical Feedback Report (GFR) should be prepared that covers the following broad classes of information:
	4.12.3.2 The GFR should be tailored to suit the size and complexity of the works.
	4.12.3.3 The record of construction should include, as appropriate:
	4.12.3.4 The results of monitoring and testing should include:
	4.12.3.5 A copy of the Geotechnical Feedback Report should be provided to the owner/client.



	5 Spread foundations
	5.1 Choice and design of spread foundations
	5.1.1 General
	5.1.1.1 The design of spread foundations should conform to BS EN 1997-1:2004+A1:2013, Clause 6, and Clause 4 and Clause 5 (this clause) of this standard.
	5.1.1.2 Selection of a suitable type of spread foundation should take into account:
	5.1.1.3 When the plan area covered by pad and strip foundations exceeds more than about one half of the superstructure footprint, consideration should be given to using a raft foundation instead.

	5.1.2 Pad foundations
	5.1.2.1 Pad foundations may be of various shapes, including circular, square, or rectangular. The shape of a pad foundation should be chosen to accommodate the effect of eccentricity arising from imposed moments and shear forces on the column and the ...
	5.1.2.2 The thickness of a pad foundation should not be less than 150 mm.

	5.1.3 Strip foundations
	5.1.3.1 On sloping sites, strip foundations should be founded on a horizontal bearing and stepped where necessary to maintain adequate depth.
	5.1.3.2 The thickness of a strip foundation should be not less than 150 mm.
	5.1.3.3 The breadth of a strip foundation should be chosen, taking into account normal construction tolerances (see 5.2), so as not to overstress the ground beneath it.

	5.1.4 Raft foundations
	5.1.4.1 Raft foundations may be used to support:
	5.1.4.2 Settlement of raft foundations may be reduced by providing piles that redistribute loads from the upper layers of the ground to deeper strata.


	5.2 Actions and design situations
	5.3 Design considerations
	5.3.1 General
	5.3.1.1 The design of spread foundations should consider;
	5.3.1.2 Specialist advice should be sought where sensitive clays and loose water-bearing sands and soils that change structure when loaded are expected.
	5.3.1.3 Whenever possible, the center of area of a foundation or group of foundations should be located directly beneath the centre of gravity of the superstructure vertical loads. When this is not possible, the effects on the structure of tilting and...
	5.3.1.4 Where foundation support is provided by a number of separate bases these should, as far as practicable, be proportioned so that differential settlement is minimal.

	5.3.2 Depth of foundation
	5.3.2.1 Strip foundations of traditional brick and masonry buildings should be founded at a depth where the anticipated ground movements will not impare the stability or serviceability of any part of the building, taking due consideration of soil type...
	5.3.2.2 The depth to the underside of foundations should be not less than 750 mm on low shrinkage clay soils, 900 mm on medium shrinkage clay soils, and 1 000 mm on high shrinkage clay soils. These depths might need to be increased in order to transfe...

	5.3.3 Trees and other vegetation
	5.3.4 Frost heave
	5.3.5 Heating
	5.3.5.1 The design of a shallow foundation should take into account possible ground movement due to shrinkage of clay caused by:
	5.3.5.2 Where excessive heat would otherwise be transmitted, the installation should be isolated from the soil and the foundation by a suitable form of construction. Where the installation is small, insulating materials might be adequate but some form...


	5.4 Calculation models
	5.4.1 Bearing resistance - Models based on ground parameters
	5.4.1.1 General
	5.4.1.2 Coarse soils (sands and gravels)
	5.4.1.2.1 As an alternative to the sample analytical method given in BS EN 1997-1:2004+A1:2013, D.4, the following expression may be used to calculate the ultimate bearing resistance of a spread foundation (Rv) on coarse soils using effective stress p...
	5.4.1.2.2 The bearing coefficients in equation (17) should be calculated from:
	5.4.1.2.3 The shape factors in equation (17) should be calculated from:
	5.4.1.2.4 The load inclination factors in equation (17) should be calculated from:
	5.4.1.2.5 The base inclination (also known as "foundation tilt") factors in equation (17) should be calculated from:
	5.4.1.2.6 The ground inclination (also known as "surface inclination") factors in equation (17) should be calculated from:
	5.4.1.2.7 The depth factors in equation (17) should be calculated from:
	,𝑑-𝑞.=1+2,tan-𝜑,,1−,sin-𝜑..-2..,,tan-−1.-,,𝐷-𝐵...
	,𝑑-𝛾.=1
	,𝑑-𝑐.=,,,𝑑-𝑞.−,,1−,𝑑-𝑞.-,𝑁-𝑐.,tan-𝜑...              𝑓𝑜𝑟 𝜑>,0-𝑜.-1+0.33,,tan-−1.-,,𝐷-𝐵...    𝑓𝑜𝑟 𝜑=,0-𝑜... (23)
	5.4.1.2.8 The rigidity factors in equation (17) should be calculated from:
	,𝑟-𝑞.=𝑒,,−4.4+0.6,𝐵-𝐿..,tan-𝜑.+,3.07,sin-𝜑.,,log-10.-2,𝐼-𝑟..-1+,sin-𝜑...
	,𝑟-𝑐.=,,,𝑟-𝑞.−,,1−,𝑟-𝑞.-,𝑁-𝑐.,tan-𝜑...                                     𝑓𝑜𝑟 𝜑>,0-𝑜.-0.32+0.12,,𝐵-𝐿..+0.60,,log-10.-,𝐼-𝑟..    𝑓𝑜𝑟 𝜑=,0-𝑜... (24)
	5.4.1.2.9 The effects of load combinations involving large inclinations of force or large moments should be assessed using more advanced calculation models than those given in BS EN 1997-1:2004+A 1:2013, D.4, or this clause.
	5.4.1.2.10 A concrete foundation cast directly against the ground may be considered "rough"; pre-cast concrete foundations should be considered "smooth".

	5.4.1.3 Fine soils (silts and clays)
	5.4.1.3.1 The ultimate bearing resistance of a spread foundation on fine soils should be calculated as the smaller of its undrained and drained bearing resistances.
	5.4.1.3.2 Under undrained (usually short term) conditions, the ultimate bearing resistance of a spread foundation on fine soils should typically be calculated using total stress parameters.
	5.4.1.3.3 Under drained (usually long term) conditions, the ultimate bearing resistance of a spread foundation on fine soils should be calculated from effective stress parameters, as described in 5.4.1.2.
	5.4.1.3.4 As an alternative to the sample analytical method given in BS EN 1997-1:2004+A1:2013, D.3, the following expressions (after Salgado et al.[40]) may be used, for design situations in which there is no load or ground inclination, to calculate ...
	,,𝑅-𝑣.-,𝐴-′.=,𝑁-𝑐.,𝐶-𝑢.,𝑆-𝑐.,𝑑-𝑐.+,𝑞-𝑣𝑏..
	,𝑁-𝑐.=𝜋+2
	,𝑆-𝑐.=1+0.21,𝐵-𝐿.+0.17×,,𝐷-𝐵..
	,𝑑-𝑐.=1+0.27×,,𝐷-𝐵.. (25)
	5.4.1.3.5 This expression should not be used if the ground surface, the applied load, or the base of the foundation is inclined.


	5.4.2 Sliding resistance
	5.4.3 Settlement
	5.4.4 Combined bearing and settlement check using prescriptive measures
	5.4.4.1 General
	5.4.4.2 Presumed bearing resistance of coarse soils
	5.4.4.2.1 Suggested values for the presumed design unit bearing resistance (,𝑞-𝑅𝑣,𝑝𝑟𝑒𝑠,𝑑.) of spread foundations on coarse soils, and located a distance above the water table at least equal to the foundation's breadth, may be estimated from:
	,𝑞-𝑅𝑣,𝑝𝑟𝑒𝑠,𝑑.=,0.5×,𝑁-𝛾,𝑘.×𝐵×,𝛾-𝑠,𝑘.-,𝛾-𝑅𝑣,𝑆𝐿𝑆.. (26)
	5.4.4.2.2 For foundations not exceeding 1 m in width that are subject primarily to permanent loading, a value of ,𝛾-𝑅𝑣,𝑆𝐿𝑆.≥ 2.0 should be adopted.

	5.4.4.3 Presumed bearing resistance of fine soils
	5.4.4.3.1 Suggested values for the presumed design unit bearing resistance (,𝑞-𝑅𝑣,𝑝𝑟𝑒𝑠,𝑑.) of fine soils may be estimated from the expression:
	,𝑞-𝑅𝑣,𝑝𝑟𝑒𝑠,𝑑.=,,𝜋+2.×,𝑐-𝑢,𝑘.-,𝛾-𝑅𝑣,𝑆𝐿𝑆.. (27)
	5.4.4.3.2 For foundations not exceeding 1 m in width that are subject primarily to permanent loading, a valu1e of ,𝛾-𝑅𝑣,𝑆𝐿𝑆.≥ 3.0 should be adopted.

	5.4.4.4 Presumed bearing resistance of rocks


	5.5 Materials
	5.5.1 Concrete
	5.5.2 Steel
	5.5.3 Timber
	5.5.4 Fill

	5.6 Durability
	5.6.1 Concrete
	5.6.2 Steel
	5.6.3 Timber

	5.7 Ultimate limit state design
	5.7.1 General
	5.7.1.1 The ultimate limit state design of spread foundations should conform to 4.6 and this subclause (5.7).
	5.7.1.2 The ultimate limit state design of a foundation should conform to BS EN 1997-1:2004+A1:2013, 6.5.

	5.7.2 Bearing
	5.7.3 Sliding
	5.7.3.1 The design value of the ultimate sliding resistance of a spread foundation (Rd) should be verified according to BS EN 1997-1:2004+A 1:2013, 6.5.3, and conform to expression (6.2) of that standard.
	5.7.3.2 For drained conditions, Rd should be calculated according to expression (6.3a) of BS EN 1997-1:2004+A 1:2013 in preference to (6.3b).
	5.7.3.3 For undrained conditions, Rd should be calculated according to expression (6.4a) of BS EN 1997-1:2004+A1:2013 in preference to (6.4b).

	5.7.4 Overturning
	5.7.5 Global stability

	5.8 Serviceability limit state design
	5.9 Structural design
	5.9.1 General
	5.9.1.1 The structural design of a foundation should conform to BS EN 1997-1:2004+A1:2013, 6.8.
	5.9.1.2 Spread foundations may be constructed using reinforced or plain (i.e. unreinforced or mass) concrete.
	5.9.1.3 The design of reinforced concrete spread foundations should conform to BSEN 1992-1-1.
	5.9.1.4 The design of plain (i.e. unreinforced) concrete spread foundations should conform to BS EN 1992-1-1:2004+A1:2014, Section 12.
	5.9.1.5 Foundations that act as retaining walls should conform to BS 8002, particularly when:

	5.9.2 Pad foundations
	5.9.3 Strip foundations
	5.9.4 Raft foundations

	5.10 Execution
	5.11 Testing
	5.11.1 Testing of a spread foundation should conform to prEN ISO 22477.
	5.11.2 Plate loading tests should conform to prEN ISO 22476-13.

	5.12 Supervision, monitoring, and maintenance
	5.13 Reporting

	6 Pile foundations
	6.1 Choice and design of pile foundations
	6.1.1 General
	6.1.1.1 The design of pile foundations should conform to BS EN 1997-1:2014+A1:2013, Section 7, and Clause 4 and Clause 6 (this clause) of this standard.
	6.1.1.2 Piles may be classified according to the ground disturbance caused by their installation, as shown in Table 7.

	6.1.2 Bored cast-in-place concrete piles
	6.1.3 Driven cast-in-place concrete piles
	6.1.4 Prefabricated piles
	6.1.4.1 Precast concrete piles
	6.1.4.1.1 Precast concrete piles should be manufactured in accordance with BS EN 12794.
	6.1.4.1.2 Precast concrete piles should be formed from one of the following sectional shapes:
	6.1.4.1.3 The cross-section of a precast concrete pile may be constant or tapered over all or part of its length.
	6.1.4.1.4 Precast concrete piles may be manufactured in single lengths or in segments connected with cast-in joints.
	6.1.4.1.5 Precast concrete piles should be manufactured using normal weight concrete conforming to BS EN 206.

	6.1.4.2 Steel bearing piles
	6.1.4.3 Helical steel piles
	6.1.4.4 Timber piles

	6.1.5 Micro piles
	6.1.6 Piled underpinning
	6.1.7 Pile groups

	6.2 Actions and design situations
	6.2.1 The design of concrete pile foundations should take into account the construction tolerances given in the relevant execution standard, as follows:
	6.2.2 Pile foundations should be classified as Geotechnical Category 2 or higher, as defined in BS EN 1997-1:2004+A1:2013, 2.1.

	6.3 Design considerations
	6.3.1 General
	6.3.1.1 The design of pile foundations should consider:
	6.3.1.2 The design of a pile foundation should be modified as necessary to account for any significant variation from the expected pile behaviour during pile driving or from expected ground conditions during boring for cast-in-place piles.

	6.3.2 Ground investigation
	6.3.3 Pile spacing
	6.3.3.1 When viewed on plan, the centre-to-centre spacing (S) of "friction" piles should satisfy:
	6.3.3.2 Closer pile spacings may be used if it can be shown that any increased settlement of the piles arising from their interaction does not lead to a limit state being exceeded.
	6.3.3.3 Closer pile spacings may be used when the piles form part of an earth retaining structure.
	6.3.3.4 The choice of pile spacing should take into account the pile installation method, particularly when dealing with driven piles


	6.4 Calculation models
	6.4.1 Bearing resistance
	6.4.1.1 GeneraI
	6.4.1.1.1 Unless otherwise stated, the total bearing resistance of an individual pile (Rt) should be calculated from:
	6.4.1.1.2 The bearing resistance of a pile foundation should be determined for the appropriate failure criterion corresponding to an ultimate limit state of the foundation.
	6.4.1.1.3 The base resistance calculated from models that assume plunging failure of the pile should be reduced appropriately to match failure criterion appropriate to the ultimate limit state of the pile.

	6.4.1.2 Models based on ground parameters
	6.4.1.2.1 General
	6.4.1.2.1.1 The ultimate bearing resistance of a pile foundation may be calculated from static pile formulae using values of ground parameters obtained from field or laboratory tests on soil and rock.
	6.4.1.2.1.2 The consequences of differences between the true ultimate bearing resistance of a pile and its calculated value (which might occur, for example, owing to differences between actual and the assumed ground conditions) should be considered wh...
	6.4.1.2.1.3 The calculation of ultimate compressive resistance from ground parameters should conform to the "alternative method" given in BS EN 1997-1:2004+A1:2013, 7.6.2.3.
	6.4.1.2.1.4 If this method is used, the characteristic ultimate compressive resistance of an individual pile (,𝑅-𝑐,𝑘.) should be calculated as:
	6.4.1.2.1.5 The characteristic ultimate shaft resistance (,𝑅-𝑠,𝑘.) may be calculated from:
	6.4.1.2.1.6 The characteristic ultimate base resistance (,𝑅-𝑏,𝑘.) may be calculated from:
	6.4.1.2.1.7 The value of ,𝑞-𝑏. should include the contribution due to the total overburden pressure at the level of the pile base.
	6.4.1.2.1.8 If the self-weight of the pile is omitted from the calculation of the action, as allowed by BS EN 1997-1, 7.6.2.1(2), then the overburden pressure should be omitted from the calculation of ,𝑅-𝑏,𝑘. so that:
	6.4.1.2.1.9 The value of the model factor ,𝛾-𝑅𝑑. should be taken from the UK National Annex to BS EN 1997-1:2004+A1:2013.

	6.4.1.2.2 Coarse soils
	6.4.1.2.2.1 In coarse soils, the ultimate unit shaft resistance in layer j (,𝑞-𝑠,𝑗.) may be calculated from effective stress parameters, as follows:
	6.4.1.2.2.2 In the absence of reliable test data, values of Ks, may be taken from Table 8. Alternative values of Ks may be used, provided there is previously documented evidence of the successful performance of the same type of pile in similar ground ...
	6.4.1.2.2.3 Values of 𝛿 may be estimated from:
	6.4.1.2.2.4 In the absence of reliable test data, values of ,𝑘-𝛿. may be taken from Table 9.
	6.4.1.2.2.5 Depending on the pile installation method, the presence of fine soils overlying coarse soils can adversely affect the angle of interface friction in those underlying coarse soils. The value of 𝛿 should be selected appropriately when this ...
	6.4.1.2.2.6 In coarse soils, the ultimate effective unit base resistance (,𝑞-𝑏-′.) may be calculated from effective stress parameters, as follows:
	6.4.1.2.2.7 The density index, ID, (which is defined in BS EN ISO 14688-2) may be estimated from the results of field tests (e.g. Standard Penetration Test, Cone Penetration Test) using correlations given in BS EN 1997-2.

	6.4.1.2.3 Fine soils
	6.4.1.2.3.1 In fine soils, the ultimate unit shaft resistance in layer j (,𝑞-𝑠,𝑗.) may be calculated from effective stress parameters, as follows:
	6.4.1.2.3.2 In the absence of reliable test data, values of 𝛽 for fine soils may be estimated from (see Shaft friction on piles in clay: a simple fundamental approach [50] and Bearing capacity and settlement of pile foundations [51]):
	6.4.1.2.3.3 Alternatively, the ultimate unit shaft resistance in layer j (,𝑞-𝑠,𝑗.) may be calculated from total stress parameters, as follows:
	6.4.1.2.3.4 For piles located in ground that is subject to a reduction in stress (for example, within the zone of influence of deep excavations), equation (40) should only be used if allowance is made for this stress relaxation.
	6.4.1.2.3.5 Values of 𝛼 should be obtained from previous evidence of acceptable performance in static load tests on the same type of pile of similar length and cross-section and in similar ground conditions.
	6.4.1.2.3.6 In the absence of reliable test data, values of 𝛼 may be estimated from one of the methods given in this subclause (6.4.1.2.3).
	6.4.1.2.3.7 In the absence of reliable test data, values of 𝛼 for replacement piles (denoted ,𝛼-𝑟𝑒𝑝𝑙.), may be estimated from:
	6.4.1.2.3.8 For replacement piles in glacial tills, the values of ,𝑘-1. and ,𝑘-2. in equation (41) may be taken as 0.75 and 0.75, respectively (see Piling in 'boulder clay' and other glacial tills [52]).
	6.4.1.2.3.9 For bored piles in stiff overconsolidated clays (such as London, Gault, Lias, Oxford and Weald Clays), provided the bore is left open for less than 12 hours, then ,𝛼-𝑟𝑒𝑝𝑙. may be taken as 0.5 (see Foundations no. 1 [53]).
	6.4.1.2.3.10 Alternative values of  ,𝛼-𝑟𝑒𝑝𝑙. may be used, provided there is previously documented evidence of the successful performance of the same type of pile in similar ground conditions using these alternative values.
	6.4.1.2.3.11 In the absence of reliable test data, values of 𝛼 for displacement piles (denoted ,𝛼-𝑑𝑖𝑠𝑝.) may be estimated from:
	6.4.1.2.3.12 Alternative values of ,𝛼-𝑑𝑖𝑠𝑝. may be used, provided there is previously documented evidence of the successful performance of the same type of pile in similar ground conditions using these alternative values.
	6.4.1.2.3.13 In fine soils, the ultimate unit base resistance (,𝑞-𝑏.) may be calculated from total stress parameters, as follows:
	6.4.1.2.3.14 In the absence of reliable test data, the value of ,𝑁-𝑐. may be calculated from:
	6.4.1.2.3.15 The value of ,𝑘-1. in equation (44) should be calculated from:
	6.4.1.2.3.16 Values of ,𝑘-2. should be taken from Table 10.


	6.4.1.3 Models based on the results of ground tests
	6.4.1.3.1 General
	6.4.1.3.1.1 The ultimate bearing resistance of a pile foundation may be calculated directly from the results of ground tests on soil and rock (i.e. without first converting those results to ground parameters).
	6.4.1.3.1.2 The calculation of ultimate compressive resistance from the results of ground tests should conform to the main method given in BS EN 1997-1:2004+A1:2013, 7.6.2.3.
	6.4.1.3.1.3 If this method is used, the characteristic ultimate compressive resistance of an individual pile (,𝑅-c,k.) should be calculated as the smaller of the following two values:
	6.4.1.3.1.4 The calculated ultimate compressive resistance of an individual pile (,𝑅-c,calc.) should be determined from:
	6.4.1.3.1.5 The calculated ultimate shaft resistance (,𝑅-s,calc.) may be determined from:
	6.4.1.3.1.6 The calculated ultimate base resistance (,𝑅-b,calc.) may be determined from:
	6.4.1.3.1.7 The values of the correlation coefficients ,𝜉-3. and ,𝜉-4. should be taken from the UK National Annex to BS EN 1997-1:2004+A1:2013.

	6.4.1.3.2 Cone penetration tests (CPTs)
	6.4.1.3.2.1 The ultimate unit shaft resistance in layer j (,𝑝-𝑠,𝑗.) may be calculated from:
	6.4.1.3.2.2 The ultimate unit base resistance, at a settlement equal to 10% of pile diameter, (,𝑝-𝑏,0.1.) may be calculated from:
	6.4.1.3.2.3 In the absence of reliable test data, values of ,𝑐-𝑠. and ,𝑐-𝑏,0.1. may be estimated from Table 11.

	6.4.1.3.3 Standard Penetration Tests (SPT)
	6.4.1.3.3.1 The ultimate unit shaft resistance in layer j (,𝑝-𝑠,𝑗.) may be calculated from:
	6.4.1.3.3.2 The ultimate unit base resistance, at a settlement equal to 10% of pile diameter, (,𝑝-𝑏,0.1.) may be calculated from:
	6.4.1.3.3.3 In the absence of reliable test data, values of ,𝑛-𝑠. and ,𝑛-𝑏,0.1. may be estimated from Table 12.
	6.4.1.3.3.4 Correlations with SPT blow count should be treated with caution, since they are inevitably approximate and not universally applicable.


	6.4.1.4 Models based on static pile load tests
	6.4.1.4.1 The ultimate bearing resistance of a pile foundation may be calculated directly from the results of static pile load tests.
	6.4.1.4.2 The calculation of ultimate compressive resistance from static pile load tests should conform to BS EN 1997-1:2004+A1:2013, 7.6.2.2.
	6.4.1.4.3 If this method is used, the characteristic ultimate compressive resistance of an individual pile (,𝑅-𝑐,𝑘.) should be calculated as the smaller of the following two values:
	6.4.1.4.4 The values of the correlation factors ,𝜉-1. and ,𝜉-2. should be taken from the UK National Annex to BS EN 1997-1:2004+A1:2013, Table A.NA.9.

	6.4.1.5 Models based on dynamic impact tests
	6.4.1.5.1 The calculation of ultimate compressive resistance from dynamic impact tests should conform to BS EN 1997-1:2004+A1:2013, 7.6.2.4.
	6.4.1.5.2 If this method is used, the characteristic ultimate compressive resistance of an individual pile (,𝑅-𝑐,𝑘.) should be calculated as the smaller of the following two values:
	6.4.1.5.3 The values of the correlation factors ,𝜉-5. and ,𝜉-6. should be taken from the UK National Annex to BS EN 1997-1:2004+A1:2013, Table A.NA.11.

	6.4.1.6 Models based on pile driving formulae
	6.4.1.6.1 The ultimate bearing resistance of a pile foundation may be calculated from pile driving formulae. However, preference should be given to another method of calculating the resistance.
	6.4.1.6.2 The calculation of ultimate compressive resistance from pile driving formulae should conform to BS EN 1997-1:2004+A 1:2013, 7.6.2.5.
	6.4.1.6.3 If this method is used, the characteristic ultimate compressive resistance of an individual pile (,𝑅-𝑐,𝑘.) should be calculated from equation (55).
	6.4.1.6.4 If a pile exhibits reduced resistance when redriven, and the resistance does not increase again significantly, then care should then be exercised in applying pile driving formulae and preference given to designing on the basis of 6.4.2.1 or ...
	6.4.1.6.5 Pile driving formulae should be used in combination with other verification methods, such as those given in 6.4.2.1, 6.4.2.2, and 6.4.2.3.

	6.4.1.7 Models based on wave equation analysis
	6.4.1.7.1 The ultimate bearing resistance of a pile foundation may be calculated from wave equation analysis. However, preference should be given to another method of calculating the resistance.
	6.4.1.7.2 The calculation of ultimate total resistance from wave equation analysis should conform to BS EN 1997-1:2004+A1:2013, 7.6.2.6.
	6.4.1.7.3 If this method is used, the characteristic ultimate compressive resistance of an individual pile (,𝑅-𝑐,𝑘.) should be calculated from equation (55).
	6.4.1.7.4 Wave equation analysis should be used in combination with other verification methods, such as those given in 6.4.2.1, 6.4.2.2, and 6.4.2.3.

	6.4.1.8 Modifications for downdrag (also known as "negative skin friction")
	6.4.1.8.1 The characteristic compressive force (,𝐹-𝑐,𝑘.) acting on a pile that is subject to downdrag should be calculated from:
	,𝐹-𝑐,𝑘.=,𝑃-𝑐,𝑘.+,𝑊-𝑘.+,𝑃-𝑑𝑑,𝑘. (56)
	,𝑃-𝑑𝑑,𝑘.=,0-,𝐿-𝑑𝑑.-,,𝐶-𝑠.×,𝑞-𝑠,𝑘,𝑠𝑢𝑝..𝑑𝑧. (57)
	6.4.1.8.2 The "superior'' characteristic unit shaft friction (,𝑞-𝑠,𝑘,𝑠𝑢𝑝.) should be selected as a cautious upper estimate of the mean shaft friction, acting over the length of pile that is subject to downdrag.
	6.4.1.8.3 The characteristic shaft resistance (,𝑅-𝑠,𝑑𝑑,𝑘.) of a pile subject to downdrag should be calculated from:
	,𝑅-𝑠,𝑑𝑑,𝑘.=,,,𝐿-𝑑𝑑.-𝐿-,,𝐶-𝑠.×,𝑞-𝑠,𝑘,𝑖𝑛𝑓..𝑑𝑧.-,𝛾-𝑅𝑑.. (58)
	6.4.1.8.4 The "inferior" characteristic unit shaft friction (,𝑞-𝑠,𝑘,𝑖𝑛𝑓.) should be selected as a cautious lower estimate of the mean shaft friction acting over the length of pile that is not subject to downdrag.


	6.4.2 Tensile resistance
	6.4.2.1 Models based on ground parameters
	6.4.2.1.1 General
	6.4.2.1.1.1 The calculation of ultimate tensile, resistance from ground parameters should conform to the "alternative method" given in BS EN 1997-1:2004+A1:2013, 7.6.3.3.
	6.4.2.1.1.2 When this method is used, the characteristic ultimate tensile resistance of an individual pile (,𝑅-𝑡,𝑘.) should be calculated as:
	6.4.2.1.1.3 The characteristic ultimate shaft resistance (,𝑅-𝑠,𝑘.) should conform to 6.4.1.2.
	6.4.2.1.1.4 The value of the model factor ,𝛾-𝑅𝑑. should be taken from the UK National Annex to BS EN 1997-1:2004+A1:2013.

	6.4.2.1.2 Rock and rock masses
	6.4.2.1.2.1 The equations given in this subclause (6.4.2.1.2) should not be used for the verification of the ultimate limit state of piles in rock, unless the parameters used have been corroborated by the results of static pile load tests on similar p...
	6.4.2.1.2.2 In weak to medium strong rock, the ultimate unit shaft resistance (,𝑞-𝑠.) may be calculated from (see Piling Engineering (3rd edition) [48]):
	6.4.2.1.2.3 In the absence of reliable test data, values of ,𝑘-1. and ,𝑘-2.may be taken from Table 13.
	6.4.2.1.2.4 In weak to medium strong rock, the ultimate unit base resistance (,𝑞-𝑏.) may be calculated from (see Piling Engineering (3rd edition) [48]):
	6.4.2.1.2.5 In the absence of reliable test data, values of ,𝑘-3. and ,𝑘-4. may be taken from Table 13.
	6.4.2.1.2.6 The values of ,𝑘-1. to ,𝑘-4.should be selected very cautiously, unless there is static pile load test data to corroborate less cautious values.
	6.4.2.1.2.7 The ultimate unit shaft and base resistances of piles in chalk should be determined in accordance with CIRIA Report C574, Chapter 8 [N2].


	6.4.2.2 Models based on the results of ground tests
	6.4.2.2.1 The calculation of ultimate tensile resistance from the results of field tests should conform to the main method given in BS EN 1997 1:2004+A1:2013, 7.6.3.3.
	6.4.2.2.2 When this method is used, the characteristic ultimate tensile resistance of an individual pile (,𝑅-𝑡,𝑘.) should be calculated as the smaller of the following two values:
	6.4.2.2.3 The calculated ultimate tensile resistance of an individual pile (,𝑅-𝑡,𝑐𝑎𝑙𝑐.) should be determined from:
	6.4.2.2.4 The calculated ultimate shaft resistance (,𝑅-𝑠,𝑐𝑎𝑙𝑐.) should conform to 6.4.2.2.
	6.4.2.2.5 The values of the correlation factors ,𝜉-3. and ,𝜉-4. should be taken from the UK National Annex to BS EN 1997-1:2004+A1:2013, Table A.NA.10.

	6.4.2.3 Models based on static pile load tests
	6.4.2.3.1 The ultimate tensile resistance of a pile foundation may be calculated directly from the results of static pile load tests.
	6.4.2.3.2 The calculation of ultimate tensile resistance from static pile load tests should conform to BS EN 1997-1:2004+A1:2013, 7.6.3.2.
	6.4.2.3.3 If this method is used, the characteristic ultimate tensile resistance of an individual pile (,𝑅-𝑡,𝑘.) should be calculated as the smaller of the following two values:
	,𝑅-𝑡,𝑘.=𝑚𝑖𝑛,,,,,𝑅-𝑡,𝑚..-𝑚𝑒𝑎𝑛./,𝜉-1.-,,,𝑅-𝑡,𝑚..-𝑚𝑖𝑛./,𝜉-2... (64)
	6.4.2.3.4 The values of the correlation factors ,𝜉-1. and ,𝜉-2. should be taken from the UK National Annex to BS EN 1997-1:2004+A1:2013, Table A.NA.10.


	6.4.3 Transverse resistance
	6.4.3.1  Models based on ground parameters
	6.4.3.1.1 General
	6.4.3.1.1.1 The calculation of ultimate transverse resistance from ground parameters should conform to BS EN 1997-1:2004+A1:2013, 7.7.3.
	6.4.3.1.1.2 The characteristic ultimate transverse resistance of an individual pile (,𝑅-𝑡𝑟,𝑘.) should be calculated from:

	,𝑅-𝑡𝑟,𝑘.=𝑚𝑖𝑛,,𝑅-𝑡𝑟,𝑠ℎ𝑜𝑟𝑡,𝑘.,,𝑅-𝑡𝑟,𝑙𝑜𝑛𝑔,𝑘.. (65)
	6.4.3.1.2 Coarse soils
	6.4.3.1.2.1 In coarse soils, the characteristic ultimate unit transverse resistance of a pile (,𝑅-𝑡𝑟,𝑘.) may be calculated using Broms' method [72] from an expression of the form:
	6.4.3.1.2.2 Alternatively, the characteristic ultimate unit transverse resistance of a pile in coarse soils may be calculated using Brinch Hansen's closed-form solution (see The ultimate resistance of rigid piles against transversal forces [74]).

	6.4.3.1.3 Fine soils
	6.4.3.1.3.1 In fine soils, the characteristic ultimate unit transverse resistance of a pile (,𝑅-𝑡𝑟,𝑘.) may be calculated using Broms' method [76] from an expression of the form:
	6.4.3.1.3.2 Alternatively, the characteristic ultimate unit transverse resistance of a pile in fine soils may be calculated using Brinch Hansen's closed-form solution (see The ultimate resistance of rigid piles against transversal forces [74]).


	6.4.3.2 Models based on the results of field tests
	6.4.3.3 Models based on static pile load tests
	6.4.3.3.1 The ultimate transverse resistance of a pile foundation may be calculated directly from the results of static pile load tests.
	6.4.3.3.2 The calculation of ultimate transverse resistance from static pile load tests should conform to BS EN 1997-1:2004+A1:2013, 7.7.2.


	6.4.4 Settlement
	6.4.4.1 The settlement of a pile foundation may be calculated using any of the following models, as appropriate:
	6.4.4.2 In order to conform to BS EN 1997-1:2004+A1:2013, 7.4.1, the validity of the pile settlement model that is used for design should be demonstrated by static pile load tests in comparable situations.

	6.4.5 Lateral displacement
	6.4.5.1 The lateral displacement of a pile foundation may be calculated using any of the following models, as appropriate:
	6.4.5.2 Owing to rapid degradation of mobilized stiffness with pile head movement when using linear elastic and subgrade reaction models, preference should be given to an alternative method of calculating lateral displacement of a pile foundation.
	6.4.5.3 Local near surface ground conditions can have a significant influence on an individual pile's response to lateral loading.
	6.4.5.4 Pile head fixity can have a significant influence on a pile group's response to lateral loading.


	6.5 Materials
	6.5.1 Concrete
	6.5.1.1 The materials and products incorporated into concrete piles should conform to 4.3.6.
	6.5.1.2 Materials and products incorporated into bored cast-in-place concrete piles should also conform to BS EN 1536 and BS EN 206:2013, Annex D.
	6.5.1.3 Materials and products incorporated into driven cast-in-place concrete piles should also conform to BS EN 12699 and BS EN 206:2013, Annex D.
	6.5.1.4 Materials and products incorporated into prefabricated concrete piles should also conform to BS EN 12699 and BS EN 12794.
	6.5.1.5 Materials and products incorporated into micropiles should also conform to BS EN 14199 and BS EN 206:2013, Annex D.

	6.5.2 Steel
	6.5.2.1 The materials used to fabricate steel piles should conform to 4.3.7.
	6.5.2.2 Materials used to fabricate H-section and tubular steel piles should also conform to BS EN 12699.
	6.5.2.3 Hot finished tubular steel piles should also conform to BS EN 10210.
	6.5.2.4 Cold formed tubular steel piles should also conform to BS EN 10219.
	6.5.2.5 Hot rolled steel sheet piles used as bearing piles should also conform to BS EN 10248.
	6.5.2.6 Cold formed steel sheet piles used as bearing piles should also conform to BS EN 10249.
	6.5.2.7 Steel reinforcement used in the fabrication of concrete piles should conform to BS EN 1992-1-1 and TZS 142-1 or TZS 142-1.

	6.5.3 Timber
	6.5.3.1 The materials used to fabricate timber piles should conform to 4.3.8 and BS EN 12699.
	6.5.3.2 Timber piles should be free from any defects that could affect their strength or durability.
	6.5.3.3 Piles should be ordered long enough to ensure that, after cut-off at the proper level, the top of the pile is clean, sound, and undamaged after driving.
	6.5.3.4 When straight trunks of coniferous trees are used for timber piles, the bark should be removed and the timber pressure impregnated with preservative.

	6.5.4 Cement grout

	6.6 Durability
	6.6.1 Concrete
	6.6.2 Steel
	6.6.2.1 The durability of steel bearing piles should conform to 4.4.3.
	6.6.2.2 The durability of steel bearing piles should also conform to BS EN 1993-5.

	6.6.3 Timber
	6.6.3.1 The durability of timber piles should conform to 4.4.4.
	6.6.3.2 Measures taken to prolong the life of timber piles should conform to BS EN 1995-1-1.

	6.6.4 Cement grout

	6.7 Ultimate limit state design
	6.7.1 General
	6.7.2 Bearing
	6.7.2.1 Individual piles
	6.7.2.1.1 The design value of the ultimate compressive resistance of an individual pile (,𝑅-𝑐,𝑑.) should be verified according to the alternative procedure given in BS EN 1997-1:2004+A1:2013, 7.6.2.3, and conform to expression (7.5) of that standar...
	6.7.2.1.2 In the United Kingdom, the ultimate geotechnical compressive resistance of an individual pile may be verified using Design Approach 1 Combination 2 alone, since the values of the partial factors ,𝛾-𝑏. and ,𝛾-𝑠., given in the UK National ...
	6.7.2.1.3 The design compressive force (,𝐹-𝑐,𝑑.) applied to an individual pile at its ultimate limit state should be calculated from;
	6.7.2.1.4 The additional characteristic compressive force owing to downdrag (,𝑃-𝑑𝑑,𝑘.) should only be included in equation (69) when the pile head displacement at the geotechnical ultimate limit state is less than the anticipated settlement of the...
	6.7.2.1.5 The method used to determine the ultimate limit state of a pile may be based on any of the following criteria:

	6.7.2.2 Pile groups
	6.7.2.2.1 The compressive resistance of a pile group should be verified assuming the individual piles and the ground between them act as a block.
	6.7.2.2.2 Where a row of piles is used to form a retaining wall, particular attention should be paid to the possibility of failure of that row when the retaining wall carries significant vertical load.
	6.7.2.2.3 The design value of the ultimate compressive resistance of a pile group (,𝑅-𝑔𝑟𝑜𝑢𝑝,𝑐,𝑑.) should be calculated from:
	6.7.2.2.4 The design value of the ultimate compressive resistance of a large pile group subject to large horizontal loads and/or moments may alternatively be calculated from:
	6.7.2.2.5 The sum of the ultimate compressive resistances of the individual piles (,𝑅-𝑠𝑢𝑚,𝑐,𝑑.) should be calculated from:
	6.7.2.2.6 In coarse soils, the design value of the ultimate compressive resistance of the block that encloses the pile group (,𝑅-𝑏𝑙𝑜𝑐𝑘,𝑐,𝑑.) may be calculated from:
	6.7.2.2.7 In fine soils, the design value of the ultimate compressive resistance of the block that encloses the pile group (,𝑅-𝑏𝑙𝑜𝑐𝑘,𝑐,𝑑.) may be calculated from:


	6.7.3 Tension/pull-out
	6.7.3.1 Individual piles
	6.7.3.1.1 The design value of the ultimate tensile resistance of an individual pile (,𝑅-𝑡,𝑑.) should be verified according to the alternative procedure given in BS EN 1997-1:2004+A1:2013, 7.6.3.3, and conform to expressions (7.15 and 7.16) of that ...
	6.7.3.1.2 In the United Kingdom, the ultimate geotechnical tensile resistance of an individual pile may be verified using Design Approach 1 Combination 2 alone, since the values of the partial factors ,𝛾-𝑠,𝑡. given in the UK National Annex to BS EN...

	6.7.3.2 Pile groups
	6.7.3.2.1 The tensile resistance of a pile group should be verified assuming the individual piles and the ground between them act as a block.
	6.7.3.2.2 The design value of the ultimate tensile resistance of a pile group (,𝑅-𝑔𝑟𝑜𝑢𝑝,𝑡,𝑑.) should be calculated from:
	6.7.3.2.3 The sum of the ultimate tensile resistances of the individual piles (,𝑅-𝑠𝑢𝑚,𝑡,𝑑.) should be calculated from:
	6.7.3.2.4 In coarse soils, the design value of the ultimate tensile resistance of the block that encloses the pile group (,𝑅-𝑏𝑙𝑜𝑐𝑘,𝑡,𝑑.) may be calculated from:
	6.7.3.2.5 In fine soils, the design value of the 'Ultimate tensile resistance of the block that encloses the pile group (,𝑅-𝑏𝑙𝑜𝑐𝑘,𝑡,𝑑.) may be calculated from:
	,𝑅-𝑏𝑙𝑜𝑐𝑘,𝑡,𝑑.=,,𝑐-𝑢,𝑑..×,𝐴-𝑠.×,𝑆-𝑏𝑙𝑜𝑐𝑘. (80)
	6.7.3.2.6 The design value of the ultimate tensile resistance of a row of piles within the block (,𝑅-𝑟𝑜𝑤,𝑡,𝑑.) may be calculated in a similar fashion to the block as a whole, adjusting ,𝐴-𝑠. accordingly.


	6.7.4 Transverse resistance
	6.7.4.1 Individual piles
	6.7.4.1.1 The design value of the ultimate transverse resistance of an individual pile (,𝑅-𝑡𝑟,𝑑.) should be calculated from:
	,𝑅-𝑡𝑟,𝑑.=,,𝑓𝑢𝑛𝑐,,𝜑-𝑑.,,𝛾-𝑑.,𝐵,𝐿,𝑒,,𝑀-𝑅𝑑..  𝑖𝑛 𝑐𝑜𝑎𝑟𝑠𝑒 𝑠𝑜𝑖𝑙𝑠-𝑓𝑢𝑛𝑐,,𝑐-𝑢,𝑑.,𝐵,𝐿,𝑒,,𝑀-𝑅𝑑..  𝑖𝑛 𝑓𝑖𝑛𝑒 𝑠𝑜𝑖𝑙𝑠.. (81)
	6.7.4.1.2 The design values of the soil parameters to be used in equation (81) should conform to BS EN 1997-1:2004+A1:2013, 2.4.6.2, with the partial factors ,𝛾-𝐶𝑈., ,𝛾-𝜑. and ,𝛾-𝛾. as specified in the UK National Annex to BS EN 1997-1:2004+A1:...
	6.7.4.1.3 The effect of ground movement of the transverse resistance of an individual pile should be considered.



	6.8 Serviceability limit state design
	6.8.1 General
	6.8.1.1 Serviceability limit states should be verified according to BS EN 1997:2004+A1:2013, 2.4.8(1)P, by ensuring:
	,𝐸-𝑑.≤,𝐶-𝑑. (82)

	6.8.1.2 Where appropriate, allowance should be made for elastic shortening of the pile shaft under axial loading.

	6.8.2 Individual piles
	6.8.2.1 Settlement of a pile foundation may be verified by satisfying the following serviceability criterion:
	,𝐹-𝑐,𝑟𝑒𝑝.≤,,𝑅-𝑠,𝑘.-,𝛾-𝑠,𝑆𝐿𝑆.. (83)

	6.8.2.2 The value of ,𝛾-𝑠,𝑆𝐿𝑆. should be taken as a minimum of 1.2.
	6.8.2.3 The design value of the compressive force applied to an individual pile at its serviceability limit state should be calculated from equation (69) with the values of the partial factors ,𝛾-𝐹,𝑖. and ,𝛾-𝐺. normally taken as 1.0.


	6.9 Structural design
	6.9.1 General
	6.9.1.1 The structural design of pile foundations should conform to 4.8.
	6.9.1.2 The structural design of individual piles should consider:
	6.9.1.3 For the purposes of its structural design, the design value of the compressive force applied to an individual pile at the ultimate limit state should be calculated from equation (64).
	6.9.1.4 The likelihood of some degree of eccentric loading on foundations consisting of only one or two piles should be considered. The piles should be designed to resist the bending which results or the pile cap should be effectively restrained from ...

	6.9.2 Bored cast-in-place concrete piles
	6.9.2.1 The design compressive resistance (,𝑅-𝑐,𝑑.) of the reinforced length of a cast-in-place pile may be calculated from:
	6.9.2.2 The design compressive resistance (,𝑅-𝑐,𝑝𝑙,𝑑.) of the unreinforced length of a cast-in-place pile should be calculated from:
	6.9.2.3 Values of ,𝛾-𝑐. , ,𝛾-𝑠. ,𝛼-𝑐𝑐,𝑝𝑙. and ,𝑘-𝑓. should conform to the UK National Annex to BS EN 1992-1-1.
	6.9.2.4 A cast-in-place pile (without permanent casing) that conforms to BS EN 1536 or BS EN 14199 should be considered to meet the "other provisions" specified in BS EN 1992-1-1:2004, 2.3.4.2(2). Therefore, the diameter used in design calculations of...
	6.9.2.5 Longitudinal bars in cast-in-place concrete piles should conform to BS EN 1536, as follows:
	6.9.2.6 Depending on the type and magnitude of loading, a cast-in-place concrete pile may be reinforced over its whole length, over part of its length, or merely provided with short splice bars at the top for bonding into a pile cap. If a cast-in-plac...
	6.9.2.7 Reinforcement should be provided to resist tensile forces that might arise due to swelling of unloaded ground. In the temporary condition, it might be acceptable not to fully reinforce the pile.

	6.9.3 Driven cast-in-place concrete piles
	6.9.4 Prefabricated piles
	6.9.4.1 Precast concrete piles
	6.9.4.1.1 The manufacture of precast concrete piles should conform to BS EN 12794.
	6.9.4.1.2 Precast concrete piles should be designed to withstand the stresses that occur during handling (lifting, stacking, and transporting) and installation into the ground.
	6.9.4.1.3 Lifting points should be clearly marked on all precast concrete piles.

	6.9.4.2 Steel bearing piles
	6.9.4.3 Helical steel piles
	6.9.4.4 Timber piles


	6.10 Execution
	6.10.1 General
	6.10.2 Bored cast-in-place concrete piles
	6.10.3 Driven cast-in-place concrete piles
	6.10.4 Prefabricated piles
	6.10.4.1 Precast concrete piles
	6.10.4.2 Steel bearing piles
	6.10.4.3 Helical steel piles
	6.10.4.4 Timber piles
	6.10.4.4.1 The execution of timber piles should conform to BS EN 12699.
	6.10.4.4.2 Where untreated softwood piles form the foundation of a permanent structure, their heads should be cut off below the lowest anticipated ground-water level. If necessary, the pile heads may be extended in concrete or other suitable material.
	6.10.4.4.3 The length of any timber piles embedded in a concrete pile cap should be sufficient to ensure full transmission of the applied load. Concrete cover around timber piles should be at least 150 mm and suitable to prevent splitting of the pile.


	6.10.5 Micro piles

	6.11 Testing
	6.11.1 General
	6.11.2 Investigation tests
	6.11.2.1 Investigation tests should conform to one of the methods described in 6.11.4.
	6.11.2.2 Investigation tests may be used to determine the expected performance of a pile type, under specific loading conditions, in the ground conditions relevant to the construction project.
	6.11.2.3 At least 1 preliminary pile for every 500 working piles should normally be subjected to an investigation test.
	6.11.2.4 Whenever practicable, piles that are to be subjected to investigation tests should be installed before commencement of the main piling works. Working piles that are installed before the results of investigation tests are available should be d...
	6.11.2.5 Detailed notes should be taken during investigation tests to assist in their subsequent evaluation.
	6.11.2.6 Investigation tests should be supervised by people experienced in pile testing.

	6.11.3 Control tests
	6.11.3.1 Control tests should conform to one of the methods described in 6.11.4.
	6.11.3.2 Control tests may be used to determine the performance of a particular pile under working loads, in the ground in which it has been, installed.
	6.11.3.3 At least 1 working pile for every 100 working piles should normally be subjected to a control test.
	6.11.3.4 Detailed notes should be taken during control tests to assist in their subsequent evaluation.
	6.11.3.5 Control tests should be supervised by people experienced in pile testing.

	6.11.4 Static load tests
	6.11.4.1 General
	6.11.4.2 Axial compression
	6.11.4.3 Axial tension
	6.11.4.4 Transverse loading
	6.11.4.5 Thermal integrity profiling

	6.11.5 Dynamic and rapid load tests
	6.11.5.1 General
	6.11.5.1.1 Dynamic and rapid load tests may be used to determine the ultimate static resistance of a single pile and its service performance under static load.
	6.11.5.1.2 Rate effects (including creep), excess pore water pressures, and inertia effects (due to acceleration) may be present in a dynamic or rapid load test and might differ from what would be expected from an equivalent static load test. The resu...

	6.11.5.2 Dynamic load testing
	6.11.5.3 Rapid load testing

	6.11.6 Integrity tests
	6.11.6.1 General
	6.11.6.1.1 Integrity tests may be used to determine the integrity of cast-in-place piles, barrettes, and retaining wall elements after their installation in the ground.
	6.11.6.1.2 When performing integrity tests, one of the following should be used:

	6.11.6.2 Impulse response method
	6.11.6.3 Sonic echo, frequency response. or transient dynamic steady-state vibration method
	6.11.6.4 Cross-hole sonic logging method


	6.12 Supervision, monitoring, and maintenance
	6.12.1 Supervision of construction
	6.12.2 Monitoring
	6.12.3 Maintenance
	6.12.3.1 If the design of the pile foundation relies upon a dewatering system, maintenance of that system should be ensured.
	6.12.3.2 Where bolted connections to piles are used, maintenance of those connections should be ensured.


	6.13 Reporting
	6.13.1 Ground Investigation Report
	6.13.2 Geotechnical Design Report
	6.13.3 Geotechnical Feedback Report
	6.13.3.1 The Geotechnical Feedback Report for a pile foundation should conform to 4.12.3 and this clause (6.13.3).
	6.13.3.2 The load test report required for all load tests by BS EN 1997-1:2004+A1:2013, 7.5.4, should be included in the Geotechnical Feedback Report.
	6.13.3.3 The Geotechnical Feedback Report for a pile foundation should also include, where appropriate:
	6.13.3.4 The Geotechnical Feedback Report should be prepared jointly by the pile designer and piling contractor.
	6.13.3.5 The Geotechnical Feedback Report for a helical pile foundation should also conform to A.9.3.
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