Recommendations
on Piling
(EA-Pfahle)

TS

WILEY DGGT i




Recommendations
on Piling
(EA-Pfahle)

WILEY DGGT

Deutsche Gesellschaft

-rnst & SOhn fiir Geotechnik e. V.

A Wiley Brand German Geotechnical Society



Recommendations
on Piling

(EA-Pfihle)

Edited by
German Geotechnical Society
(Deutsche Gesellschaft fiir Geotechnik e.V.)

WILEY DGGT

Deutsche Gesellschaft

-rnst & SOhI‘l fiir Geotechnik e. V.

A Wiley Brand German Geotechnical Society



AK 2.1 Piling Committee of the German Geotechnical Society
(Deutsche Gesellschatft fiir Geotechnik e.V.)

Chairman until June 2013

Univ.-Prof.(em) Dr.-Ing. Hans-Georg Kempfert
PotosistraBe 27

22587 Hamburg, Germany
kempfert@kup-geotechnik.de

Chairman (from July 2013)

Uni.-Prof. Dr.-Ing. habil. Christian Moormann
University of Stuttgart

Institute of Geotechnical Engineering
Pfaffenwaldring 35

70569 Stuttgart

christian.moormann @igs.uni-stuttgart.de

Library of Congress Card No.:

applied for

British Library Cataloguing-in-Publication Data

A catalogue record for this book is available from the British Library.

Bibliographic information published by

the Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie;
detailed bibliographic data are available on the Internet at <http://dnb.d-nb.de>.

© 2014 Wilhelm Ernst & Sohn, Verlag flr Architektur und technische Wissenschaften GmbH &
Co. KG, Rotherstr. 21, 10245 Berlin, Germany

All rights reserved (including those of translation into other languages). No part of this book
may be reproduced in any form — by photocopy, microfilm, or any other means — nor transmit-
ted or translated into a machine language without written permission from the publisher.

The use of trademarks, trade names or other designations in this book does not constitute the
right to free use of these names. Rather, even where not individually noted, such designations
may represent registered trademarks or other designations protected by law.

Cover design: Design Pur GmbH

Production management: pp030 — Produktionsbiiro Heike Praetor, Berlin
Typesetting: Beltz Bad Langensalza GmbH, Bad Langensalza

Printing and binding: betz Druck GmbH, Darmstadt

Printed in the Federal Republic of Germany.
Printed on acid-free paper.

Print ISBN: 978-3-433-03018-9
ePDF ISBN: 978-3-433-60414-4
ePub ISBN: 978-3-433-60413-7
mobi ISBN: 978-3-433-60412-0
oBook ISBN: 978-3-433-60411-3



Members of the AK 2.1 Piling Committee
of the German Geotechnical Society

At the time of publication of these recommendations the Piling Committee
consisted of the following members:

Univ.-Prof. (em) Dr.-Ing. H.-G. Kempfert, Hamburg (Chairman)
Dr.-Ing. W.-R. Linder, Essen (Deputy Chairman)
Dipl.-Ing. B. Bohle, Essen

Dipl.-Ing. W. Brieke, Diisseldorf

Dipl.-Ing. G. Dausch, Mannheim

Dipl.-Ing. E. Dornecker, Karlsruhe

Dipl.-Ing. A. Ellner, Niirnberg

Dipl.-Ing. M. Glimm, Hamburg

Dipl.-Ing. R. Jorger, Wiesbaden

Dr.-Ing. O. Klingmiiller, Mannheim

Dipl.-Ing. O. Krist, Munich

Univ.-Prof. Dr.-Ing. habil. Chr. Moormann, Stuttgart
Dr.-Ing. K. Morgen, Hamburg

Prof. Dr.-Ing. D. Placzek, Essen

Prof. Dr.-Ing. B. PlaBmann, Mainz

Dipl.-Ing. U. Plohmann, Eggenstein

Dr.-Ing. habil. K. Roder, Leipzig

Dr.-Ing. P. Schwarz, Munich

Dr.-Ing. W. Schwarz, Schrobenhausen

Dr.-Ing. S. Weihrauch, Hamburg

Dipl.-Ing. J. Voth, Hamburg

Further members of the Piling committee since the 1 German edition was
published (2007) were:

Dipl.-Ing. W. Ké6rner, Hamburg
Dr.-Ing. H.G. Schmidt, Ladenburg

The following subcommittees were involved in the compilation of the Pile
Recommendations:

‘Dynamic Pile Testing’ subcommittee: Sections 10 and 12 and Appendix C

Dr.-Ing. O. Klingmiiller, Mannheim (Convenor)
Dipl.-Ing. A. Beneke, Achim

Dr.-Ing. U. Ernst, Nuremberg

Dipl.-Ing. J. Fischer, Braunschweig

Dr.-Ing. M. Fritsch, Braunschweig

Dipl.-Ing. P. Grud, Denmark



Dipl.-Ing. G. Kainrath, Austria
Dr.-Ing. F. Kirsch, Berlin

P. Middendorp, MSc, Netherlands

Dr. rer.nat. E. Niederleithinger, Berlin
Dr. F. Rausche, USA

Prof. Dr.-Ing. W. Riicker, Berlin
Dr.-Ing. M. Schallert, Mannheim

D. Schau, Biidelsdorf

Dr.-Ing. W. Schwarz, Schrobenhausen
Univ.-Prof. Dr.-Ing. J. Stahlmann, Braunschweig
R. Skov, MSc, Denmark

Dr.-Ing. G. Ulrich, Leutkirch

Dr.-Ing. B. Wienholz, Oldenburg

‘Piled Raft and Pile Group Foundations’ subcommittee: Involved in Sec-
tions 8.1.1, 8.2.1, 8.3.1 and 8.4.1 (until 2007)

Prof. Dr.-Ing. Th. Richter, Berlin (Convenor)
Dipl.-Ing. U. Barth, Mannheim

Univ.-Prof. Dr.-Ing. R. Katzenbach, Darmstadt
Univ.-Prof. Dr.-Ing. H.-G. Kempfert, Kassel

Prof. Dr.-Ing. B. Lutz, Berlin

Dr.-Ing. Y. El-Mossallamy, Darmstadt

Dr.-Ing. H. Wahrmund, Cologne

Univ.-Prof. Dr.-Ing. habil. Chr. Moormann, Stuttgart

AK 1.4 ‘Soil Dynamics’ and AK 2.1 ‘Piles’ joint subcommittee: Section 13
and Appendix D

Univ.-Prof. Dr.-Ing. habil. S. Savidis, Berlin (Chairman AK 1.4)
Univ.-Prof. (em) Dr.-Ing. H.-G. Kempfert, Hamburg (Chairman AK 2.1)
Univ.-Prof. Dr.-Ing. M. Achmus, Hannover

Dr.-Ing. J. Diithrkop, Hamburg

Dr.-Ing. H.-G. Hartmann, Frankfurt

Dr.-Ing. U. Hartwig, Stuttgart

Dr.-Ing. F. Kirsch, Berlin

PD Dr.-Ing. habil. K. Lesny, Essen

Dr.-Ing. F. Rackwitz, Berlin

Prof. Dr.-Ing. Th. Richter, Berlin

Dr.-Ing. P. Schwarz, Miinchen

Dr.-Ing. E. Tasan, Berlin

Dr.-Ing. S. Thomas, Kassel

Dr.-Ing. S. Weihrauch, Hamburg

Dr.-Ing. J. Wiemann, Hamburg

VI



Preface of the English Version of the
Recommendations of the Piling Committee
of the German Geotechnical Society

(1) The present English version of the Recommendations of the Piling Com-
mittee of the German Geotechnical Society (Empfehlungen des Arbeitskreises
,,Pfahle* — EA-Pfdhle), is with a few exceptions a direct and complete transla-
tion of the 2™ edition 2012 of the German original. Even in case that some
issues and, in particular, references might internationally not be known as in
Germany, this approach was taken in order not to permit differing provisions
between the German and this English version, if the latter is used in German
speaking countries. It might also be possible that contractual or legal problems
could arise between German and English speaking users if they could refer to a
not identical translation.

(2) As outlined in Section 1, Germany has published the German language
versions of the European design (e.g. Eurocode 7) and execution standards
(e.g. EN 1536, EN 12699, etc.). So was EN 1997-1:2004-11: Eurocode 7:
Geotechnical design — Part 1: General rules published in Germany as DIN EN
1997-1:2009-09: Eurocode 7: Entwurf, Berechnung und Bemessung in der
Geotechnik — Teil 1: Allgemeine Regeln.

(3) For application in Germany, the standard DIN EN 1997-1:2009-09 was
complemented with additional rules by DIN 1054:2010-12: Baugrund — Si-
cherheitsnachweise im Erd- und Grundbau — Ergidnzende Regelungen zu
DIN EN 1997-1 (Ground — Verification of the safety of earthworks and foun-
dations) and by the National Annex EN 1997-1/NA:2010-12: Nationaler An-
hang — National festgelegte Parameter — Eurocode 7: Entwurf, Berechnung und
Bemessung in der Geotechnik — Teil 1 (National Annex — Nationally determi-
ned parameters — Eurocode 7: Geotechnical design — Part 1: General rules).
The three documents were implemented together and their application is bind-
ing in Germany.

(4) Complementing the European execution standards, national specifications
were published and implemented in Germany under the heading “DIN SPEC”.

(5) DIN 1054:2010-12: Baugrund — Sicherheitsnachweise im Erd- und Grund-
bau — Ergénzende Regelungen zu DIN EN 1997-1 (Ground — Verification of
the safety of earthworks and foundations) frequently refers to the Recommen-
dations of the Piling Committee of the German Geotechnical Society (EA-
Pfahle) e.g. for the application of values based on well established experience
for pile resistances, for the static and dynamic load testing, concerning pile
resistances under cyclic loads, etc.

(6) Where this English version of the Piling Recommendations makes refer-
ence to the above mentioned German standards DIN 1054 or the DIN SPEC,

vl



the English speaking user should know, that all technical contents of the Ger-
man complementing standards to Eurocode EC 7 and the European execution
standards are also covered in these Recommendations.

(7) This means that the user of the Piling Recommendations (EA-Pfihle),
when consequently applying, also fulfils the provisions of the complementing
standards implemented in Germany.

(8) Technical terms and symbols used in these Recommendations, if in addi-
tion to those of DIN EN 1997-1 (Eurocode EC 7-1), are listed in Annex Al
and, as necessary, explained in this English version.

(9) In addition, the text can contain notes to supply the user with additional
explanations for technical issues which are common in Germany or making
reference to international procedures.

(10) The Piling Recommendations are technical rules representing good and
generally accepted codes of practice. They are the result of technical and scien-
tific co-operation on honorary basis of the members of the Piling Committee of
the German Geotechnical Society.
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Preface of the 2" German edition

(1) Germany has a long tradition of standardisation with regard to the execu-
tion and design of piled foundations and individual pile systems. The German
‘Piles’ standardisation committee (DIN NA 005-05-07 AA) and the German
Geotechnical Society’s AK 2.1 ‘Piles’ Working Group (hereafter called as the
Piling Committee), have cooperated on these topics for many years, with
members sitting in both bodies. In recent decades this joint committee has
compiled the piling standards DIN 4026 (driven piles), DIN 4014 (bored piles)
and DIN 4128 (grouted piles), and the piling section of DIN 1054 (Section 5),
and adapted the individual editions to meet current best practice.

(2) Since European standardisation began at the end of the 1980s, the commit-
tee has been tasked with accompanying the development of the European exe-
cution standards EN 1536 (bored piles), EN 12699 (displacement piles) and
EN 14199 (micropiles) as a national mirror committee. It was also tasked to
supervise the edition of the German language versions of the execution stan-
dards, namely DIN EN 1536, DIN EN 12699 and DIN EN 14199. In terms of
pile analysis and design, the committee focused on the piling sections of
DIN 1054:2005-01 and DIN 1054:2010-12, paying particular attention to the
partial safety factor approach.

(3) To supplement this work, the Piling Committee decided to produce sum-
mary recommendations for pile analysis and design, of which the first edition
was published 2007 as ‘EA-Pfihle’ and which are presented in the second
edition. The ‘EA-Pfihle’ sees itself in the tradition of similar DGGT (German
Geotechnical Society) recommendations such as EAB (Empfehlungen Arbeits-
ausschuss Baugruben — Recommendations on Excavations), EBGEO (Empfeh-
lungen fiir den Entwurf und die Berechnung von Erdkérpern mit Bewehrungen
aus Geokunststoffen — Recommendations for Design and Analysis of Earth
Structures using Geosynthetic Reinforcements), etc., which are now well-
established as best practice regulations.

(4) With the publication of the Eurocode standards handbooks for structural
engineering and the handbook for Eurocode 7, Geotechnical Design — Part 1:
General Rules (1% edition 2011), European standardisation in this field has, for
the time being, come to a conclusion. The standards were implemented as
binding building regulations in Germany with the cut-off date 01.07.2012. The
handbook Eurocode 7, Geotechnical Design — Part 1: General Rules, contains
as summary DIN EN 1997-1:2009-09 (Eurocode EC 7-1: Geotechnical De-
sign — Part 1: General Rules), DIN 1054:2010-12 (Ground — Verification of
the Safety of Earthworks and Foundations — Supplementary Rules to DIN
EN 1997-1) and DIN EN 1997-1/NA:2010-12 (National Annex).

(5) DIN 1054:2010-12 refers to ‘EA-Pfdhle’ at various points dealing with
pile analysis and design, e.g. for the tabled values for pile resistances based on
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well established experience. For formal reasons DIN 1054:2010-12 refers to
the first edition of “‘EA-Pfihle’; however, it is only with the this second edition
that the technical link to the EC 7-1 Handbook [44] has been properly accom-
plished thematically. This is especially the case for analysis methods and for
terminology with regard to the EC 7-1 Handbook [44], meaning that coherent
and coordinated pile foundation analysis and design regulations are now avail-
able to the user.

(6) In addition, design related issues in terms of the European pile execution
standards DIN EN 1536, DIN EN 12699 and DIN 14199 are also dealt with in
‘EA-Pfahle’. A comparative classification of the pile systems used in construc-
tion practice (Section 2) simplifies correlation between the standards. Detailed
regulations on static and dynamic pile testing (Sections 9 and 10), and quality
assurance guidelines and methods (Sections 11 and 12) aim to promote techni-
cally high-quality pile construction.

(7) A new Section 13, not included in the first edition, deals with load-bearing
behaviour and analysis methods for piles subjected to variable actions. Parti-
cular attention was paid to the load-bearing behaviour of piles under cyclic
loads, such as often occur in foundations for wind turbines (offshore, onshore),
but also in highways engineering, etc.

(8) Whereas the first edition of ‘EA-Pfihle’ was initially understood to be a
draft, and at the time was only recommended for trial use, the draft character is
no more applicable on this second edition. In the interim, the piling community
has had the opportunity to test the provisions and pass on their comments and
proposals to the Piling Committee. This is also the case for the new Section 13,
which was previously published in a variety of organs. All statements on the
first edition were dealt with by the Committee when compiling the second
edition and, if justified, included. Appendices AS, A6 and D contain “informa-
tive technical guidelines, not yet classified as best practice, but instead repre-
senting the current scientific view.

(9) In terms of the compulsory nature of the present recommendations ‘EA-
Pfihle’, 2™ edition, the user is referred to the “Notes for the User” published in
EAB (2006), 4™ edition, Ernst & Sohn, which are applicable in a similar man-
ner here.

(10) The German Geotechnical Society’s Piling Committee (AK 2.1 ‘Piles’
Working Group) asks to send any suggestions and correspondence concerning
further development of the Recommendations to the Chairman of AK 2.1 (see
Imprint for address).

Hamburg, 2012 Hans-Georg Kempfert
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1 Introduction to the Recommendations
and their Application Principles

1.1 National and International Regulations for Piling Works

(1) Since the implementation of DIN EN 1997-1:2009-09: Eurocode 7: Geo-
technical Design — Part 1: General Rules, pile analysis and design in Germany
is governed by

— Section 7 of Eurocode EC 7-1 (Eurocode 7), in conjunction with

— DIN 1054:2010-12: Subsoil — Verification of the Safety of Earthworks and
Foundations — Supplementary Rules to the German version DIN EN 1997-
1, and the

— National Annex to EC 7-1, namely DIN EN 1997-1/NA:2010-12: National
Annex — Nationally Determined Parameters — Eurocode 7: Geotechnical
Design — Part 1: General Rules.

These three coordinated documents are summarised in the German Eurocode 7
Handbook, Volume 1 [44].

Note: In case amendments or corrections are made to the standards included
in the German Eurocode 7 Handbook, Volume 1 [44], the changes must
be adopted even when not yet incorporated in [44].

(2) In addition, the individual pile systems are governed by the following
execution standards:

DIN EN 1536: Execution of special geotechnical works — Bored piles.

DIN SPEC 18140: Supplementary provisions to DIN EN 1536.

DIN EN 12699: Execution of special geotechnical works — Displacement
piles.

DIN SPEC 18538: Supplementary provisions to DIN EN 12699.

DIN EN 14199: Execution of special geotechnical works — Micropiles.
DIN SPEC 18539:  Supplementary provisions to DIN EN 14199.

DIN EN 12794: Precast concrete products — Foundation piles.

DIN EN 1993-5: Design of steel structures — Part 5: Piling.

(3) Because diaphragm wall elements are often employed in the same way
as pile foundations, the respective execution standard must also be consider-
ed:

DIN EN 1538: Execution of special geotechnical works — Diaphragm
walls

in conjunction with:

DIN 4126: Stability analysis of diaphragm walls.

Recommendations on Piling — EA Pfiihle. 1
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(4) In addition, several ISO standards are being compiled for a number of
special topics relating to piles. They are however not likely to be implemented
as building regulations in Germany. Currently, these include:

DIN EN ISO 22477-1: Geotechnical investigation and testing — Testing of
geotechnical structures — Part 1: Pile load test by sta-
tic axially loaded compression.

On a national basis, the regulations in Section 9 should be adopted for static
pile testing.

1.2 Types of Analysis and Limit States using
the Partial Safety Factor Approach

1.2.1 New standards generation and their application
to pile foundations

(1) By European Commission decision national building design and execution
standards either already have been or will in future be replaced by European
standards. Actually numerous European standards have been published for
geotechnical design and execution of special geotechnical works.

(2) The European standards governing pile execution are listed in 1.1.

(3) Analysis and design of pile foundations is dealt with in the European stan-
dard DIN EN 1997-1: Geotechnical Design (Eurocode 7) in conjunction with
DIN 1054 and DIN EN 1997-1/NA, see 1.1. These three standards were im-
plemented by the German Building Authorities for use in Germany as of
01.07.2012.

(4) Until the time of implementation of the Eurocodes as binding building
regulations a new generation of national standards using the partial safety
factor approach served as temporary solution for all fields of structural engi-
neering. The following standards in particular represented the governing stan-
dards for pile foundations:

DIN 1055-100:2001-03: Basis of structural design;

DIN 1054:2005-01: Verification of the safety of earthworks and founda-
tions;

DIN 18800:1990-11: Steel structures and;

DIN 1045-2:2001-07: Concrete, reinforced and prestressed concrete struc-
tures — Part 2: Concrete — Specification, properties,
production and conformity — Application rules for
DIN EN 206-1.

(5) These Recommendations on Piling (EA-Pfihle) are based on the standards
listed in 1.1 above and, for design in particular, on Eurocode EC 7-1, in con-
junction with DIN 1054 and the NA as stipulated in 1.1 (1).
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1.2.2 Actions, effects and resistances

(1) The partial safety factor approach has its origins in probability theory, as
used to specify the requisite safety factors from a probabilistic perspective. In
contrast to this, with the implementation of DIN 1054:2005-01, the new geo-
technical standards generation follows a more pragmatic split of the previously
common global safety factors into partial safety factors for actions or effects,
and partial safety factors for resistances.

(2) The basis for stability analyses is represented by the characteristic values
for actions and resistances. The characteristic value, represented by the index
”k”, is a value of which the specified probability is assumed not to be exceeded
or fallen short of during the reference period, taking into consideration the
design working life of the structure or the corresponding design situation.
Characteristic values are generally specified based on testing, measurements,
analyses or empiricism.

(3) If the “internal” or “external” pile capacity needs to be analysed, the ef-
fects at the pile head or at given depths are required:

— As action effects, e.g. normal force, shear force, bending moment;
— As stresses, e.g. compression, tension, bending stress, shear stress or equi-
valent stress.

In addition, further effects of actions can occur:

— As dynamic or cyclic loads;

— As change to the structural element, e.g. strain, deformation or crack width;

— As change in the position of isolated piles or pile groups, e.g. displacement,
settlement, rotation.

(4) The cross-section and the internal resistance of the material are the govern-
ing factors in the design of individual components. Specific standards are to be
applied for this purpose.

(5) The characteristic values of the effects are multiplied by partial safety
factors, those of resistances are divided. The values acquired in this way are
designated as design values of effects or resistances respectively and are char-
acterised by the index “d”. For stability analyses, different limit states are
distinguished, also see 1.2.3, 1.2.4 and 3.1.1 (4).

(6) In addition to actions, design situations are also taken into consideration
for pile analyses, similar to other structural elements. To this end the previous
loading cases LC 1, LC 2 and LC 3, adopted for use in analysis according to
DIN 1054:2005-01, have been converted to design situations for use in analy-
ses after DIN EN 1997-1 (EC 7-1) and DIN 1054:2010-12, and DIN EN 1990
as follows:

— BS-P (persistent (design) situation);
— BS-T (transient (design) situation) and;
— BS-A (accidental (design) situation).



In addition, there is the seismic design situation BS-E. More detailed informa-
tion is given in the EC 7-1 German Handbook [44] and in [133].

1.2.3 Limit states and national application of the
EC 7-1 German Handbook

(1) The term “limit state” is used with two different meanings:

a) In soil mechanics, the state of the soil in which displacements of individual
soil particles against each other are so great that the mobilisable shear
strength achieves its greatest values in either the entire soil mass, or at least
in the region of a failure plane, is known as the “limit state of plastic flow”.
It cannot become greater even if more movement occurs, but could become
smaller. The limit state of plastic flow characterises the active earth pres-
sure, passive earth pressure, bearing capacity, “external” pile failure, slope
stability, and global stability.

b) A second limit state in the sense of the new safety factor approach is a state
of the load-bearing structure where, if exceeded, the design requirements
are no longer fulfilled.

(2) The following limit states are differentiated using the partial safety factor
approach:

a) The ultimate limit state is a condition of the structure which, if exceeded,
immediately leads to a calculated collapse or another form of failure. It is
referred to as “ULS” in EC 7 and DIN 1054. Further distinguishing is de-
scribed in (5).

b) The serviceability limit state is a condition of the structure which, if ex-
ceeded, no longer fulfils the conditions specified for its use. It is referred to
as “SLS” in EC 7 and DIN 1054.

(3) For ultimate limit state analysis (ULS), Eurocode EC 7-1 provides three
options. With one exception (see (6) and (9)), the supplementary rules of
DIN 1054 for use in Germany are based on Analysis Method 2 of EC 7-1. The
partial safety factors are applied to both, effects and resistances. To differenti-
ate this from the other permitted scenario, in which the partial safety factors
are not applied to the effects but to the actions, this procedure is designated as
Analysis Method 2* in [133], also see the EC 7-1 Handbook [44].

(4) The National Annex to EC 7-1 and DIN 1054 represent a formal link be-
tween EC 7-1 and national German standards, see EC 7-1 German Handbook
[44]. In DIN 1054 and the National Annex it is stated which of the possible
analysis methods and partial safety factors are applicable in the respective
national domains. In addition, the applicable, supplementary national codes
may also be given. The supplementary national codes may not contradict
EC 7-1. Moreover, the National Annex may not repeat information already
given in EC 7-1.
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(5) Eurocode EC 7-1 distinguishes the following subordinate limit states of
the ultimate limit state (ULS):

a) EQU: Loss of equilibrium of the structure, regarded as a rigid body, or the
ground. The designation is derived from “equilibrium”.

b) STR: Internal failure or very large deformations of the structure or its struc-
tural elements, where the strength of the materials governs the resistance.
The designation is derived from “structural failure”.

¢) GEO: Failure or very large deformation of the structure or the ground,
where the strength of the soil or rock governs the resistance. The designa-
tion is derived from “geotechnical failure”.

d) UPL: Loss of equilibrium of the structure or the ground due to buoyancy or
water pressure. The designation is derived from “uplift”.

e) HYD: Hydraulic ground failure, internal erosion of or piping in the ground,
caused by a flow gradient. The designation is derived from “hydraulic fail-

2

ure .

(6) In the terminology of the EC 7-1 German Handbook [44] the GEO limit
state is sub-divided into GEO-2 and GEO-3:

a) GEO-2: Failure or very large deformation of the ground in conjunction
with the calculation of the action effects and the dimensions, i.e. when util-
ising shear strength for passive earth pressure, for sliding resistance and
bearing resistance, and when analysing deep slide surface stability for an-
chored retaining walls, and for base resistance and skin friction of pile
foundations. The GEO-2 limit state calculation follows Analysis Method
2%, see (3), as outlined in the EC 7-1 German Handbook [44].

b) GEO-3: Failure or very large deformation of the ground in conjunction
with the analysis of the overall stability, i.e. when utilising the shear
strength for analysis of the safety against slope failure and global failure
and, normally, when analysing slope stabilisation measures, including con-
sideration of structural elements, e.g. anchors or piles. The GEO-3 limit
state calculation follows Analysis Method 3 as outlined in the EC 7-1 Ger-
man Handbook [44].

(7) The EQU, UPL and HYD limit states describe the loss of static equili-
brium. These include:

a) Safety analysis against overturning (EQU);

b) Safety analysis against buoyancy or uplift, e.g. of a tension pile group
(UPL);

c¢) Safety analysis against hydraulic heave (HYD).

(8) The limit states EQU, UPL and HYD involve actions only, but no resis-

tances.

The governing limit state condition is:

Fi=F Vo« Gy Ve =Gy (1.1)



i.e. the destabilising actions Fy, multiplied by the partial safety factor y4; > 1,0,
may only be as large as the stabilising action Gy, multiplied by the partial safe-
ty factor ygp < 1,0.

(9) The GEO-2 limit state describes the failure of structures and structural
elements or the failure of the ground. It includes:

a) Analysis of the bearing capacity of structures and structural elements sub-
jected to loads from the ground or supported by the ground;

b) Analysis of the bearing capacity of the ground to demonstrate that it is not
exceeded, e.g. passive earth pressure, bearing resistance, pile resistance or
sliding resistance.

The analysis to demonstrate that the bearing capacity of the ground is not ex-
ceeded is performed exactly as for any other construction material. The limit
state condition is always the governing condition:

E,=E, v <R, /v, =Ry ; (L.2)

i.e. the characteristic effect Ey, multiplied by the partial safety factor yg for
actions or strains, may only become as large as the characteristic resistance Ry,
divided by the partial safety factor yg.

(10) The GEO-3 limit state is a peculiarity of earthworks and ground engi-
neering. It describes the loss of overall stability. It includes:

a) Analysis of safety against slope failure;
b) Analysis of safety against global failure.

The limit state condition is always the governing condition:
Eq<Rg; (1.3)

i.e. the design value E4 of the effects may only become as large as the design
value of the resistance Ry. The geotechnical actions and resistances are deter-
mined using the design values for shear strength:

tang), = tang) /Vw and c| =c;/y, and, respectively (1.4a)

tang, , = tang,, /v, and ¢ 4 =c, /7.5 (1.4b)

i.e. the friction tan ¢ and the cohesion c are reduced from the outset using the
partial safety factors y, and ..

(11) The serviceability limit state (SLS) describes the state of a structure or
structural element at which the conditions specified for its use are no longer
met, but without loss of its bearing capacity. The analysis is based on the an-
ticipated displacements and deformations being compatible with the purpose of
the structure.
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1.2.4 Transitional regulations for applying
of the Recommendations on Piling in conjunction
with the EC 7-1 German Handbook

(1) These Recommendations on Piling are based on the provisions of the
EC 7-1 German Handbook [44].

(2) A decisive difference between the provisions of the EC 7-1 German Hand-
book [44] and DIN 1054:2005-01 is the specification of different partial safety
factors yp (lower) and the correlation factors & (higher) for pile foundations.
Overall, however, yp and & result in a comparable magnitude on the resisting
side, like DIN 1054:2005-01, see [59].

(3) The existing limit states to DIN 1054:2005-01 are replaced as follows in
the EC 7-1 German Handbook [44]:

a) The previous GZ 1A limit state to DIN 1054:2005-01 corresponds without
restrictions to the EQU, UPL and HYD limit states as in the EC 7-1 Ger-
man Handbook [44].

b) The previous GZ 1B limit state to DIN 1054:2005-01 corresponds without
restrictions to the STR limit state as in the EC 7-1 German Handbook [44]
as the “internal” pile capacity (material strength). In addition, there is the
GEO-2 limit state as in the EC 7-1 German Handbook [44], in conjunction
with the “external” design of the foundation elements, e.g. the “external”
pile capacity.

¢) The previous GZ 1C limit state as in DIN 1054:2005-01 corresponds to the
GEO-3 limit state as in the EC 7-1 German Handbook [44], in conjunction
with the analysis of the overall stability, i.e. when utilising the shear
strength for analysis of safety against slope failure and global failure.

1.3 Planning and Testing Pile Foundations

(1) These Recommendations use the terms “designer” (planner) as the EC 7-1
German Handbook [44] and the EC 7-2 German Handbook [45].

(2) The designer should consult a specialist pile foundation planner if not in
possession of the requisite knowledge and experience for pile foundation plan-
ning.

(3) A geotechnical design report must be compiled for pile foundations in
accordance with the EC 7-1 German Handbook [44], which must make refer-

ence to the ground investigation report in accordance with the EC 7-2 German
Handbook [45].

(4) Pile foundations are classified as either Geotechnical Category GC 2 or
Geotechnical Category GC 3. See 3.2 and the EC 7-1 German Handbook [44]
for classification criteria.

(5) Where pile foundations are classified as Geotechnical Category GC 3, a
geotechnical expert with requisite experience must be consulted during the
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structural engineering appraisal of the ground investigation report and the
geotechnical design report. In particular, the geotechnical expert should verify
the ground model, the soil parameters and the design approach, and, in agree-
ment with the independent verifier, should carry out comparative analyses.

(6) The execution of pile foundations should be supervised by a specialist
planner or a geotechnical expert with the requisite experience and specialist
knowledge of pile foundations. Where pile foundations are classified as Geo-
technical Category GC 3, the expert mentioned in (5) must also be consulted to
check the detailed design and to supervise the pile execution works.



2 Pile Systems

2.1 Overview and Classification into Pile Systems

(1) The available pile systems, highly variable in their structure and their
application options, differentiate between three groups in accordance with the
respective execution standards, see Figure 2.1:

a) Bored piles to DIN EN 1536 and DIN SPEC 18140:
Bored piles are characterised by ground being loosened and transported du-
ring installation. The excavated ground volume can correspond to the total
or part of the pile volume.

DIN EN 1536 applies to vertical and inclined bored piles with rakes up to
4:1 (3:1 if the casing remains in place), and diameters between 0,3 m and
3,0 m, and a depth to diameter or width ratio > 5.

The system adopted in the standard differentiates bored piles according to
the type of support of the borehole and the methods used for excavation,
concreting and reinforcement installation. The combinations are summari-
sed in Table 2.1.

— Unsupported excavation is suitable for installing piles in stable ground
(for the duration of pile installation). These piles are generally bored us-
ing intermittent excavation methods (Kelly operated augers or buckets
or with cable grabs and shells) and concreted in dry conditions. The re-
inforcement can be placed before or after concreting. The piles can be
underreamed to form enlarged bases or, in special cases, be provided
with shaft enlargements.

— Cased excavation is suitable for installing piles in unstable ground and
for boring below the groundwater table. Excavation is either intermit-
tent as described above, or continuous, e.g. using continuous flight au-
gers or flushing for soil removal (the latter is less common for pile con-
struction in Germany). The piles can be installed with enlarged bases
and, for greater depths, be telescoped, i.c. with stepwise reduced diam-
eter at increasing depth. The concrete is placed using a tremie pipe. The
concrete may only be placed under the same conditions as for dry con-
creting if groundwater ingress to the bore can be ruled out. The rein-
forcement can be placed before or after concreting. The casing is either
temporary and is removed during concreting, or can be required perma-
nently, e.g. in free water, where groundwater flow is strong or high
groundwater or ground aggressivity to concrete.

— Excavation under a supporting fluid is possible for the same ground
conditions as for cased excavation and generally the same excavation
tools are employed. In addition to circular piles, rectangular, T, L or
cruciform section piles can be constructed. Non-circular piles (barettes)
are constructed using diaphragm wall techniques. Stability analysis for
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the fluid supported borehole and quality control for the fluid must be
performed as for diaphragm wall methods

— Soil supported piles, i.e. continuous flight auger piles with soil-filled
flights. Augers with large and small hollow stem diameters are differen-
tiated, also see 2.2.1.4. During boring, the auger helix fills with loos-
ened ground material. This material supports the borehole wall and is
transported upwards on the helix flights. If augers with small diameter
hollow stems are employed, the concrete is pumped through the hollow
stem as the auger is extracted. The reinforcement cage is inserted after
concrete placement into the fresh concrete and the auger is completely
withdrawn. Excavation material accumulated on the auger flights is re-
moved while the auger is retracted. When using augers with large di-
ameter hollow stem, the reinforcement cage is generally inserted into
the hollow stem after completion of excavation and prior to concreting.
Piles installed using a large diameter hollow stem are also known as
“partial displacement piles”, because only part of the volume of the ex-
cavated ground is transported to the surface and the remainder is dis-
placed into the surrounding ground. The partial displacement pile sub-
group includes those systems with boring tools possessing a continuous
auger only along their bottom lengths. When boring into load-bearing
ground, excavated material can be at least partially redistributed to the
overlying strata. When retracting the auger, the soil material remaining
on the helix flights is transported to the surface.

Displacement piles to DIN EN 12 699 and DIN SPEC 18538:
Displacement piles are characterised by being installed without excavation
or removal of soil material — except to limit heave or vibrations, to remove
obstacles or as an installation aid.

The soil accumulating at the surface when installing displacement piles is
the result of the displacement effect and the lack of soil surcharge close to
the surface. It does not represent relevant soil removal.

The minimum pile diameter or corresponding cross-sectional dimensions
are currently specified in DIN EN 12699 as 150 mm.

Note: This limit will be dispensed within the current revision of this stan-
dard.

The displacement pile group differentiates:

— Prefabricated piles consisting of reinforced concrete, prestressed con-
crete, steel, cast iron or timber;

— Driven cast-in place concrete piles;

— Grouted displacement piles;

— Screw piles (full displacement piles). These are pile systems in which
the drive tube enters the ground through rotation and downward pres-
sure by means of a displacement head located at the lower end, without
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Figure 2.1 Overview of pile systems standardised in the pile execution standards

DIN EN 1536, DIN EN 12 699 and DIN EN 14 199
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relevant soil transport or redistribution from the embedment zone in the
load-bearing stratum into the overlying strata.

Note: During boring, displacement pile systems employing boring
tools possessing more than one helix in the base region can re-
distribute soil out of the load-bearing stratum and into the over-
lying stratum. When retracting the boring tool, the soil material
remaining on the helix is extracted from the bore. These effects
must be taken into consideration in the design. They can result in
a reduction of bearing capacity compared to “full displacement
piles”. No empirical pile resistance data are given in Section 5
for these pile systems.

c) Micropiles to DIN EN 14199 and DIN SPEC 18539:
At the current stage of standardisation the diameter range of bored mi-
cropiles is less than 0,30 m, and less than 0,15 m for displacement piles.
The load transfer from micropiles to the surrounding soil is achieved
through skin friction mainly.

This group differentiates:

— Cast-in-situ piles with small reinforcement cages and using fine-grained
concrete or grout, for which cased or slurry-supported pile construction
methods are generally employed;

— Composite piles, which possess a tendon or tubular bearing element en-
cased in a cement grout sleeve and;

— Precast piles (< 0,15 m) with or without subsequent grouting.

Note During the current revisions of EN 12699 and EN 14199 the di-
ameter restriction shall be abolished for displacement and all
displacement piles shall be covered by EN 12699. Consequently,
DIN EN 14199 shall in future cover only bored micropiles.

2.2 Pile Construction

2.2.1 Bored piles
2.2.1.1 Cased bored piles

(1) When constructing cased bored piles, the soil is loosened and extracted
within a casing. Reinforcement can then be placed and concrete is cast into the
temporary, cased void. Installation complies with DIN EN 1536, also see [80]
and [136].

(2) The casing can be installed in a number of different ways:

— By rotation either back and forth (oscillation) or in one direction (rotation)
together with axial advance using a casing rig or casing rotator;

— Using the rotary head of a rotary rig;

— Using a piling or a vibrating hammer.
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(3) For large depths and high skin friction values, a telescopic casing sequence
can be employed. Boring is started using the largest diameter. Before reaching
the capacity of the casing rig, the first casing is held in position and boring
continues using a smaller diameter casing.

(4) In unstable ground the casing shall be installed in advance of the excava-
tion. Only in firm, or at least temporarily stable, ground excavation may ad-
vance ahead of the casing. At its bottom, the casing is equipped with a cutting
shoe with special, hardened teeth, which overbreak the bore slightly to reduce
friction on the casing wall.

(5) The ground can be loosened and extracted in different ways:

— Discontinuously, using rotary excavation methods and rotary rigs with
Kelly bar-driven augers, drilling buckets and coring tools;

— Discontinuously using grabbing methods with grabs, gravel pumps or chi-
sels operated with cable cranes;

— Continuously using continuous flight auger (double rotary drilling method);

— Continuously using a drag or roller bit and flush boring.

(6) Using double rotary drilling, the boring tool is advanced into the ground
together with the casing whilst being constantly rotated, whereby the soil is
loosened by the augering tool and conveyed upwards on the helix flights.

(7) When using boring methods with direct or reverse flushing, the ground is
constantly loosened by the roller or drag bit. Material is transported by means
of air and/or water flushing. These boring methods are widespread in Germany
for installing deep wells or for geothermal energy bores, but rarely for the
construction of piles.

(8) The principles described in 11.2.1 shall be followed in order to avoid loos-
ening of the surrounding ground. A reinforcement cage is generally inserted
after reaching the final depth, and the pile is concreted using a tremie pipe
while simultaneously the casing is withdrawn. However, the reinforcement
cage can also be inserted after concreting into the fresh concrete column (e.g.
when using the double rotary drilling method).

(9) Special cutting tools are used to produce enlarged pile bases. As they can-
not be used inside casings, enlargements can be constructed only in stable
ground or ground supported otherwise in the zone of the pile base.

(10) Cased bored piles are constructed with shaft diameters up to 2,5 m, in
special cases even larger. The standard range lies between 0,6 m and 1,8 m.
Depths up to approximately 60 m can be achieved, depending on the ground
conditions and pile diameter. Measures as described in (3) can be necessary for
greater depths.

(11) The characteristic pile resistances in the serviceability limit state are in
the order of 1 MN to 10 MN, depending on diameter and ground conditions.
They can be higher for larger diameters and favourable ground conditions.
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(12) Because of their high flexural rigidity, large diameter piles, in particular,
can transmit considerable horizontal loads in suitable ground.

(13) Cased bored piles can be installed in all soil types including rock (with
limitations). Obstacles can be penetrated using special tools (chisels, rock
augers and buckets, core barrels).

2.2.1.2 Unsupported excavations

(1) In sufficiently stable ground bored piles can be constructed without a cas-
ing or other bore support.

(2) In such cases, a protective casing is only necessary for stabilisation of the
top of the bore and for guidance of the tools.

(3) Ifunstable strata are penetrated, this length of the bore shall be supported.

(4) This installation method should only be employed for vertical and raked
piles up to an inclination of 15:1.

2.2.1.3 Fluid-supported excavations

(1) Bored piles constructed under a fluid support can have either circular
cross-sections or cross-sections composed of rectangles. The latter are also
known as barettes. Bentonite suspensions are generally employed as support
fluids to stabilise the bore walls.

(2) When work commences, a lead-in tube (circular) is placed or a guide wall
(barette) installed. The soil is then excavated under the support fluid. The fluid
level within the bore must at all times remain at a level within the leader pipe
or the guide walls, such that sufficient positive pressure is exercised on the
bore wall. The stability of the fluid-supported bore shall be analysed compliant
with DIN 4126. A reinforcement cage is generally inserted after reaching the
final depth, and concrete is subsequently placed by tremie method.

(3) Circular cross-sections are generally excavated using the discontinuous
boring tools described above. Diaphragm wall grabs or hydro fraises are gen-
erally used to construct non-circular cross-sections.

(4) Circular piles are executed with diameters up to approximately 3 m or as
rectangular barettes (see 2.2.1.7) with widths between 0,4 m and 2,0 m, and
lengths between 2,4 m and 7 m. Cross-sections composed of rectangles, e.g.
T-sections, are also possible.

(5) Due to the large possible cross-sectional dimensions, these piles can sup-
port very large vertical and horizontal loads. Pile lengths in excess of 60 m are
possible.

(6) The method is also suitable for construction of primary supports (e.g.
plunged columns) when using top-down execution methods. These are vertical
structural elements which support floor slabs and building loads when struc-
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tures or basements are built downwards without excavation pits. The primary
supports consist of cast-in-place piles below the basement level and prefabri-
cated steel, reinforced concrete or composite columns within the basement.

2.2.1.4 Soil-supported, continuous flight auger bored piles

(1) Soil-supported, continuous flight auger bored piles are constructed by
rotating a continuous flight auger into the ground and pumping in concrete as
the auger is retracted. The piles can be installed with or without reinforcement.
Installation is vibration-free.

(2) These pile systems are also known as auger piles. Augers with large and
small hollow stem diameters are differentiated. Augers with small hollow
stems generally have internal vs. external hollow stem diameters of Dy/D, < 0,4
and such with large hollow stems of Dy/D, > 0,6 (partial displacement bored
piles).

(3) Common auger diameters range between 0,4 m and 1,2 m.

(4) Continuous flight augers piles with large diameter hollow stems are also
known as partial displacement piles, also see 5.4.7 and 11.2.6. These piles
laterally displace some of the soil. The extracted soil volume should not ex-
ceed approximately 70% of the pile volume.

(5) During boring, the bore wall is supported by the soil being transported
upwards on the auger helix. The advance speed and rotation speed of the auger
must be adapted to suit the ground conditions in order to limit soil extraction
and thus retain the ground support.

(6) During boring, the hollow stem must be sealed, e.g. by an expendable end
plate to ensure it remains free of soil material and water.

(7) When using augers with small hollow stem diameter and resultant geomet-
rical constraints, a reinforcement cage can only be inserted into the fresh con-
crete after the pile is concreted. In contrast, when using augers with a large
hollow stem diameter, a reinforcement cage can be installed inside the hollow
stem prior to concreting.

(8) To prevent soil transport from the auger downwards into the fresh con-
crete, the auger should be retracted without rotating, or only rotated slightly in
the same direction as used for boring.

(9) In accordance with DIN EN 1536, continuous flight auger bored piles
should not be installed in uniform, non-cohesive soils (dgp/d;o< 1,5) below the
groundwater table, or in loose, non-cohesive soils with densities D < 0,3 or in
soft, cohesive soils with undrained shear strengths ¢, < 15 kN/m?, unless the
feasibility of the installation method has been demonstrated on test piles or
through local experience before commencing works. The standard also points
out that uniform, non-cohesive soil where 1,5 < dg/d;o < 3,0 can be sensitive
when situated below the groundwater table.
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(10) The characteristic pile resistances in the serviceability limit state are in
the order of 0,5 MN to 2 MN, depending on the pile diameter and ground con-
ditions.

2.2.1.5 Soil-supported, partial flight auger bored piles

(1) Partial flight augers piles and large diameter hollow stem piles are also
known as partial displacement piles, also see 5.4.7.

2.2.1.6 Bored piles with enlarged bases

(1) It can be expedient to enlarge the pile base if the capacity of the pile relies
entirely or predominantly on the base resistance, or if pile bases rest on a load-
bearing stratum and/or only slightly embedded in the stratum. In addition, an
enlarged base allows improved utilisation of concrete strengths, and thus al-
lows material savings in the pile shaft, because the adopted base resistances are
generally considerably lower than the concrete strengths.

(2) Ground improvement measures executed around the base region of a pile,
such as jet grouting, deep vibration or similar methods are not understood as
enlarged bases.

(3) Enlarged bases can only be installed in stable soils or soils that can be
suitably stabilised for the purpose, e.g. using bentonite suspension or cement
slurry.

(4) Construction of enlarged bases is generally only possible for vertical piles
and in cased pile bores, and requires special belling-out tools; these include
special, extended belling buckets attached to the Kelly bar and fitted with
retractable reaming wings. The reaming wings can generally be extended by
the advance of the Kelly bar in conjunction with a scissor mechanism inside
the belling bucket. The rate of advance correlates to the extension of the wings
and can therefore be controlled. For structural reasons, the reaming wings are
arranged slightly above the base of the belling bucket, and this section of the
bucket is designed to accept the loosened spoil. The shape of an enlarged base
therefore corresponds to a truncated cone with a spherical base and a lower,
cylindrical protrusion.

(5) When constructing an enlarged base, boring is carried out first using one
of the tools described in 2.2.1.1 (e.g. a standard drilling bucket), such that the
reaming wings of the belling-out bucket can later operate from the design
bottom level of the base enlargement. The casing is then retracted as far as the
top of the reaming wings and, if necessary, the now uncased lower section of
the bore stabilised. The Kelly bar with the reaming tools is then inserted into
the bore, and the enlarged base (bell) is produced by rotating the bucket and
conically milling the uncased bore wall. Depending on the required size of the
enlargement and the amount of milled material present in the lower section of
the bucket, the reaming tool must be retracted and emptied, and the enlarging
process continues repeatedly.
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(6) The bore is cleaned after enlarging, the reinforcement inserted and the pile
concreted. The enlarged section must be concreted without interruption up to
the inside of the casing, as there would be otherwise a danger of entrapment of
soil and other materials.

(7) In case of the enlarged base the conical section protruding outside the
diameter of the cylindrical pile shaft is left unreinforced. Load distribution
from the shaft into the base area is achieved solely by shear strength of the
concrete. This load distribution and the stabilisation of the overhanging bell
wall are the reasons for the geometric limitations of the bell and the restriction
in the base diameter in relation to the shaft diameter.

(8) See 5.5 for the base resistances for piles with enlarged bases.

2.2.1.7 Diaphragm wall elements/barettes

(1) Diaphragm wall elements/barettes are bored piles compliant with
DIN EN 1536, if:

— They are concreted in a single process;

— They have square, rectangular, T- or L-shaped, or similar cross-sections;

— The shortest side measures W; > 0,4 m;

— The ratio of the largest dimension L; to the smallest dimension W; of the
element is Wy/L; < 6;

— The smallest dimension of precast concrete elements installed within dia-
phragm wall elements measures D, > 0,3 m or W, > 0,3 m (D, being the
diameter of a round precast element and W, the smaller side of a rectangu-
lar precast element) and;

— The overall cross-sectional area is smaller than 15 m?.

2.2.2 Prefabricated driven piles

2.2.2.1 Introduction

(1) Prefabricated driven piles to DIN EN 12699 comprise prefabricated pile
elements of reinforced concrete, prestressed concrete, steel or timber, which
completely displace the soil when driven or pressed into the ground, thereby
generally displacing and compacting it. The piles are manufactured off-site
with full length or in sections, transported to the site and driven using suitable
equipment. Prefabricated driven piles can be installed vertically or at rake.
Depending on the required foundation depth, piles delivered in sections must
be extended using couplings or by welding.

(2) As aresult of the displacement effect and the method of installation, which
acts like dynamic or static pile loading, only minor settlement or heave of the
completed pile is required to mobilise the pile’s external capacity.
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2.2.2.2 Precast driven concrete piles

(1) Precast driven reinforced concrete piles mostly have square cross-sections
0f 20 x 20 cm to 45 x 45 cm. Less frequently spun concrete piles are employed
as round piles of similar dimensions but with a hollow cross-section. The piles
are reinforced or prestressed for loads acting during transport and installation,
and for the loads of the superstructure (compression, tension, bending). For
usual applications, precast concrete piles are produced in lengths between 6 m
and 15 m, in exceptional cases up to approximately 25 m. For pile lengths
greater than 15 m it is more practical to join sections using tested and approved
steel couplings. As result, the piles can be extended almost without limit; pre-
cast driven concrete piles up to a length of 80 m have been installed. Special
purpose piles can be fitted with embedded grouting tubes for postgrouting (e.g.
to increase capacity).

2) Today, precast driven concrete piles are generally percussion driven (hy-
draulic hammer, diesel hammer, drop hammer). A driving helmet containing a
buffer material such as wood, plastic or similar material is located between the
driving ram and the pile. Because of the mechanical loads imposed during
driving, concrete C 50/60 or higher is used, which is suitable for exposure
classes XC 4 to XS 3. The piles are reinforced and contain horizontal links
along their whole length to resist the driving forces (compression, tension
splitting). About 1 m lengths at both pile or section ends, the reinforcement
links are at closer intervals. The piles can be manufactured with a driving shoe,
but normally the head and the base are both formed with similarly flat ends. If
driving is in hard ground or rock, a steel tip can be cast in the concrete; this is
generally necessary for spun concrete piles.

(3) The characteristic pile resistances of precast concrete driven piles in the
serviceability limit state are in the order of 0,5 MN to 2 MN, depending on the
cross-section and ground conditions.

2.2.2.3 Prefabricated driven steel and cast-iron piles

(1) Steel piles are formed from either H-sections, steel tubes, joined sections
or sheet piles with a variety of cross-sections and wall thicknesses. For in-
crease of base resistance, reinforcement of pile bases such as plates or wings
are welded on as required.

(2) Driving is in general like that for concrete piles. For hard driving and to
prevent bulging and buckling, the pile head is also reinforced. For reasons of
economy, steel piles are mainly used where their comparatively high tensile
strength and durability can be properly exploited, for example in offshore or
harbour facilities, occasionally also where high tensile loads need to be trans-
ferred.

(3) The characteristic pile resistances of steel piles in the serviceability limit
state are in the order of 0,5 MN to 2 MN, depending on the cross-section and
ground conditions.
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(4) Prefabricated driven cast-iron piles, also referred to as ductile piles, consist
of ductile, spun cast pipes, driven to the load-bearing stratum with the aid of a
hydraulic hammer. Because of the low mass of the cast-iron pipes, they can be
installed using smaller equipment.

(5) The generally 5 m long pipe segments are fitted with conical sleeves, al-
lowing them to be connected to make up the required pile length during driv-
ing. The driving process creates a rigid, frictional bond within the sleeves.
Special care must be taken to ensure that the pipe sections are aligned axially
to prevent damage during the driving process.

(6) The diameter of the cast-iron pipes is D = 118 mm, with wall thicknesses
of 7,5 mm, 9,0 mm and 10,5 mm, and D = 170 mm with wall thicknesses of
9,0 mm and 10,5 mm.

(7) Ductile piles can be constructed with or without grouting.

(8) If executed without grouting, the leader pipe driving shoe is of the same
diameter as the cast-iron pipe. This pile type is generally used as an end-
bearing pile on very firm bearing strata.

(9) If the pile is executed with shaft grouting, an oversize pile shoe projecting
in radius approximately 40 mm is used. During driving, cement grout or fine-
grained concrete is permanently pumped to the pile base through the inside of
the pipe and fills the annulus formed by the oversize pile shoe. This pile type is
generally used in non-cohesive and cohesive ground.

(10) The characteristic pile resistances of ductile piles in the serviceability
limit state are order of 0.5 MN to 1,1 MN, depending on the cross-section,
kind of construction and ground conditions.

2.2.2.4 Prefabricated driven timber piles

(1) Timber piles only play a subordinate role in today's construction practice.
They are predominantly used for temporary construction measures, €.g. as
foundations for falsework, etc. Because of the disadvantages presented in
terms of material and the comparatively low bearing capacity, they are very
rarely used as foundations for structures. Timber piles are also employed for
aesthetic reasons, e.g. as retaining walls along river banks or lake shores, for
terracing terrain in landscaping, or for light foundations, e.g. in nature conser-
vation areas.

(2) Timber piles are manufactured as round piles with diameters between
15 cm and 35 cm and can be reinforced at the head (driving band) and base
(shoe) for driving. Normally, light driving rigs with drop weights up to 1t
maximum are used with timber piles.

(3) The characteristic pile resistances of timber piles in the serviceability limit
state range from 100 kN to 600 kN, depending on the cross-section, length and
ground conditions.
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2.2.3 Cast-in-place concrete piles

2.2.3.1 Cast-in-place concrete piles with internal driving tube
(Franki pile)

(1) The Franki pile is a cast-in-place concrete pile with internal tube driving to

DIN EN 12699 and is installed with an enlarged pile base.

(2) The drive tube is driven into the ground by means of free fall impact driv-
ing within the tube (internal tube driving). Before beginning the driving pro-
cess, a plug is formed at the base of the driven tube, consisting either of an
almost dry concrete (semi-dry concrete), or of a sand or gravel-sand mixture.
The plug material is compacted through the tamping of the hammer and blocks
the tube. This plug fulfils a dual purpose. First, it serves as a driving cushion
onto which the drop hammer impacts and drags the tube into the ground. Sec-
ond, it seals the bottom of the tube and prevents water and soil ingress. Once
the final depth is reached, the drive tube is held in suspension by cables fixed
to the leader, and the enlarged base installation begins by driving out the plug
material. Depending on the local ground conditions and the planned pile ca-
pacity, additional material can be filled in and be driven out and the pile base
be enlarged, until the requisite design base volume is achieved.

(3) A reinforcement cage is then generally installed and the tube filled in dry
conditions with concrete of high plasticity. The pile shaft is formed by with-
drawing the tube and filling-up with concrete.

(4) Pile installation can be modified prior to concreting for the purpose of
ground improvement in both the pile shaft and base areas, and for enhancing
pile capacity.

(5) For ground compaction in the base area, the tube is driven 1 m to 2 m
below the planned pile base level, filled with gravel or crushed stone and with-
drawn approximately 2 m to 4 m while tamping and compacting the filled-in
material. The tube is then driven back through the compacted material and to
the planned final depth. Penetration resistance is increased considerably com-
pared to the first driving, reflecting the ground improvement achieved. If nec-
essary, further gravel compaction can take place until the requisite degree of
improvement is achieved. Subsequent pile base and shaft installation follows
as described in (2) and (3).

(6) Franki piles are constructed with tube diameters of 42 cm to 71 cm. They
can be manufactured either as vertical piles or raked up to 4: 1.

(7) The characteristic pile resistances in the serviceability limit state are in the
order of 1 MN to 6 MN, depending on ground conditions and pile diameter.

2.2.3.2 Cast-in-place top-driven piles (e.g. Simplex piles)
(1) The cast-in-place top-driven pile is a displacement pile to DIN EN 12699.

(2) Using this method, the drive tube is driven into the ground by means of
top-driving by a diesel, hydraulic or vibrating hammer. The tube is sealed at
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the base by a sacrificial base plate. Once the final depth is reached, generally a
reinforcement cage is placed and the dry bore filled with high plasticity con-
crete. When the tube is withdrawn, the base plate disengages and the concrete
can flow out. The pile is completed by filling-up the tube with concrete while
the tube is gradually withdrawn. The base plate remains in the ground and
forms the base of the pile.

(3) Ground improvement by gravel compaction can also be achieved using
this method. The drive tube with the sacrificial base plate is driven to 1 m to
2 m below the planned pile base, gravel is filled in and the tube is extracted to
the working level. The loose gravel remains and fills the exposed void. The
tube is then sealed again with a base plate and driven through the gravel col-
umn to the required depth. Pile installation then follows as described in (2).

(4) Simplex piles are generally executed in diameters between approximately
40 cm and 60 cm. They can be constructed either as vertical or raking piles up
to4:1.

(5) The characteristic pile resistances in the serviceability limit state are in the
order of 0,5 MN to 2,5 MN, depending on ground conditions and pile diam-
eter.

(6) Bottom-driving for formation of enlarged pile bases can also be employed
for cast-in-place top-driven piles. Two varieties are differentiated. For the first
option, the drive tube is withdrawn for approximately 2 m once the final depth
is reached, the reinforcement cage is installed, and the high plasticity concrete
is placed. The drive tube is then completely filled with concrete, sealed at the
head and driven back to the original depth using top-driving.

(7) In the second option, the tube is top driven to final depth with a diesel or
hydraulic hammer and filled with semi-dry concrete. Then a tamping piston is
placed on the concrete inside the drive tube, and the piston and the drive tube
are top-driven to the original depth, forming the enlarged base of semi dry
concrete. Pile construction then continues as described in (3).

(8) The empirical pile base resistance and pile skin friction data given in
5.4.5.2 may not be adopted for the pile systems described in (6) and (7).

2.2.4 Screw piles (full displacement bored piles)
2.2.4.1 Introduction
(1) Screw piles are displacement piles to DIN EN 12699.

(2) The drive tubes of screw piles are screwed into the ground without dy-
namic impacts. For this reason, and because of the full displacement, the em-
bedment depth of these piles in dense or hard ground layers is limited. They
are installed vibration-free.
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2.2.4.2 Atlas piles

(1) The Atlas pile is constructed by screwing a drive tube with a displacement
body carrying a single-flight auger into the ground. A powerful rotary drilling
head and down-thrust is used and the ground is fully displaced. The displace-
ment body has a watertight seal at the base formed by a sacrificial tip.

(2) When the target depth is reached, generally a reinforcement cage is placed,
and the tube and its top mounted hopper are filled with high plasticity con-
crete. By unscrewing and withdrawing the tube, the sacrificial tip is lost and
the concrete flows out, filling the void formed by the displacement body. Be-
cause of the single-flight displacement body, the finished pile shaft possesses a
helical, concrete bulge and the completed pile resembles a screw.

(3) Because the pile is constructed using static forces only, the method is
vibration-free.

(4) The diameter of the pile shaft depends on the size of the replaceable dis-
placement body. Common diameter combinations are 31/41 cm and 51/56 cm.
The first value gives the minimum diameter of the required concrete cross-
section (governs the internal capacity), the second value the external diameter
of the helical concrete body (governs the external capacity).

(5) The piles can be constructed vertically or raking up to 4: 1.

(6) Common characteristic pile resistances in the serviceability limit state are
in the order of 0,5 MN to 1,7 MN, depending on ground conditions and pile
diameter.

2.2.4.3 Fundex piles

(1) For construction of Fundex piles, a smooth drive tube with a diameter of
38 cm or 44 cm, sealed by a sacrificial helical tip, is rotated and pressed into
the ground. The ground is fully displaced. Common diameter combinations are
38/45 cm and 44/56 cm (the second value indicates the diameter of the tip).

(2) Once the final depth is reached, generally a reinforcement cage is placed in
the drive tube and the tube filled with high plasticity concrete. The tube is then
withdrawn under oscillation, whereby the tip disengages from the tube. It re-
mains in the ground and forms the pile base.

(3) The piles can be constructed vertically or raking up to 4: 1.
(4) The entire pile installation is vibration-free.

(5) Common characteristic pile resistances in the serviceability limit state are
in the order of 0,5 MN to 1,5 MN, depending on ground conditions and pile
diameter.
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2.2.5 Grouted displacement piles
2.2.5.1 Pressure-grouted piles

(1) A pressure-grouted pile is a driven steel pile with a specially formed base,
which is driven into the ground while adding grout. This term also covers what
were previously referred to as MV- or RV-piles, which were patented driven
grouted piles.

(2) A wedge-shaped enlarged pile shoe of rectangular or square cross-section,
welded to the pile base, is characteristic for this pile type. During driving, the
shoe forms an annulus around the steel shaft, which is filled with cement grout
during the installation process.

(3) Contrary to micropiles to DIN EN 14199, the annulus is open to atmosphere,
and the grout is applied with hydrostatic pressure only. The grouting process
should be controlled to ensure that the piles are completely enclosed in grout.

(4) Pressure grouted piles are predominantly employed as tension piles.
Common characteristic pile resistances in the serviceability limit state are in
the order of 1 MN to 2,5 MN, depending on ground conditions and pile cross-
section.

2.2.5.2 Vibro-injection piles

(1) Vibro-injection piles have a similar construction principle like pressure-
grouted piles. By using a slightly enlarged pile base relative to the pile shaft, a
void is formed, which is continuously filled with grout under pressure while
the pile is driven by vibration.

(2) The base of the vibro-injection piles consists of the steel section with steel
plates welded to all sides. During installation, a narrow gap is created between
the pile shaft and the ground around the entire circumference, and filled with
grout during vibration. In contrast to this, the enlarged base of the pressure-
grouted pile (2.2.5.1) displaces a much larger volume of ground.

(3) The vibro-injection pile therefore has a considerably lower penetration
resistance, allowing it to be placed by vibration. The cement grout is pumped
in through injection tubes, and thus guarantees intimate contact with the
ground.

(4) Thanks to the vibration method, the vibro-injection pile produces far lower
noise emissions than driven piles. The effects of vibration on the surroundings
and neighbouring structures must, however, be taken into due consideration.

(5) Limitations are installation-related and exist for very dense sands and
gravels. Installation aids (low-/high-pressure flushing) may be expedient. Li-
mitations exist also in cohesive soils, depending on the consistency.

(6) Vibro-injection piles are predominantly employed as tension piles. Com-
mon characteristic pile resistances in the serviceability limit state are in the
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order of 0,5 MN to 1,5 MN, depending on ground conditions and pile cross-
section.

2.2.6 Micropiles

(1) Micropiles are defined as piles with diameters smaller than 0,3 m and are
controlled by DIN EN 14199.

(2) Among others, they include the previously common mini-piles and the
monobar or tubular grouted piles predominantly employed in the last 20 years.

(3) Their advantages are that they can be installed using compact rigs even
under limited conditions, and installation is generally low-noise and low-
vibration.

(4) Transfer of forces to the surrounding ground is achieved by grouting with
concrete or cement grout. The following are differentiated:

a) Cast-in-place pile containing continuous, longitudinal, steel reinforcement.
They can be constructed using concrete or cement grout. The minimum re-
quired shaft diameter is 150 mm.

b) Composite pile, characterised by a steel bearing element with a hardened
cement grout cover. The bearing element is inserted in a bore.

(5) Percussion and rotary boring methods using internal and external flushing,
driving and vibratory methods are suitable for producing the bore. Loosening
the ground using flushing methods alone is not permitted. When boring below
the groundwater table, positive pressure in the flushing or support fluid must
be used to prevent soil entering the bore. The bore must be cleaned of boring
residues.

(6) Grouting in this context is defined as placing the grout under a pressure
greater than the hydrostatic pressure at the discharge point. For post-grouting,
one or more grouting stages are carried out after the original grout has set or
hardened. Grout composition, pressures and quantities shall be adapted to suit
the ground and local conditions. The grout must be composed such that the
fractures in the set or hardened material of the original grout can be filled.
Piles already under load may not be post-grouted. Post-grouting is generally
performed using thin grouting tubes and at pressures between 10 bar and a
maximum of 60 bar.

(7) Common characteristic pile resistances in the serviceability limit state are
in the order of up to 1,0 MN, depending on ground conditions and pile cross-
section.

2.2.7 Tubular grouted piles

(1) The tubular grouted pile is a micropile to DIN EN 14199, provided its
diameter is less than 30 cm. It is classified as a composite pile. For diameters
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greater than 30 c¢m it can be regarded as bored pile with a steel tube as special
reinforcement to DIN EN 1536.

(2) If the bond between the external grout and the steel tube is adopted for pile
capacity and as corrosion protection, technical approval can be required.

(3) The tubular grouted pile is a bored, thick-walled, tubular steel pile with a
cement grout cover grouted along the shaft and at the base.

(4) The pile is suitable for transferring high tensile loads and is installed with
low vibration and noise. In immission-sensitive areas and in cases requiring
monitoring of working loads, it is therefore a useful alternative to driven an-
choring elements being structurally connected to a tension pile.

(5) This pile type is unsuitable for ground conditions where large flushing
losses are anticipated unless specific additional measures are taken.

(6) The tubular grouted pile consists of approximately 3 m long steel pipe
sections, coupled during installation by screwing or welding.

(7) The tube can be provided with a rolled-on external thread to improve bon-
ding of grout.

(8) The piles are bored in sections using rotary methods and external flushing.
A 30 cm to 50 cm long boring shoe at the pile tip centres the tube for installa-
tion and creates an annulus around the pile shaft corresponding to its greater
outside diameter.

(9) The flushing fluid, consisting of cement grout, exits at the boring tip and
transports the loosened soil to the surface via the annulus between the tube and
the bore wall. Depending on the ground conditions and the applied flushing
pressure, diameters up to 70 cm can be achieved by the jet emanating radially
from the boring tip.

(10) These pile base enlargements are subsequently grouted at high pressure
using a cement grout. The annulus between the steel tube and the bore wall
remains filled with hardening cement grout up to the pile head.

(11) Depending on ground conditions, cross-section and the length of the
grout body, common characteristic pile resistances in the serviceability limit
state are in the order of 0,75 MN to 1,5 MN, for tube dimensions of 73 mm to
102 mm outside diameter, and 12,5 mm to 20 mm wall thickness, or up to
2,5 MN for an outside diameter of 114 mm and 28 mm wall thickness.

23 Foundation elements similar to piles

(1) Apart from pile systems described in 2.1 and 2.2, which are associated
with the pile execution standards DIN EN 1536, DIN EN 12699 and
DIN EN 14199, further deep foundation elements, referred to as “elements
similar to piles”, are utilised in construction practice.
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(2) Elements similar to piles can be, for example:

— Vibrated concrete columns (DIN EN 14731 — ground treatment by deep
vibration);

— Grouted vibro columns (DIN EN 14731 — ground treatment by deep vibra-
tion);

— Prefabricated tamped mortar columns, mixed-in-place columns (MIP) to
DIN EN 14679 — deep mixing or;

— Jet-grouted columns (DIN EN 12716 — jet-grouting).

Such elements can require a national technical approval.

(3) These Recommendations do not apply directly to the above or similar
elements. In particular, the empirical pile resistance data (5.4) shall not be
adopted for these elements. Irrespective of this, however, the EC 7-1 Hand-
book [44] analyses, specified for pile foundations and adopted in these Re-
commendations, can be adopted for these elements, unless different analyses
are required in technical approvals.

(4) Well foundations and caissons are generally not regarded as pile-similar
foundations, but instead are viewed as sunken shallow foundations.
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3 Pile Foundation Design and Analysis Principles

3.1 Pile Foundation Systems
3.1.1 Single pile solutions

(1) Single piles are understood as piles that do not interact with other piles,
either through the ground or through the superstructure, or where individual
piles only interact to a negligible degree.

(2) See 1.1 for details of the relevant German standards in terms of pile instal-
lation, analysis and design.

(3) “Internal” and “external” pile capacities are differentiated when designing
piles. The internal capacity comprises the analysis of the safety against failure
of the pile material, generally concrete, reinforced concrete, steel or timber.
The external capacity comprises the analysis of the safety against failure of the
ground around the pile.

(4) The ultimate limit state (ULS) and the serviceability limit state (SLS) must
be analysed for both the internal and the external pile analysis, as stipulated in
the EC 7-1 Handbook [44]. The ultimate limit state of pile foundations is nor-
mally governed by the failure of the structure and structural elements (in ac-
cordance with the EC 7-1 Handbook [44]: STR — structural failure for internal
capacity, GEO-2 — geotechnical failure for external capacity). Tension piles
require also the analysis of the limit state of loss of static equilibrium by
buoyancy or uplift (UPL — uplift). The limit states are also dealt with in 1.2.3
and 6.

(5) Foundation piles are predominantly axially loaded. The external resistance
in axial direction comprises the components base resistance Ry, and shaft resis-
tance R;. The pile resistance R is a function of the respective settlement or
uplift and can be described by a resistance-settlement (or uplift) curve for the
entire resistance zone (RSC or RUC, respectively). These curves should be
determined from pile test results, see 5.2, 5.3, and 9 and 10. However, they can
also be determined on the basis of empirical data, see 5.4.

(6) Figure 3.1 shows the resistance-settlement curve (RSC) for the overall
resistance and, separately, for the pile shaft and the pile base resistances. The
variables with the indices g and ult apply to the respective limit settlement
S¢ = Sui, Which refer to the ultimate limit state resistance R = R = R(ULS).
Pile resistances in the serviceability limit state are abbreviated below by R =
R(SLS).

Note: EC 7-1 designates the compression pile resistance in the ultimate limit
state R, (ULS), shortened to R; and the tension pile resistance R, (ULS),
shortened to R..
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Figure 3.1 Resistance-settlement curve for a pile under compressive load

(7) The limit value of skin friction g is normally achieved at relatively small
pile displacements. This leads to a pronounced curvature of the load displace-
ment line for a pile predominantly subjected to shaft resistance “friction pile”.
Normally, only the base resistance increases notably with larger displacements,
see [59].

(8) A less pronounced curvature displays the resistance-settlement curve for
end-bearing piles. Load transfer of these piles is predominantly via the base
resistance, which increases up to very large settlements, see [59].

(9) For laterally loaded piles, two limit cases are differentiated:

— short, almost rigid piles, with a restraint effect in the ground that can be
derived from a force couple of three-dimensional passive earth pressures
and;

— slender, flexible piles, generally analysed using the modulus of subgrade
reaction method.

(10) Normally, the mutual influence of the external load-bearing behaviour
resulting from simultaneous axial and lateral actions is insignificant. Both
actions can be considered separately. However, it should always be considered
that piles are subject to both vertical and horizontal actions and resulting bend-
ing moments, e.g. from horizontal forces. One component often substantially
dominates over the others.

3.1.2 Pile grillages

(1) Pile grillages consist of single piles connected by a superstructure and
spaced so far apart that no substantial interactions between neighbouring piles
occur in terms of pile load-bearing behaviour.
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(2) See 3.1.3 and Section 8 for details of interactions and pile distances.

(3) See Section 7 for details of grillage analyses.

3.1.3 Pile groups

(1) Several piles form a group if they are incorporated in a common pile cap
and their load-bearing behaviour is mutually influenced. The mutual influence
of the piles is called group effect or pile-pile interaction.

(2) The group effect of axially loaded piles can refer to both the settlement
and the resistances. The settlement-related group effect Gg is defined by the
factor

G, = (3.1)
SE

the resistance-related group effect Gg by the factor
G, =—Ra_; (3.2)

s the mean settlement in a pile group;

sg  the settlement of an equivalent single pile at the mean pile load of the
group piles;

Rg the overall resistance of the pile group;

Rg the resistance of the single pile at the mean settlement of the pile group
and;

ng the number of piles in the group.

(3) The limit distance, at which the interaction effects between two neighbour-

ing piles become negligibly small, is often assumed to be 6 to 8 times the pile

diameter. However, the limit distance is also a function of the length of the pile

in the load-bearing ground. The limit distance increases with increasing em-

bedment depth d, also see Section 8.

(4) For small and given the same settlements group piles normally exhibit
smaller resistances than single piles. For large settlements the resistance of the
group pile can exceed the resistance of the single pile.

(5) The load-bearing behaviour of the axially loaded group piles differs with
the respective pile position. The piles shown in Figure 3.2, for example, are
differentiated into corner, edge and inner piles. In low-settlement bored pile
groups the corner piles display the greatest pile resistances and the central piles
the least. Interlocking effects can occur at larger settlements, leading to a re-
versal of this distribution.

(6) Paragraphs (4) and (5) predominantly refer to bored piles in pile groups
without, or with only minor, ground displacement effects. In pile systems with
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Figure 3.2 Pile designations within a group

greater ground displacements, normally different behaviour can be expected,
also see 8.2.1.4.

(7) In horizontally loaded pile groups, in which all piles display practically
equal horizontal head displacements, the individual piles are subject to differ-
ing shares of the actions imposed on the pile group. The distribution of pile
resistances within the group is dealt with in 8.2.3.

(8) When adopting the governing actions it should be noted that the various
actions are, to a degree, mutually dependent. For example, horizontal forces
not only generate a moment action on the foundation, but, due to the location
of the moment transition point below the pile head slab, additional vertical pile
loads are also generated.

(9) See Section 8 for details of numerical estimation of group effects.

3.1.4 Piled raft foundations

(1) According to the EC 7-1 Handbook [44], piled raft foundations (PR) are
composite geotechnical structures for transferring structural loads to the
ground with foundation slabs and piles exercising a mutual load-bearing effect.
The interactions shown in Figure 3.3 must be considered simultaneously.

(2) The load-bearing effect of a piled raft is described by the piled raft coeffi-
cient apg. This coefficient indicates the proportion of the total action transmit-
ted by the piles. The remaining proportion of the action is transferred to the
ground via the bearing pressure of the foundation slab. A piled raft coefficient
of apr = 1,0 corresponds to a pure pile foundation and opr =0 represents a
pure shallow foundation, see Figure 3.4.

(3) Analysis of piled raft foundations follows the German guidelines for the
design, dimensioning and construction of piled raft foundations (Richtlinie fiir

30



T
e
f—- 2 _"1

IJZ' il il

Figure 3.3 Soil-structure interaction, after [46]

1) Pile-soil interaction
M Dila_nila intarantiam
.G} L) IIG'PIIG niGIavuwva

3) Raft-soil interaction
4) Pile-raft interaction

den Entwurf, die Bemessung und den Bau von Kombinierten Pfahl-Platten-
griindungen (KPP-Richtlinie) [46]. Additional guidance can be found in the

EC 7-1 Handbook [44].

(4) The guidelines apply predominantly to vertically loaded, piled raft founda-
tions. They do not apply in cases where soil strata of relatively low-stiffness
(e.g. soft, cohesive or organic soils, collapsible fill) are present below the
foundation slab or for stratified ground with a stiffness ratio for the upper and
the lower strata of Eg ypper/Es jower < 1/10, nor in other cases with a piled raft

coefficient opg > 0,9.

Shallow foundation Pile foundation

Combined pile-raft foundation i
»

4
4

>
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| |

Figure 3.4 Possible settlement reduction for a combined piled raft depending on the

piled raft coefficient a,,, qualitative example, after [46]
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Note: The analysis of piled raft foundations shall in future be covered also in
DIN 4018.

(5) Piled raft foundations shall always be assigned to Geotechnical Category
GC 3 in accordance with the EC 7-1 Handbook [44].

3.2 Geotechnical Investigations for Pile Foundations

(1) The structure and properties of the soil and rock and the groundwater con-
ditions must be known in sufficient detail for any construction project. This is
necessary to reliably assess the stability and serviceability of the pile founda-
tions and of the overall structure as required by EC 7 and DIN 1054 and to
assess the effects of pile foundations on their surroundings.

(2) Moreover, the information above (1) must also be sufficient to allow tech-
nically the competent pile installation or construction, e.g. based on
DIN EN 1536, DIN EN 12699 and DIN EN 14199, taking DIN 18301 into
consideration.

(3) To this end, project-specific geotechnical investigations shall be carried
out in accordance with the EC 7-2 Handbook [45].

(4) The results shall be summarised in the Geotechnical Investigation Report
and be evaluated in the Geotechnical Design Report regarding the technical
consequences for the construction.

(5) The EC 7-2 Handbook [45] stipulates that the type and scope of geotech-
nical investigations depend on the geotechnical categories and shall be speci-
fied in detail by the geotechnical expert.

(6) The EC 7-1 Handbook [44] classifies pile foundations into the following
geotechnical categories:

— Geotechnical Category GC 1:
pile foundations shall not normally be assigned to the Geotechnical Cate-
gory GC 1.

— Geotechnical Category GC 2:

a) pile foundations for which the pile resistances are determined on the ba-
sis of empirical data, e.g. as described in 5.4, in cases where simple
ground conditions exist;

b) common cyclic, dynamic and impact actions after 4.1 (1);

c) piles subjected actively to lateral actions with respect to the pile axis,
e.g. resulting from structural loads;

d) piles with negative skin friction.

— Geotechnical Category GC 3:

a) substantial cyclic, dynamic and impact actions after 4.1 (1), and seismic
actions;

b) raked tension piles with inclinations less than 45° to the horizontal;
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c¢) tension pile groups;

d) grouted pile systems (micropiles to DIN EN 14199 and grouted dis-
placement piles to DIN EN 12699) as anchorage elements;

e) determination of tensile pile resistances;

f) loading lateral to the pile axis or bending resulting from lateral ground
pressure or settlements;

g) highly utilised piles in conjunction with special serviceability require-
ments;

h) piles with shaft and/or base grouting;

i) combined piled raft foundations.

(7) The geotechnical investigations must extend to sufficient depth to record
all ground formations and strata influencing the structure and its execution,
and to identify the load-bearing and deformation properties of the ground, also
see the EC 7-2 Handbook [45] and Figure 3.5. In addition to the stipulations in
Figure 3.5, the ground investigations should extend to a depth of at least
z,>4 Dy, below the pile base, if the pile resistances are determined based on
empirical data according to 5.4.

(8) If there are any doubts about the safe execution of piling works, trial piles
should be installed to examine the execution and load-bearing aspects.

(9) When specifying the extent of the ground investigations important findings
gathered on comparable foundation projects under similar conditions and/or in
the vicinity of the current site should be taken into due consideration.

|

| Depth of investigation z, below pile base:
| 7,2 1,0-b,

j_ 2 50m

90, L’- 00 Zz 3Dy

b, =The smaller dimension of arectangle

B .
_q‘_ D, = Pile base diameter
4 :
surrounding the pile group at base level.

Figure 3.5 Minimum ground investigation depths for pile foundations, from EC 7-2 Hand-
book [45]; Note: if the pile resistances of compression pile foundations are determined
based on data from proven experience to 5.4, the ground investigations should extend to
a depth below the pile base of at least z, =2 4D,
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(10) It is permissible to correlate empirical data, if similarity can be demon-
strated by means of suitable investigations, e.g. penetration tests, vane tests,
pressiometer and similar tests.

(11) The Geotechnical Investigation Report and the Geotechnical Design
Report, respectively, must contain all relevant data that can affect pile capac-
ity, choice of the execution method and the pile installation. Characteristic soil
parameters shall be derived for the specific pile foundation. The ground infor-
mation and the parameters relate not only to pile capacity, but also to drillabil-
ity, driveability, etc. If this information can not be given in general, different
sets of parameters shall be given for each respective application.

(12) In addition to the general information according to the EC 7-2 Hand-
book [45], the Geotechnical Investigation Report shall contain the following
information, which is particularly relevant to pile foundations:

a) the ground elevations of all points at which investigations or tests were
carried out, relative to the principle datum or to another established refer-
ence;

b) occurrence and properties of loose or soft soil, or of ground that can alter
unfavourably during the excavation or installation of piles (softening, in-
stabilities, etc.);

c) occurrence of soil or rock strata with tendency to swelling;

d) occurrence of coarse-grained soils with an open structure (high permeabil-
ity, voids), which can cause a sudden loss of support fluids or sudden drop
of the level of concrete during placing;

e) occurrence of stones or blocks, or other natural or artificial obstructions,
which can present difficulties during either excavation or installation, or
which require special methods or tools for penetration or removal;

f) thickness, depth and geotechnical parameters of all strata, in particular the
bearing stratum the piles are embedded in;

g) occurrence, extent and thickness of all strata which can react sensitively to
water or loads during pile installation (e.g. impact, vibration or oscillation);

h) groundwater levels and their fluctuation ranges, including information on
confined groundwater conditions;

i) strata in which high groundwater flow velocities are prevalent;

j) aggressivity of groundwater and/or ground, which can impair either the
durability or the properties of the pile materials, e.g. of the support fluid,
the fresh or hardened concrete, etc., also see EN 206 and DIN 4030;

k) depth, strike and fall of all rock formations;

1) thickness and extent of weathered rock;

m) occurrence, type and quality of rock, in particular strength, filled or open
fractures/joints, weak zones, voids, erodibility;

n) extent, thickness and type of contaminated ground or waste which can
influence the pile properties, the handling and disposal of spoil, or lead to
contamination of the underlying strata;
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0) mining and any possible mining impacts;
p) stability problems in the region of the site.

(13) Moreover, the ground investigations shall demonstrate that no soft stra-
tum directly underlies a stratum classified as load-bearing, if a punching fail-
ure is possible.

(14) In addition, the specific investigations required as a function of the pile
type to DIN EN 1536 for bored piles, DIN EN 12699 for displacement piles and
DIN EN 14199 for micropiles, shall be observed.

(15) If no pile load tests have been carried out or comparable pile test data are
not available, the characteristic axial pile resistance of a single pile can be
determined based on empirical data given in Section 5.4. In this case, reliable
data on the ground composition, stratification, groundwater conditions and
strength properties shall be available. Empirical data on the characteristic axial
pile resistances of bored piles, displacement piles and grouted micropiles can
be taken from the data in Section 5.4 for non-cohesive and cohesive soils, and
for rock, if the relationships given in (16) are adopted. Irrespective of this,
the provisions of the EC 7-2 Handbook [45], and DIN EN ISO 22476-1, -2, -3
and -9 should also be considered. In addition see DIN 1055-2 and DIN EN
ISO 14688-1.

The relationships, described in (16), between penetration test resistances and
the density of non-cohesive soils on one side, and the consistency or undrained
shear strength of cohesive soils on the other, as well as rock strength designa-
tions and the associated unconfined compressive strengths, display mean val-
ues that can deviate from the data given in the EC 7-2 Handbook [45],
DIN EN ISO 22476-2 and DIN 1055-2. The relationships mentioned above
shall always be confirmed by ground investigations. In this context reference is
made also to literature dealing with this topic, e.g. [27], [87], [96], [97], [110],
[123], [132].

(16) The strength of non-cohesive soils should be verified by the cone resis-
tance g of the cone penetrometer. Alternatively, the orientation values given in
Tables 3.1 to 3.5 may be adopted for correlations between the different types
of investigation for pile foundations. The applicability of the tabled data for
the respective, specific application must be confirmed by the geotechnical
expert.

Note 1: The data in Table 3.1 may be adopted in approximation for convert-
ing to q. values. The relative densities below the water table tend
to be slightly higher for the same penetration resistances or blow
counts.

Note 2: The density data refer to non-cohesive soils with values of U < 3. For
U > 3 other limits also apply, see the EC 7-1 Handbook [44], for ex-
ample.
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Table 3.1 Orientation values for relationships between relative densities and penetration
resistances in non-cohesive soils above the groundwater for use with pile foundations

Relative Density| Density Index |,| Description Penetration resistances

D g, [MN/m2] N,, N,,

CPT BDP DPH

<0,15 <0,15 Very loose <5,0 <7 <4
0,15...0,30 0,15...0,35 Loose 50.. 75| 7..15 4..9
0,30...0,50 0,35...0,65 | Medium-dense | 7,5...15,0| 14..30 8..18
0,50...0,70 0,65 ...0,85 Dense 15,0...25,0| 23..50 | 14..30

> 0,70 > 0,85 Very dense >25 > 50 >25

In Table 3.1 are:

de cone resistance of the cone penetrometer (CPT);

N;3p blow count per 30 cm penetration of the borehole dynamic probing
(BDP);

Nio  blow count per 10 cm penetration of the heavy dynamic probing (DPH).

The relationship between CPT cone resistance . and the blow count per 10 cm
DPH penetration Ny, can generally be described as follows:

qe (CPT) =« - Ny (DPH).

The value of k shall be specified by the geotechnical expert on the basis of
local experience. For non-cohesive soils the value of k normally varies be-
tween 0,75 and 1,25. Using the average value k = 1,0 formula (3.3 a) can be
simplified to:

qc (CPT) = Ny, (DPH).

(3.32)

(33Db)
This relation and Table 3.2 have proven reliable for pile foundations in non-

cohesive soils; as no incidents are known to have resulted from this.

Table 3.2 Orientation values for conversion from CPT cone resistances g, in MN/m2 and
blow count N,, of borehole dynamic probing (BDP)

Soil type q./N,, [MN/m2]
Fine to medium sands or slightly silty sand 0,3t00,4
Sand, or sand with some gravel 0,5t00,6
Widely-graded sand 0,5t0 1,0
Sandy gravel or gravel 0,8t0 1,0
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Table 3.3 Orientation values for relationships between consistency and shear strength of
an undrained, cohesive soll

Consistency index |, Consistency Shear strength of the
undrained soil ¢, [kKN/m?]
0,5...0,75 Soft 15 ... 50
0,75 ... 1,00 Stiff 50...100
> 1,00 Solid > 100

Correlations between penetration resistances and shear strength of undrained
soils ¢, can be found in [55] and [87], for example.

It is expressly pointed out that the relationships, in particular in Tables 3.1 to
3.3, can have very large regional uncertainties and that their validity for the
specific application shall be confirmed by the geotechnical expert.

It is recommended to preferably determine the shear strength of the undrained
soil ¢, for analysis of pile capacities on the basis of unconfined compression
tests or UU triaxial tests.

For soft soils, the shear strength c, of the undrained soil can also be determined
with the aid of vane tests to DIN 4094-4 or pr DIN EN ISO 22476-9. The
maximum measured shear resistance of the soil c¢ . on initial shearing shall
be reduced using the correction factors given in Table 3.4 below in order to
obtain the undrained shear strength of the soft, normally consolidated soil:

Cu=H- Cf,max . (34)

Table 3.4 Correction factors p for soft, normally consolidated soils

Plasticity index |, [%] 0 30 60 920 120

Correction factors p [-] 1,0 0,8 0,68 0,60 0,55

Note: Also see [26].

For pile foundations in rock, the usual rock classification methods shall be
applied, including features such as compressive rock strength, discontinuities,
degree of weathering, degradation and decomposition status, as well as miner-
alogy and texture. Table 3.5 provides rough orientation values based on
DIN 1054:2005-01, 7.7.4 (3) and EN ISO 14689-1 for the relationship between
common rock strength designations and compressive rock strength.

It is generally necessary to carry out unconfined compressive strength tests for
pile foundations in rock. In addition — and in exceptional cases also alterna-
tively — point load tests can be performed to estimate the unconfined compres-
sive strength.
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Table 3.5 Rough orientation values for the relationship between strength designation and
unconfined compressive strength

Strength Field test, description to Unconfined
designation EN ISO 14689-1 compressive
strength
q, [MN/m?]
Extremely low” Can be scratched by finger nail Less than 1
Very low Can be scratched by knife, crumbles under 1to5
firm blows with the point of the geologist’s
hammer
Low Can only be scratched with difficulty by knife, 5t025
can be slightly indented under firm blows
with the point of the geologist's hammer
Moderately high Can no longer be scratched by knife, breaks 2510 50
under a single firm blow with the geologist’s
hammer
High Can only be broken by several blows with 50 to 100
the geologist’'s hammer
Very high Can only be broken by a very large number 100 to 250
of blows with the geologist's hammer
Extremely high Only chips are loosened under blows with More than 250
the geologist’'s hammer

Y Some very soft rocks behave similar to soil and should therefore be described as such.

Table 3.6 Degrees of rock weathering (after [33])

Designation Rock property Rock mass property
Unaltered Unaltered, fresh, no influence of No loosening at discontinuities
(V) weathering recognisable related to weathering
Partially weathered| Weathering of individual mineral Some loosening at
(VA) constituents recognisable on a discontinuities

fresh fracture, early mineral altera-
tion and discolouring

Disintegrated Mineral structure loosened by

(VE) weathering processes, but still

forming a mass, mostly in con-

junction with mineral alteration
at discontinuities

Complete loosening at discon-
tinuities

Decomposed Texture of the rock mass pre- | Jointed rock body (fault) without
(V2 served, altered by the formation of rock properties
new minerals, with no rock prop-
erties
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The weathering status is particularly relevant to pile foundations in soft rock of
varying strength. Weathering describes the decomposition and fracturing of
rock as a result of exogenic influences, predominantly physical and chemical
processes. The state of weathering is described using features, which can visi-
bly be recognized. For construction purposes classification according to
weathering intensity has proved useful. The German guidelines for rock de-
scriptions for construction purposes in highway engineering (Merkblatt iiber
Felsgruppenbeschreibung fiir bautechnische Zwecke im Strafienbau [33])
differentiate four homogeneous classes (Table 3.6).

3.3 Classification of Soils for Pile Foundations

(1) Soils meeting the following criteria are regarded as non-cohesive by the
EC 7-1 Handbook [44]:

a) Soils such as sand, gravel, stones and their mixtures, if the mass proportion
of components with grain sizes < 0,06 mm is less than 5%. This corre-
sponds to the coarse-grained soils of soil groups GE, GW, GI, SE, SW and
SIto DIN 18196.

b) Mixed-grained soils with a mass proportion of components with grain sizes
< 0,06 mm between 5% and 15%. This generally corresponds to soils in
soil groups GU, GT, SU and ST to DIN 18196, and in some cases GU¥,
GT*, SU* and ST*, if the fine-grained proportion does not govern the be-
haviour of the soil in terms of pile bearing capacity. If in doubt, see (4).

(2) Soils meeting the following criteria are regarded as cohesive by the
EC 7-1 Handbook [44]:

a) In this standard, clays, clayey silts, silts and their mixtures with non-
cohesive soils are regarded as cohesive if the mass proportion of compo-
nents with grain sizes < 0,06 mm is greater than 40%. This corresponds to
the fine-grained soils of soil groups UL, UM, and UA, as well as TL, TM
and TA to DIN 18196.

b) Mixed-grained soils with a mass proportion of components with grain sizes
< 0,06 mm between 15% and 40% are also generally classified as cohesive
soils. This corresponds to soils in soil groups GU*, GT*, SU* and ST* to
DIN 18196, and in some cases GU, GT, SU and ST, if the fine-grained
proportion governs the behaviour of the soil. See (4).

(3) The designation of DIN 18196 of soil groups to the terms “non-cohesive”
or “cohesive”, which are also relevant to pile capacities to 5.4, is shown in
Figure 3.6 for normal cases.

(4) When assigning mixed-grained soils to either non-cohesive or cohesive
soils, not only the grain-size distribution and plastic properties but also the
regional geological formation history, e.g. pre-consolidation, must be taken
into consideration. Moreover, impacts on the bearing capacity of these soils
arising from pile installation, e.g. pile type, dynamic actions, water, etc. must
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Figure 3.6 Classification of soil groups to DIN 18196 to non-cohesive and cohesive soils,
for normal cases

be taken into consideration. For example, proven, glacially pre-consolidated
boulder clay may, in individual cases, be classified as a non-cohesive soil,
despite its cohesive character as stated in the EC 7-1 Handbook [44] and
DIN 18196. The prerequisite for this is the reliable, regional geological as-
sessment by the geotechnical expert. Additional information can also be found
in [39].

34 Pile Systems for the Execution of Excavations
and for Retaining Structures

3.4.1 General

(1) Piles are used to construct walls for excavation pits and for retaining walls.
After [26] differentiation is made between:

a) H-piles as soldier piles in soldier pile walls, which are driven, vibrated or
set in bores and;
b) cast-in place concrete walls with bored piles.

(2) In terms of flexural stiffness, soldier pile walls can generally be regarded
as flexible (according to [26]) and bored pile walls as stiff.

(3) Bored pile walls consist of adjacent bored piles. In addition to structural
loads these bored pile walls can carry both earth and water pressures.

(4) Bored pile walls can be used for temporary and permanent purposes.
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3.4.2 Pile configurations

(1) If bored pile walls are required to accept water pressures, the individual
piles must intersect each other (“secant pile wall””). The centre to centre dis-
tances at working level shall be such that with respect to anticipated unavoid-
able bore deviations sufficient pile intersection is ensured for the entire depth.

(2) “Contiguous bored pile walls” are used if only earth pressure and struc-
tural loads need to be transmitted. Local water seepage is discharged under
gravity. Additional drainage measures can be required.

(3) “Widely spaced bored pile walls” are suitable for (temporarily) stable
ground. The piles are arranged with clear spaces between them. The space
between the piles is stabilised by shotcrete or in-situ concrete. Local water
seepage is discharged under gravity, see (2).

3.4.3 Pile systems and special execution requirements

(1) All bored pile systems to 2.2.1 involving soil excavation, with the excep-
tion of partial displacement piles, are suitable for secant and contiguous bored
pile walls to 3.4.2 (1) and (2). For widely spaced bored pile walls partial dis-
placement piles to 2.2.1.4 and full displacement bored piles to 2.2.4 are also
feasible, assuming the distance between the piles is large enough to prevent
horizontal ground movement that could damage already installed piles.

(2) Drilling templates for guiding the casing or drilling tools shall be used to
maintain the drilling tolerances at the working level.

(3) Bored pile walls are mostly installed vertically. Raked pile walls can also
be installed in exceptional cases and require special measures to align the drill-
ing rig and the drilling tools.

(4) Pile alignment shall be monitored in case of high requirements on boring
precision. It is normally sufficient to survey the respective pile head and base
positions. Special devices such as rope inclinometers or ultrasonic-echo de-
vices are available for this purpose. Boring methods using continuous drill
strings often employ inclinometers integrated in the tools for monitoring and
documenting of the bore run during the boring process.

(5) If the deviations exceed an individually specified value, additional meas-
ures or corrections of the boring method shall be initiated. If the deviations of
walls subject to water pressure lead to gaps between the piles, they can be
sealed by grout injections, by installing additional piles or by jet grouting of
the gaps between the piles. If the deviations lead to the effect that piles project
into the final structure, or that load transfer is no longer assured, corrections or
changes of the boring method shall be considered.

(6) See [26] for more details on installing pile walls in sensitive soft soils.
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3.4.4 Design
(1) See [26] for the design of pile walls.

3.4.5 Reinforcement

(1) Piles are usually reinforced using reinforcing cages consisting of longitu-
dinal bars, horizontal links (spirals), stiffening rings and spacers. The reinforc-
ing elements should be robustly welded to each other. If the reinforcement is
installed after concreting, the cage can have a conical taper at the bottom.

(2) In special cases rolled steel sections are used.
(3) All piles of contiguous and widely spaced bored pile walls are reinforced.

(4) Of secant pile walls only the secondary piles are reinforced. Either every
second pile (1-1 system) or every fourth pile (1-3-1 system) is reinforced. The
unreinforced (primary-) piles act as fill piles or lagging. They form a horizon-
tal vault between the reinforced piles. Bending moments and shear forces are
transferred through the reinforced piles.

(5) In order to meet the reinforcement requirements stipulated in DIN EN
1536 large bar diameters should be preferred even for heavily reinforced piles.

3.4.6 Concrete

(1) The concrete used for the reinforced piles (secondary piles) shall meet the
criteria stipulated in DIN EN 1536. For the unreinforced primary piles special
concrete mixes with low strength at the time of intersection are recommended.
For large pile diameters in particular (> 0,80 m) the casing rig must exert ex-
tremely large driving forces if the concrete’s compressive strength exceeds
10 N/mm”.

(2) Smaller coarse aggregate sizes should be selected at the planning stage for
highly reinforced piles.

(3) If the reinforcement is installed subsequent to concrete placement, the
stability of the fresh concrete shall be assured, in particular, to prevent filtering
(bleeding) effects and the associated stiffening of the concrete prior to cage
installation.

3.4.7 Impermeability of bored pile walls

(1) During planning, the fact that bored pile walls are not technically imper-
meable shall be taken into consideration. The cutting shoe on the bottom cas-
ing has a slightly larger diameter than the casing (10 to 20 mm overbreak), to
prevent excessive friction between the casing and the intersected pile. When
intersecting the primary pile some debris is always transported into the joint
area and ground up. When concreting and simultaneously withdrawing the
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casing, some debris remains on the intersected concrete surface of the pri-
mary pile, forming as a separating layer between the hardened and the fresh
concrete. This separating layer can be hardened and partially sealed by
the penetration of filtered cement paste. However, even small relative move-
ments between individual piles, common when tensioning anchors or pre-
stressing struts, or during excavation at the latest, will necessarily lead to local
leaks.

(2) Even if running water is stopped by subsequent sealing works, bored pile
walls subjected to water pressure will normally remain wet. Assuming suffi-
cient ventilation and air exchange, this moisture penetration can be tolerated
even for permanent structures, without impairing their serviceability. If venti-
lation cannot be assured, visible wet patches must be anticipated. Very heavy
mould formation has been observed in most unfavourable cases.

(3) The “Bored Pile Guidelines” (Richtlinie Bohrpféihle [105]), published by the
Austrian Association for Concrete and Construction Technology (Osterreichi-
sche Vereinigung fiir Beton und Bautechnik), establish requirement classes for
watertight pile walls in terms of the achievable impermeabilities, as well as a
number of execution rules (construction classes). They are formulated on the
basis of the “Impermeable Diaphragm Wall Guidelines” (Richtlinie Dichte
Schlitzwdnde), by the same publisher, and can serve as a guide for the achiev-
able impermeability. They state that a single-shell construction can be used for
up to maximum 5 m of water head, for example for underground car parks,
where wet patches and water streaks are acceptable. Wet patches, and running
water discharges and streaks, must be anticipated for higher water heads. In
these cases twin-shell construction methods should be planned for the final
structure. Twin-shell methods are required in conjunction with bored pile walls
for higher purpose uses of a structure in its lower floors.

3.5 Piles for the Stabilisation of Slopes

(1) Installing rigid elements as dowels into a stable lower stratum of sliding or
creeping slopes and embankments, is one option for maintaining unstable soil
masses in position. As an additional remedial measure, or in combination with
such measures, for example counteracting surcharges, anchorages, nailing,
grouting and dewatering, steel sections, diaphragm wall elements or bored
piles can be employed as dowels.

(2) For the arrangement of such dowels the factors causing the sliding should
be considered and normally an open pattern should be chosen, i.e. single or
double rows downslope of the sliding mass (Figure 3.7). Pile rows in the direc-
tion of the sliding movement can also be useful given the specific conditions.

(3) The loads imposed on the dowels as approximately rigid elements result
from the movement of the sliding mass above the stable lower stratum.
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Figure 3.7 Example of dowel pile configuration within a sliding mass

Because the axial distances of the rigid, individual pile elements are mostly
greater than twice their diameter, no interlocking effects within the ground will
develop which would allow a design approach based on earth pressure theo-
ries. Accordingly, the flow pressure resulting from the movement of the sliding
mass acts as the maximum possible load on the dowels. This load is transferred
by a rigid dowel via a movement (rotation) and bending through its restraint
into the stable stratum, see Figure 3.8.

(4) Analysis approaches for slope stabilisation and dowelling measures can be
found in [9], [21], [22], [43], [81] and [134], for example.

Figure 3.8 Dowel loads from downhill forces

3.6 Use of sacrificial Linings

(1) Regulations on the necessity of sacrificial linings in aggressive ground or
ground subjected to strong groundwater flow are included in Sections 7.1.3
and 7.1.4 of DIN EN 1536:2010-12. Section 7.7.4 deals with the concrete
cover inside linings. The necessity for, and configuration of, linings in soft
strata, in which soil can accidentally enter the bore or concrete be discharged
from the bore into the soft strata, are dealt with in Sections 8.4.1.14 and 8.4.5.
In addition, linings can also be employed to reduce either negative or positive
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skin friction transfer in certain soil zones or depths, or to limit the impacts on
existing subterranean structures, for example (see Figure 3.9).

(2) Reduction or elimination of the transfer of skin friction is a complex task
and mostly only possible to a limited extent. Preventing the uncontrolled pene-
tration of soft ground into the fresh concrete column of the pile, or the dis-
charge of concrete into soft strata on the other hand, can be achieved reliably.
Mostly, single or double linings, with or without anti-friction layers or empty
annuli, are employed for this purpose (Figure 3.10).

Embankment fill
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] Load-bearing layer L., | 3
y I:I ] Load-bearing layer

-

Figure 3.9 Examples for installation of sacrificial linings [79] a) Reduction of positive load
transfer to existing underground structures; b) Reduction of negative skin friction or pre-
vention of uncontrolled penetration of soft ground into the fresh concrete column of the
pile, or discharge of concrete into soft strata
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Figure 3.10 Sacrificial lining systems for bored piles (examples, after [79]: a) Single
lining with sealed annulus; b) Single lining with coating, without sealed annulus; c) Double
lining without sealed annulus

45



(3) Where bored piles are constructed with the aid of a support fluid, the in-
stallation of sacrificial linings, the sealing of the annulus between the wall of
the bore and the lining against rising concrete, and filling with soft material,
can be reliably achieved. It can be difficult for piles constructed with casings,
and is impossible for CFA piles.

(4) If it is necessary to reduce skin friction, the filling of the annulus with soft
material can also be problematic, because even soft material is capable of
transmitting large friction forces because of its bond to the lining and the
neighbouring ground. In such cases it is more favourable to install an open
annulus around the lining or to employ double sleeves. See [79] for more de-
tailed information and the results of comparative investigations.
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4 Actions and Effects

41 Introduction

(1) The actions on pile foundations are differentiated into:

— foundation loads, e.g. imposed by the structure, see 4.2;

— geotechnical actions; in particular actions imposed by the ground, e.g.
negative skin friction (see 4.4), lateral pressure (see 4.5) and bending cau-
sed by settlement (see 4.6);

— common cyclic, dynamic and impact actions in the sense of DIN 1054:
2010-12, A2.4.2.1, A(8a), e.g. caused by standard loading on traffic areas
or from site operations, and taken into consideration as variable static ac-
tions, see 4.2;

— considerable cyclic, dynamic and impact actions in the sense of DIN 1054:
2010-12, A2.4.2.1, A(8b), e.g. resulting from jolts due to collisions, con-
cussions, air- or water-borne pressure waves or machinery vibrations, see
4.2,59and 13.2.

(2) All characteristic actions mentioned in (1) lead to effects which must be
accepted by the piles via the external and internal pile capacity, see Section 6.

(3) For the analysis of pile loads and internal forces the values of the deter-
mined effects Egx, Eqx and Eq ., on the piles are introduced as the actions Gy
and Qqep.

(4) With reference to the EC 7-1 Handbook [44], the effects resulting from
variable actions are designated by Eq,, regardless of whether a combina-
tion factor has been adopted or not. However, the designation Eq) without

the index “rep” is also permissible if no combination factors have been adopt-
ed.

(5) For structural analysis, for example when determining the effects in the
pile capping slab or in the framework and slab structures of the superstructure,
the piles shall be considered as displacement-dependent resistances. This dis-
placement dependent resistance is often modelled by adopting equivalent
springs at the pile locations. The (equivalent) spring stiffness of the respective
pile can be determined from the resistance-settlement curve for the governing
displacement or loading condition, see 6.4.1 (3). In terms of the computed pile
displacement and loading conditions, the results of the structural analysis shall
be examined for consistency with the equivalent spring stiffness assumptions.

(6) The resistance-settlement behaviour of pile groups can be influenced by
pile group effects. Accordingly, pile location-dependent equivalent spring stiff-
nesses should be adopted as a function of the three-dimensional orientation of
the piles in the group (Section 8), if a governing influence is to be anticipated.
It can also be necessary to adopt different spring stiffnesses within a pile group
in heterogeneous ground conditions.
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(7) It is normally understood that pile settlements resulting from pile self-
weight have either ceased or become negligible once the superstructure is
erected. The self-weight of tension piles may be taken into account as outlined
in8.1.2 (2).

(8) Also see [26] for pile structures used to support excavations (3.4).

4.2 Pile Foundation Loads Imposed by the Structure

(1) The EC 7-1 Handbook [44] states that actions and effects imposed on the
piles by structures (foundation loads) are derived from the analysis of the sup-
ported structures carried out with the applicable regulations and standards. For
economical geotechnical design, actions and effects shall be provided by the
structural engineer as characteristic or representative actions and effects at the
top of the foundation structure for each decisive combination of actions in the
governing design situations:

— for the ultimate limit state (ULS) and;
— for the serviceability limit state (SLS).

(2) For pile foundations, it is also permissible to directly adopt the design
value of the total effect E; when analysing the piles in the ultimate limit state.

(3) The foundation loads and the geotechnical actions can lead to the follow-
ing characteristic or representative actions on the piles:

— Fgx  aspermanent, axial actions;

— Fqorp asrepresentative, axial actions;

— Hgyx as permanent actions lateral to the pile axis;

— Hguep asrepresentative actions lateral to the pile axis;

— Mgk as moments resulting from permanent actions;

— Mgy as moments resulting from representative actions.

(4) DIN 1054:2010-12, A2.4.2.1 differentiates between common cyclic, dy-
namic and impact actions, normally associated with the characteristic, variable,
static actions Fq,ep, Horep and Mo, as mentioned in (3), and considerable
cyclic, dynamic and impact actions, which must generally be considered sepa-
rately as outlined in 5.9 and 13, also see 4.1 (1).

4.3 Installation Effects on Piles

(1) Effects of varying magnitudes on piles are to be anticipated as a result of
the installation process. Transport and storage of prefabricated driven piles
impose additional effects.

(2) Information on installation effects can be found in DIN EN 1536,
DIN EN 12699 and 11.2 and 11.3.

(3) The existence of governing installation effects, which must be taken into
account in pile design, shall be considered on a case basis.
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4.4 Negative Skin Friction

4.41 Introduction

(1) Negative skin friction in piles is to be regarded as a permanent action F,,
originating from relative axial movement between the ground and the pile,
when the ground settles more than the pile. This relative movement is gener-
ally initiated by settlement of a soft stratum, which can be the result e.g. of
surcharges, consolidation processes or groundwater table fluctuations. The
self-weight of the settling stratum and of the overlying strata act on the pile via
skin friction. This skin friction acts counter to the skin friction from the pile
settlement and is therefore known as negative skin friction.

(2) The pile continues to settle until the actions from negative skin friction 1,
together with the actions imposed on the pile by the superstructure, and the pile
resistances resulting from the pile end bearing capacity and supporting skin
friction g, are in equilibrium. Figure 4.1 shows these relationships for two cases:

— For small effects F, resulting from structural loads and thus small pile set-
tlement s,, and large negative skin friction effects F,, the depth influenced
by 1, is great.

— Reciprocally, a large effect F,, leads to large pile settlements and thus to
activation of positive skin friction g as a result of relative movement be-
tween the ground and the pile.

The following details are taken primarily from [54].

(3) The boundary between numerically positive and negative skin friction is
known as the neutral point, see [37] and Figures 4.1 and 4.2.
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Figure 4.1 Qualitative relationships between pile resistances and effects from structural
loads, and negative skin friction in homogeneous ground, and the definition of the neutral
point, from [59]. Note: shown is the change of the axial load of the pile.
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(4) In the partial safety factor approach the negative skin friction is generally
defined as a permanent action on pile foundations, leading to an additional
effect on the piles.

4.4.2 Determination of the characteristic action
from negative skin friction

(1) An appropriate estimate of the pile’s negative skin friction 1,y requires
information on:

— pile settlements with depth;

soil strata settlements with depth;

the resulting relative movements and

— any mobilisation functions of t,x and qgsx.

(2) Two principle approaches for deriving the characteristic negative skin fric-
tion T, are given in the literature dealing with negative skin friction:

— Using total stresses for cohesive soils
Tn,k = (X‘.Cu,k (41)
where:

o factor for specifying the value of the characteristic negative skin friction
for cohesive soils;
cux characteristic value of the shear strength of the undrained soil.

Depending on the soil type and pile type the factor o generally ranges between
0,15 and 1,60, whereby o =1 is often adopted in approximation, which is
generally recommended for cohesive soils.

More detailed information on the value of o can be taken from [13], [31], [36],
[59], [83] and [145].
— Using effective stresses for non-cohesive and cohesive soils:

T« =K, -tan@; -0] =B-c/ 4.2)
where:

o', effective vertical stress;

Ky coefficient of at-rest earth pressure;

¢} characteristic value of the friction angle;

B factor for specifying the value of the characteristic negative skin friction
for non-cohesive and cohesive soils.

According to the literature the factor B generally ranges between 0,1 and 1,0,
depending on soil type, e.g. see [13], [14], [31], [36], [59] and [83]. For non-
cohesive soils = 0,25 to 0,30 is often used.

(3) There is no reliable information on whether 1, changes with time depend-
ing on the consolidation status of the soft stratum in the around the pile.

50



(4) A non-cohesive fill overlying a soft stratum can, by calculation, lead to
extremely high effects on the pile resulting from negative skin friction. The
resulting characteristic effect should therefore not be adopted at greater values
than the weight of this stratum within the piles’ zone of influence. However,
this rule only makes sense when applied to a group of closely spaced piles.

(5) DIN 1054 mentions that the negative skin friction 1, is not to be expected
to be greater than any positive skin friction ¢,y in similar ground conditions.
This assertion in the standard should be expressly confirmed or be modified
for the specific project by the geotechnical expert or the geotechnical designer
in the Geotechnical Investigation and Design Reports, because the positive
skin friction normally represents lower, conservative values and thus T,y > qsx
is also possible as an action.

(6) Negative skin friction affects the pile down to the neutral point. In reality, a
transition zone exists between negative and positive skin friction, whereby the
transition is assumed to be linear. It is referred to in [37] as the neutral zone.
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Figure 4.2 Model of negative skin friction and activation of pile skin friction as a function
of the angle of intersection y of the settlement curves for a) rigid pile and b) elastic pile,
after [37], from [54]
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Accordingly, skin friction is not fully mobilised within this transition zone. The
length of the neutral zone as shown in Figure 4.2 depends on the relative move-
ment between the pile and the ground. The smaller the angle y between the
intersecting settlement curves, the longer is the transition zone from negative to
positive skin friction.

(7) For practical analysis the neutral point may be adopted in approximation
between 1, and g5, without a transition zone. The largest axial strain of the pile
occurs at this point, because the total load is increased by the downward ac-
tions resulting from negative skin friction. No load is transferred to the ground
until this point, because no pile resistance is mobilised, see Figure 4.1. More-
over, the pile settlements at the neutral point coincide with the settlements in
the surrounding ground.

(8) For end bearing piles the neutral point is near the pile base. The neutral
point of a long friction pile, in contrast, is often above the middle of the pile.

(9) The actions on the pile resulting from negative skin friction can form a
capacity reserve for the external pile resistance. An additional action resulting
from structural loads can thus reduce the negative skin friction, instead of
increasing utilisation of the pile resistance. On the other hand this means that,
due to this reduction, the negative skin friction can represent an external pile
resistance reserve, similar to a prestressing of the ground.

(10) To determine the depth of the neutral point, and thus the value of the
characteristic action F,(SLS) in the serviceability limit state it is recom-
mended to normally determine the deformations Sg;ounq Of the ground surround-
ing the pile for the final situation and using characteristic values, i.e. taking
consolidation and creep deformations into consideration.

Comparing the deformations resulting from pile settlement sp;, and the settle-
ment of the surrounding soft stratum Sg.ua gives the location of the neutral
point.

(11) In order to determine the neutral point, and thus the characteristic action
F,x(ULS) in the ultimate limit state (“external” pile capacity), it is recom-
mended to specify the pile settlement s, = sy in the ultimate limit state in ac-
cordance with Section 5, depending on the method selected to determine pile
capacity.

Comparing the deformations for s, = s, with the settlement of the surround-
ing soft strata Sgoung gives the location of the neutral point for the ultimate
limit state, which can be located at a different depth than in the serviceability
limit state.

(12) In reality, the estimated pile settlements in the ultimate limit state do not
occur for the actually acting loads (characteristic actions). Ultimate limit state
analyses are therefore performed on the basis of an imaginary deformation
state.
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4.4.3 Determination of the design values of actions or effects
and method of verification

(1) When allocating the action of negative skin friction to a load case it is
recommended to allocate it to the persistent design situation DS-P, if the nega-
tive skin friction continues to exist throughout the pile's functional lifetime and
the deformed soft stratum remains as a permanent action around the pile, even
after settlements of the soft stratum have ceased.

(2) When analysing the ultimate and serviceability limit states, the cases given
below in (3) and (4) have to be differentiated in conjunction with the pile ef-
fects resulting from negative skin friction.

(3) “External” pile capacity:

a) Serviceability limit state (SLS): the characteristic action F,x(SLS) and the
location of the neutral point have to be calculated by the deformation behav-
iour associated with the pile settlement sp;. and the settlements in the soft
stratum Sgroung- The design value of the effects is:

Fqg=Fi=Fgy + Foy(SLS) + Forep 4.3)

b) Ultimate limit state (ULS): the characteristic action F, x(ULS) and the loca-
tion of the neutral point have to be calculated by comparing the deformations
associated with the pile settlement s, = sy and the settlements in the soft stra-
tum Sground- The location of the neutral point is normally higher than in the
serviceability limit state, because the imaginary pile settlement s, is greater
than s(SLS) (except for piles on rock, for example). The design value of the
effects is:

Fd = (FG,k+ Fn,k(ULS)) “YG + FQ,rep ! YQ (44)
(4) “Internal” pile capacity (structural analysis):

Analysis is usually done for the ultimate limit state (ULS) adopting the actions
resulting from negative skin friction in the serviceability limit state F, (SLS)
for pile settlement s(SLS) after Paragraph (3) a).

(5) Appendix B8 contains an example for consideration of negative skin fric-
tion for piles and the course of calculations.

4.4.4 Skin friction as a result of heave in the vicinity of the pile

(1) Piles can also be subjected to additional effects as a result of heave in the
vicinity of the pile. For example, such effects can occur if a structure to be
founded on piles is built within an excavation and the piles are installed prior
to final excavation. During the subsequent excavation process the piles are
additionally subjected to tension as a result of discharge caused by the excava-
tion and the associated ground heave, see Figure 4.3.
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(2) The zone of greatest tension or strain (neutral axis) is generally located in
the middle third of the pile length.

(3) The value of the strains depends on the heave, i.e. excavation discharge
and ground stiffness, as well as pile length, pile distances and arrangement,
and can be estimated e.g. using numerical analyses.

Monitoring of bored piles showed that strains can occur up to around 0,3%o,
see [99], which could exceed the numerical yield limit of the pile concrete.

(4) It must be taken into consideration that the tensile pile stresses in the situa-
tion shown in Figure 4.3 are normally compensated again by gradually devel-
oping compression by subsequently imposed structural loads.
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Figure 4.3 Example of effects on piles imposed by heave in the vicinity of the pile; here:
as a result of subsequent excavation within the construction pit

4.5 Lateral Pressure

4.5.1 Introduction

(1) Ground movements in soft, cohesive strata impose actions lateral to the
pile axis and resulting bending effects. Examples of this type of action are
shown in Figure 4.4. Lateral pressure on piles [34] often occurs in the backfill
of abutments with pile foundations. Among others, here the size of the action
depends on the magnitude and speed of the ground movement, on the pile
stiffness and on the geometrical boundary conditions.

(2) Lateral pressure effects on piles can be present, regardless of ground strati-
fication, if the:

— piles are arranged for stabilisation within a slope or
— piles are foundation elements supporting a retaining structure.
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See 3.5 for details of pile foundations used for slope stabilisation (e.g. dowels).

See 4.7 for details of effects on foundation piles of a retaining structure (e.g.
abutment foundations.

For the following considerations it is understood that lateral pressure on piles
is primarily caused by the flow of generally soft, cohesive soils around and
lateral to the pile axis. This leads to lateral loads on the pile as an action im-
posed by the ground, see 4.1.

(3) See 4.6 for details of actions on raked piles (settlement bending).

(4) Appendix B10 contains an example of piles subjected to lateral pressure.

a) b)

Excavation
Structure
/ : / P [
Softsoil ¢ I / ‘
. Soft soil DI |
Load bearing Load bearing
ground ground

Figure 4.4 Examples of the causes of lateral pressure on piles; a) resulting from fills,
b) resulting from excavations, from [59]

4.5.2 Necessity for design of piles for lateral pressure

(1) If cohesive soils are present, in particular normally or slightly overconsoli-
dated and of soft or even more unfavourable consistency, and lateral pressure
on the piles as a result of geometrical or load-related boundary conditions
cannot be ruled out, the additional actions resulting from lateral pressure must
be analysed as outlined in 4.5.3 and 4.5.4.

(2) The necessity of designing piles for lateral pressure can be estimated with
the aid of a global failure analysis according to DIN 4084, adopting the partial
safety factors from the EC 7-1 Handbook [44] for design approach GEO-3.
The procedure is as follows:

— Global failure analysis on the “decoupled system” see Figure 4.5b.

— The design earth pressure E4 imposed on the support structure is adopted as
a system support as shown in Figure 4.5, whereby any variable action is
disregarded, because it would increase the support force.
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— The analyses are generally performed adopting the shear strength ¢, 4 of the
undrained soil of the soft strata.

Depending on the utilisation factor p of the design resistance, an estimate of
whether the deformations in the soft strata can lead to lateral pressure effects
on the piles can be made, see (3).

(3) If the limit values compiled in Table 4.1 for the utilisation factor p are
adhered to, pile design for lateral pressure may be dispensed with. Otherwise
design is to follow (4) and (5).

(4) If the limit values for the utilisation factor p given in Table 4.1 are ex-
ceeded, or if conditions are as outlined in Paragraph (1), the action resulting

a) b)
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R R R RS,
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Figure 4.5 Investigation of the necessity for pile design for lateral pressure; adoption of
support force when analysing general stability to DIN 4084 a) System; b) decoupled
system

Table 4.1 Limit values for the design resistance utilisation factor p for general stability
according to DIN 4084 on the decoupled system

n soft strata, imposing a lateral pressure on the piles
0,80 cohesive soils to Para. (1)
0,75 soils with high organic content, where V> 15% and w > 75%,
e.g. tidal mud, peat, etc.
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from ground movements lateral to the pile axis has to determined by the fol-
lowing both approaches

— the characteristic flow pressure pgy and
— the characteristic resulting earth pressure Aey.

(5) The governing factor is the respective smaller total force resulting from
lateral pressure on the piles, whereby the effect resulting from flow pressure
Pry and the resulting earth pressure AEy, respectively, are determined over the
entire height of the action, see Figure 4.6. The minimum total effect always
represents the governing action for each pile, even if one of the lateral pres-
sures mentioned in (4) is lower in some pile sections than in others.

resultant
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Figure 4.6 Governing total effect from resulting earth pressure or flow pressure (example)

4.5.3 Determination of the characteristic action
from flow pressure

(1) It is assumed that the shear strength of the ground is fully used and the
plasticised ground flows around the pile.

(2) Based on [157], the value of the characteristic action resulting from flow
pressure as a linear load lateral to the pile axis is:

Prk=7 " Ma: Cuk -8 bzw. 7 M, Cyx - Ds 4.5)
where

a,  pile width normal to the direction of flow for a square cross-section or
D, pile diameter for a round cross-section;
M. calibration factor for the pile arrangement as shown in Figure 4.7.

The increase in the flow pressure in pile groups should be taken into con-
sideration as dictated by the arrangement of the pile group after [155], see
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Figure 4.7 Calibration factor n, as function of the pile arrangement, after [155]

Figure 4.7. The possible flow directions are estimated on the basis of the geo-
metrical situation.

In pile groups the full flow pressure shall be adopted on each group pile, unless
the piles are placed unusually close in the direction of the force.

4.5.4 Determination of the characteristic action
from the resulting earth pressure

(1) An additional limit value for the lateral pressure effect is estimated using
the following earth pressure approach [34], which is however not based on a
real deformation state (Figure 4.8). Earth pressure and passive earth pressure
are determined for an imaginary, vertical wall in front of and behind the pile
group. The structure-ground interface friction angle d is adopted in approxima-
tion as zero. A reduction in the earth pressure effect by shielding, e.g. by rear-
ward horizontal spurs or projecting pile capping slabs, may not be taken into
consideration. The earth pressure components are determined as planar earth
pressures.

(2) The characteristic, resulting earth pressure Aey is calculated as the differ-
ence between the active earth pressure e, and the passive earth pressure e
on the imaginary, vertical wall.

Ae, =¢,, —¢, (4.6)
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Figure 4.8 System and earth pressure approach

(3) The characteristic active earth pressure is calculated using either:
— the shear parameters of the undrained soil for the initial state;

Sk =Y Z2+Ap, —2-¢c,
— the effective shear parameters for the final state;

ea,k =(’Y'Z+Apk).Kagh_2'CIZ' Kagh

— or, for partially consolidated states, using:

ea,k :(YZ+UL .Apk).Kagh +(1_Ug)Apk _2Cl: : Kagh

where:

Y  unit weight of soft stratum, whereby in place of y for saturated soils

Y. is adopted above the groundwater table and
Y below the groundwater table;

(4.7)

(4.8)

(4.9)

Apy stresses resulting from a surcharge or other actions generating flow

forces;
U. degree of consolidation in the soft strata as a result of Apy.

(4) The characteristic surcharge Apy can comprise self-weight components,
e.g. resulting from an abutment backfill, live loads or other actions generating

flow forces; Apx may be regarded in approximation as a permanent action.

(5) The characteristic passive earth pressure is determined for all consolida-

tion states after (3) approximately as:

S =y-z-Kpgh

(4.10)

adopting K., = 1,0, in order to ensure the compatibility of the deformations. If
the ground level is sloping down on the passive earth pressure side, an appro-
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priately idealised, horizontal ground level can be adopted as the reference level
for the z ordinate for the calculation of the passive earth pressure. In saturated
soils y is replaced by:

v: above the groundwater table and

vy below the groundwater table.

(6) The magnitude of the characteristic action resulting from pressure lateral
to the pile axis and acting as a linear load on the pile is given by the character-
istic resulting earth pressure Aey and the width of influence b:

Pex =b-Ae,  [kN/m]. (4.11)

The width of influence b of Aey on the individual pile is selected as the mini-
mum of one of the following conditions a) to d):

a) the mean pile distance square to the direction of the force as shown in Fig-
ure 4.7;

b) three times the pile width a, or three times the pile diameter Dy;

c¢) the thickness of the stratum generating the lateral pressure;

d) the overall width of the pile group divided by the total number of piles.

(7) Moreover, it should be checked with Eq. (4.12) whether the effect on the
individual pile in a pile group containing ng piles, with pile centre to centre
distances <4 - a; or <4 - D, becomes greater than calculated with Eq. (4.11),
which would then be governing, (see [50]):

Pey =[(B"+3-a,)-k-Ae, ]/ng or
[(B'+3-D,)-k-Ae,]/n; [kN/m] (4.12)
The designations used in Eq. (4.12) are taken from Figure 4.9.
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Figure 4.9 Coefficients k for distributing the lateral pressure among the individual piles of
a pile group, after [50]
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(8) If the minimum action d), given in Paragraph (6), is governing, of exten-
sive pile groups only those piles shall be taken into consideration which are
within a length in the direction of the resulting earth pressure corresponding to
1,5 times the height of the stratum generating the lateral pressure.

(9) The distance between the pile foundation and the action causing the lateral
pressure can be considered in accordance with 4.5.5.

4.5.5 Influences of distance and minimum moments

(1) If piles or a pile group are at a greater distance | from an action generating
a lateral pressure, e.g. a fill as shown in Figure 4.10, an approximate lateral
pressure effect after [S0] must be taken into consideration in accordance with
2).

(2) For more distant piles the characteristic lateral pressure effect after 4.5.3
and 4.5.4 may be reduced in accordance with Table 4.2 and the boundary con-
ditions shown in Figure 4.10.

Table 4.2 Influence of distance on the magnitude of the characteristic lateral pressure
effect, after [50]

Distance | [m] 10to 15 251040

Thickness of soft soil layer h, [m] 15-30 5-15 15-30 | 5-15

Reduction of resulting earth pressure to % 10-20 | 5-15 5-15 5
TTENEN AN A

S Fl H L-j"\ F

- - hll’

Figure 4.10 System data for distance influence
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Figure 4.11 Characteristic minimum bending moment, after [50]

The data in Table 4.2 are with reference to the front piles in terms of the direc-
tion of the lateral pressure, whereby it is assumed that the spacing is a<4 - a
or a <4 - Dy referred to the pile centres

(3) If lateral pressure after 4.5.2 needs to be taken into consideration, a charac-
teristic minimum bending moment after Figure 4.11 resulting from lateral
pressure should be taken into consideration in pile design for all directly af-
fected and also for more distant piles. Balancing compression forces may not
be adopted in this case.

4.5.6 Effects on piles

(1) The characteristic effects square to the pile axis resulting from lateral
pressure can be calculated from the actions determined in 4.5.1 to 4.5.5 acting
on bars with point-bearings or using the subgrade reaction modulus method.

(2) The design effects result from the characteristic effects using the govern-
ing partial factors.

4.6 Additional Effects on Raking Piles Resulting
from Ground Deformations

4.6.1 Introduction

(1) Raking piles installed in areas comprising strata sensitive to settlements
are often deformed in the course of construction by the settlement imposed by
the placement of fills or other, additional surcharges. This imposed deforma-
tion causes additional effects in the raking piles in the form of settlement-
induced bending effects (‘settlement bending’).
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(2) Examples of actions causing settlement bending in raking piles are shown
in Figure 4.12. The actions resulting from flow pressure or the earth pressure
difference after Eq. (4.5) or (4.6) for the vertical surcharge components are in
approximation determined for each pile’s zone of influence of 3D; < 3 m < pile
distances. However, the component acting normal to the pile axis cannot be-
come greater than the flow pressure determined using Eq. (4.5).

(3) Settlement bending in raking piles must be taken into consideration appro-
priately when analysing pile capacity.

(4) It is imperative that shear forces are adequately transferred in the pile
connection to the superstructure.

Figure 4.12 Actions on raking piles

4.6.2 Surcharges resulting from anchoring steel and micropiles

(1) Anchorages utilising steel piles and micropiles represent a special applica-
tion of raking piles in accordance with 4.6.1. Depending on the kind of the
structure, the ground and the installation method, ground deformations can
occur which often cause significant additional strains in anchorages as result of
the downdrag effects between the ground and the anchorage. Some examples
of imposed deformations are shown in Figure 4.13. In addition to sufficient
bearing capacity, the durability of the anchorages must also be ensured taking
the surcharges into consideration.

(2) Grouted micropiles are predominantly used when anchoring of existing
structures and penetrating obstructions is necessary. Typical anchoring ele-
ments for new structures are steel beams, installed as foldable anchors, grouted
driven piles (RI piles) and steel beams of uniform section. These two systems
are always differentiated when designing anchorages.

(3) With regard to steel beams, monitoring of backfilled quay walls has shown
that pile deflections up to approximately 30 cm to 50 cm can occur as a result
of the hydraulic filling process and/or the installation of deep foundation ele-
ments. With a limit bending of L/30, a value covering the usual installation
impacts is recommended. L is the pile length from the pile connection to the
base of the settlement-prone stratum. Only 70 % of the design capacity may be
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adopted to cover the imposed surcharge effects. Design is carried out for the
axial force only, taking into consideration a reduced ultimate bearing capacity
after Eq. (4.13). Also the anchor connection and all individual components
must be designed for the reduced ultimate bearing capacity.

<0,70 (4.13)

Consolidation settlements Ground deformations caused by the soil
filling process

Ground deformations caused by sheet pile
wall deflection

Block bearing behaviour Heave caused by load relief

Figure 4.13 Situations where additional strain is caused on steel piles resulting from
ground deformations, examples
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Because elastic strain is already exceeded given a deflection of 50 cm lateral to
the pile axis, permanent strains can occur in both the pile and the pile connec-
tion area. It is therefore recommended to reduce the ultimate bearing capacity
of low-ductility components (e.g. welds) to 60% after Eq. (4.14).

(o)
B <0,60 (4.14)

Owrd

(4) The durability of post-grouted micropiles is ensured by the steel tendon’s
corrosion protection, normally the grout body. Pile deflection as result of
ground movements can therefore endanger durability. Experience on quay
walls in northern Germany has shown that deflections should not exceed
L/100, with L being the pile length from the pile connection to the base of the
settlement-prone stratum. Elastic design is then carried out for the axial force
only, taking into account a reduced ultimate bearing capacity after Eq. (4.15).
High-strength steel, where there is generally little separation between elastic
strain and elongation at failure, is commonly employed for the steel tendons of
composite piles. For this reason, the “elastic-elastic” analysis method shall
always be adopted to analyse this anchoring system. The anchor connection
and all individual components must also be designed for the reduced ultimate
bearing capacity. The formation of a hinged connection is recommended.

(o
B4 <0,85 (4.15)

Orgq

(5) If steel beams are used where excessive bending is involved, all action ef-
fects resulting from the respective surcharges must be determined for a more
detailed design. The plastic cross-sectional and system reserves can be consid-
ered in this case and the yield strength is adopted for this purpose. The strain
shall not exceed 5 % for a usual failure strain of approximately 20—25 %. It shall
be checked that mentioned failure strains are applicable for the selected steel.

(6) Structural design specifications must be given. When forming a hinged
pile connection care shall be taken that a hinge can form without other struc-
tural elements failing. Pile bending always results in an increase in the axial
force as a consequence of the change in length. In some circumstances this is
compensated for by the flexibility of the pile head. Particular attention on this
effect is required when post-anchoring. The pile axial force decreases from the
anchor connection to the anchor toe. Pile joints should therefore be located as
deep as possible.

4.7 Foundation Piles in Slopes and at Retaining Structures

4.7.1 Foundation piles in slopes

(1) If piles are installed in an existing, sufficiently stable slope, a lateral pres-
sure effect is not anticipated as long as the ground’s stress state is not unfa-
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vourably altered by pile installation or subsequent actions, e.g. additional sur-
charges near the top of the slope, or downslope excavations.

(2) If the slope is not sufficiently stable or the ground’s stress state is unfa-
vourably altered by subsequent actions, the resulting lateral effect on the piles
must be taken into consideration. Its magnitude depends on the relative move-
ment between the ground and the piles.

(3) If the utilisation factor p <1 in the slope’s global stability analysis is ad-
hered to for the BS-P design situation after the EC 7-1 Handbook [44], experi-
ence shows that the ground deformations remain small and it is sufficient to
adopt the active earth pressure as the lateral pressure. The following is adopted
for calculating the zone of influence B of the earth pressure effect on each pile
of the respective foundation:

a) for closely spaced piles
B=(B' +3Dy)/ng (4.16)
where:

B' distance between the centres of the outer piles of the pile group;
ngnumber of piles in the pile group;
Dypile diameter or a; for square piles.

b) for piles with larger spacing normal to the dip:
B=3D;<3m (4.17)

c) or, if the influence of shear strength on the arching effect is taken into con-
sideration after [17]:

B=DyK, (4.18)
where:
K,earth pressure coefficients for § = 6 = 0°.

If in doubt the smallest of the values a) to ¢) has to be selected.

The earth pressure effect shall be adopted for the pile length above the govern-
ing slip surface as identified in a global stability analysis.

(4) If the slope’s allowable utilisation factor is exceeded or if large relative
movements between the ground and the piles are anticipated as a result of
time-dependent ground deformations, e.g. “creeping slopes”, a lateral pressure
or downhill force (slope shear) on the piles must be adopted. The magnitude of
this action shall be determined such way that the supporting effect of the piles
guarantees global stability, i.e. reduces the utilisation factor to the value to be
adhered to.

(5) In addition to the simplified approaches outlined above, 3.5 must also be
observed.
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4.7.2 Foundation piles at retaining structures

(1) If an abutment or a retaining wall founded on piles is backfilled, stress
alterations in the ground below the wall towards the unloaded side are caused
by the one-sided surcharge. This reduces the ground reaction in the upper
region of the pile.

(2) The piles are generally subjected to a lateral pressure near the original
ground surface, because the passive earth pressure is smaller than the actions.

(3) A pile support by the ground through subgrade reaction is only present at
greater depths. The limit depth, i.e. the level above which the piles support the
ground and experience horizontal loading, which they transfer to the ground in
the zone below this level, can be determined using two methods as illustrated
in Figure 4.14:

a) by global stability analyses, whereby the failure surface displaying the
necessary stability or adhering to the allowable utilisation factor is govern-
ing, or

b) in simplification, by comparing the characteristic earth pressure in the
planar case, whereby the active and passive earth pressure angles can be

a) b)

7T,

Backill

e,
%

4
///\

Fill
aw W
l Clay
Sand
l (1) — — Failure surface for active and
passive earth pressures
- Support iine
@ Overall stability analysis (GEO-3)

Figure 4.14 Piles at retaining structures, a) system, b) determining the limit depth with
loading and supporting stresses; E, to E,, E_: forces in the decoupled system, see Fig-
ure 4.5
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estimated using a pressure line to DIN 4084 (guide values: 8, = +2/3 ¢/,
8, = —1/3 ¢'), and the supporting characteristic passive earth pressure may
only be taken into consideration at 50% in terms of deformations.

(4) Below the governing slip surface or where the mobilisable characteristic
passive earth pressure exceeds the characteristic active earth pressure, the piles
can be regarded as supported by the ground and a characteristic elastic support
can be adopted, whereby the calculated contact stresses may not exceed any
possible ground resistance, see the EC 7-1 Handbook [44] and 6.3.2 (1).

If the piles are also within the zone of influence of a downward slope, the
influence of the inclination must be taken into consideration when determining
the passive earth pressure and the modulus of subgrade reaction.
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5 Bearing Capacity and Resistances of Single Piles

5.1 General

(1) The ultimate and serviceability limit state analyses for pile foundations are
dealt with in Sections 1.2.3 and 6.

(2) Guidance and recommendations on determining pile resistances using
different methods are given below. In addition, the peculiarities of each of the
different analyses are described.

(3) It is pointed out that, as outlined also in the EC 7-1 Handbook [44], com-
mon German practice, in use for decades, for calculation of the pile resistances
does not permit purely geotechnical methods, which utilise the shear strength
or the stiffness modulus of the soil as input parameters, e.g. models of the
bearing capacity at the pile base.

(4) Regardless of (3), it is within the permissions given in the general princi-
ples of the EC 7-1 Handbook [44] to allow analysis methods for determination
of pile resistances for certain, distinct applications, if they are calibrated
against pile test results under conditions comparable with the proposed appli-
cation. This applies particularly to the increasing use of numerical methods,
e.g. the finite-element method, see 5.11. However, realistic modelling of pile
installation, e.g. of bored and displacement piles, and the associated alterations
to the ground around the pile, has proven difficult.

(5) Because generally accepted methods for analysing pile resistances are not
yet developed, the EC 7-1 Handbook [44] requires that pile resistances shall
normally be determined on the basis of pile test results. It is also permissible to
determine axial pile resistances on the basis of empirical data (5.4), which
should, however, also be derived from pile load tests.

(6) In terms of load application, pile load tests can be differentiated into:

— static (Section 9) pile load tests and
— dynamic (Section 10) pile load tests.

(7) Pile load tests can be performed for a various purposes, ¢.g.:

— to determine the external capacity of single piles or pile groups, to define
the basis of the design;

— to check the basis of the design;

— to check the suitability of a pile system in terms of the prevalent ground
conditions;

— to verify adherence to given governing displacement limits in terms of the
serviceability of structures;

— to check the internal capacity of piles;

— to test the quality of the execution.
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(8) Load tests shall be carried out in particular if:

— insufficient experience is available in terms of the pile execution methods
or the prevalent ground conditions;

— highly variable ground conditions are encountered or;

— new execution methods should be tested.

(9) If piles are installed in ground or water judged to be aggressive after
DIN 4030, appropriate investigations suiting the pile system used shall be
carried out to determine whether the skin friction alters during the working life
of the pile foundation. Depending on the result, skin friction might not be
adopted, or only be adopted in part, when determining pile resistances.

5.2 Determining Pile Resistances from Static Pile Load Tests
5.2.1 General

(1) The objective of pile load tests is the determination of a characteristic
resistance-settlement or resistance-heave curve in order to derive the pile resis-
tances R .y and Ry, for the ultimate limit state (ULS) and the serviceability
limit state (SLS). The testing procedure is dealt with in Section 9.

(2) In tension pile load tests the reaction beam must be long enough to bridge
any soil prism attached to the pile or the influence of the beam supports on pile
capacity must be negligible.

(3) Pile load tests should be carried out on site, but the results of pile load tests
carried out under comparable conditions may also be used to specify the char-
acteristic resistance-settlement or resistance-heave curves.

(4) The following conditions must be adhered to satisfy transferability and
comparability requirements:

— the same pile type and similar cross-sectional dimensions and embedment
depths in the load-bearing ground;

— similar ground conditions, in particular of load-bearing strata, in terms of
soil type and mean strength (penetration test results) and,

— comparability confirmed by a geotechnical expert.

(5) After the EC 7-1 Handbook [44] comparable load test results are treated as
tested or measured data, R.,, and Ri,,, for deriving the characteristic resis-
tances and the application of the correlation factors &;.

(6) The EC 7-1 Handbook [44] assumes that resistance-settlement or resis-
tance-heave curves (RSC/RHC) compiled from the tested or measured data,
Rpn;, of one or more axial pile load tests are used. The characteristic pile resis-
tance, R x or Rix (Ryy = R(ULS)), is in turn derived from these test data, form-
ing the basis for the ultimate limit state analysis and the characteristic RSC or
RHC under service load conditions. From this, R(SLS) is determined in turn as
the basis for the serviceability limit state analysis. The procedure described in
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the EC 7-1 Handbook [44] for deriving a bearing capacity limit value for
the pile resistance R x or Rix (Ry¢=R(ULS)) from R,,; is included in Annex
A4.1.

Note: As noted in 3.1.1, the EC 7-1 Handbook [44] abbreviates the compres-
sion pile resistance in the ultimate limit state, R,(ULS), to R, and the
tension pile resistance, R(ULS), to R;. In order to achieve clarity, and
supplementary to the EC 7-1 Handbook [44], the ultimate limit state
is referred to in these Recommendations on Piling as R, R, or
R =Ry = R(ULS), depending on the respective requirements. Pile re-
sistances in the serviceability limit state are shortened to R = R(SLS)
hereafter.

(7) Two areas shall be differentiated when deriving the characteristic pile
resistances:

— characteristic pile resistances in the ultimate limit state, see 5.2.2;
— characteristic pile resistances in the serviceability limit state, see 5.2.3.

(8) Examples of how to determine the characteristic pile resistances and de-
rive the characteristic resistance-settlement curves from pile load test results or
measured data are given in Annex B1 and Annex B6.

5.2.2 Characteristic pile resistances in the ultimate limit state

(1) After the EC 7-1 Handbook [44], a correlation factor &; must be introduced
for the pile resistances in the ultimate limit state derived from the measured
data R, ,; or Ry ;. It takes account of pile execution influences and irregulari-
ties of the ground.

(2) The numerical values and the method to determine the correlation factors
&; are given in Annex A4.1

(3) If the ultimate bearing resistance is not obvious from the form of the mea-
sured RSC for compression piles, then

S =Su=0,10" D (5.1)

can, in approximation and for all pile systems, be adopted for the limit settle-
ment s, or sy (see EC 7-1 Handbook [44]), where

su¢  settlement in the ultimate limit state;
sg  limit settlement or failure settlement.

Note: Normally, s, and s, are regarded as equal; s, formally designates the
ultimate limit state analysis method in accordance with EC 7-1 Hand-
book [44]; s, designates the settlement on pile failure.

(4) Pile base shapes other than circular shall be converted to equivalent pile
base diameters Dy
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5.2.3 Characteristic pile resistances in the serviceability
limit state

(1) Qualified weighting of the individual load test results should be under-
taken as the basis for analyses in the serviceability limit state, and the deriva-
tion of the characteristic resistance-settlement or resistance-heave curves. De-
pending on the boundary conditions it can also be necessary to derive upper
and lower bounds of the characteristic RSC/RHC from the pile load test results
or the measured data for the serviceability limit state analysis, also see 6.4.

(2) To acquire a smooth characteristic or ultimate pile resistance curve, the
measured characteristic resistance-settlement or resistance-heave curves must
be realistically converted to one or more characteristic resistance-settlement or
resistance-heave curves under service loads. This shall normally be done by
the geotechnical expert or geotechnical designer. In the standard case, the
mean of the measured RSC/RHCs acquired from several load tests, or the test
curve acquired from a pile load test for the characteristic RSC/RHC under
service load should be selected and increases or reductions As, should be ap-
plied based on the options shown in 6.4, Figure 6.1. The increases and reduc-
tions depend on the anticipated scatter in pile bearing capacities as a function
of the pile type and the ground conditions, as well as the structural boundary
conditions of the structure.

(3) Where pile systems displaying only minor settlements under service loads
are employed, e.g. some displacement pile systems in load-bearing ground,
stability in the serviceability limit state is often also provided if the piles are
sufficiently stable in the ultimate limit state.

5.3 Determining Pile Resistances
from Dynamic Pile Load Tests

(1) In accordance with the EC 7-1 Handbook [44], under certain circum-
stances the compressive pile resistances may also be derived from dynamic
pile load tests as described in Section 10.

(2) The correlation factors & and the model factors np given in the EC 7-1
Handbook [44] must be adopted, whereby the correlation factors shall be in-
creased by a value A& between 0 and 0.4, depending on the type of calibration
used for the dynamic pile load tests, see 10.6. The basic values of the correla-
tion factors &y s or & depend on the number n of the dynamic pile load tests.
The procedure described in the EC 7-1 Handbook [44] for deriving a charac-
teristic ultimate pile resistance, Rk, from the measured or test data R.,; is
included in Annex A 4.2.

(3) Calibration against static pile tests is required to ensure that the damping
factors for determining the dynamic component of the total resistance using
direct methods are correctly selected. Use of the extended method with com-
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plete modelling represents current best practice for determining pile resis-
tances. This method shall preferentially be adopted.

(4) If predominantly non-cohesive soils are prevalent in the load-bearing strata
in which the piles are embedded, and the testing institute can prove that exten-
sive experience from, dynamic pile tests is available for the region, the charac-
teristic pile resistances Ry, may be derived even if no static pile load tests have
been carried out on the site. In this case R, may be deducted from the tested or
measured data from dynamic pile tests Ry, with the correlation factors & and
A& for the case ‘calibration of dynamic pile load tests with static pile load tests
carried out on similar construction projects’. The reason for this is the multi-
tude of comparative dynamic and static pile load tests available for non-
cohesive ground conditions in the whole of northern Germany and, resultantly,
the availability of reliable calibrations and experience.

Note: These provisions only apply to prefabricated driven piles to 2.2.2 when
the procedure is expressively agreed to by the geotechnical expert and
when pile driving reports are compiled during installation as the scatter
in terms of pile installation for these piles is of only minor relevance
compared e.g. to bored piles.

(5) For dynamic load tests on piles in cohesive soils, in accordance with the
EC 7-1 Handbook [44], the following procedure shall be followed:

a) For piles in soils sensitive to creep and in unsaturated cohesive soils, the
results of dynamic pile load tests shall always be calibrated against static
pile load tests from the same site.

b) In saturated cohesive soils excessive porewater pressures can increase the
capacities measured in dynamic pile load tests. Dynamic pile load tests
may therefore not be adopted to determine the characteristic pile capacity if
the pile base is situated in or the governing skin friction is mobilised in
such soils.

¢) In deviation to the provisions in a) and b), dynamic pile load tests may be
carried out in cohesive soils if reliable, regional, empirical data are avail-
able and their applicability is expressly confirmed by a geotechnical expert
for the respective case.

(6) When interpreting the results of dynamic pile load tests, in addition to
static load test results, the information given in 5.4 on empirical data should
also be considered, see (7).

(7) When deriving characteristic pile resistances from dynamic pile load tests
the following steps should normally be followed:

a) The testing institute employed for the dynamic pile load testing provides
the test results in a test report containing the test or measured data R ; =
R stat differentiated into (Re m)mean and (R m)min in accordance with 10.8.

b) A plausibility check of the measured values is necessary in order to mini-
mise uncertainties connected with the dynamic load testing procedure. To
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d)

this end, the geotechnical expert or geotechnical designer shall compare the
mean dynamic pile load test values (R¢m)mean t0 the upper bounds of the
empirical data for the pile system in accordance with 5.4 or with local ex-
perience. After carrying out the plausibility check the geotechnical expert
or the geotechnical designer shall confirm or modify the mean value
(Rc,m)mcan-

The geotechnical expert or geotechnical designer then converts the test data
or the modified values in accordance with a) and b) into characteristic pile
resistances R,y on a project-specific basis for use in stability analyses. In
this process, he shall take the stipulations in the EC 7-1 Handbook [44] and
Annex 4.2 into consideration.

If the plausibility check after c) reveals significant differences and consid-
erable assessment uncertainties, it is recommended that the test data (raw
data) be independently examined and evaluated again, e.g. by means of a
separate evaluation employing complete modelling. The independent ex-
amination and evaluation is of particular importance for conditions falling
into Geotechnical Category GC 3.

The procedure for deriving characteristic pile resistances from dynamic pile
load tests is in principle shown in Figure 5.1.

<] Testing institute contracted to
carry out dynamic pile load test

Measured Values R, = R,,.,

il TN

Recommendations or local experience

Plausibility check

on (Rem)mean based on upper empirical <j Geotechnical expert or
bounds after these Piling geotechnical designer

Confirmation or modification <:| Geotechnical expert or

of (Rem)mean geotechnical designer
__'_———______—_‘_—________,_————__

: Geotechnical expert or

Conversion <::I geotechnical designer

after Eurocode 7 or

DIN 1054: &,,:Mm{( &ng,.(Ra)m}

Final, project-specific,
characteristic pile resistance R,

Figure 5.1 Steps to determine characteristic pile resistances from measured or test data
of dynamic pile load tests

74



(8) If dynamic pile load tests are used where the results acquired from test
data R, are available as complete resistance-settlement curves (RSC), the
guidance in 5.2.3 and 6.4 shall be observed or applied accordingly to derive
the characteristic RSC in the serviceability limit state.

(9) An example for determining the characteristic pile resistances from the
measured dynamic load test data is contained in Annex B2. Annexes C1 and
C2 include examples for deriving the static measured pile resistance values
Remi = Reswae from the dynamic measurements

(10) If both static and dynamic pile load tests are carried out on a site, two
cases are differentiated after the EC 7-1 Handbook [44]:

— If, after applying the correlation factors, the characteristic pile resistances
acquired by evaluating the static pile load tests alone are larger than those
acquired by evaluating the dynamic pile load tests, only the results of the
static pile load tests may be adopted.

— [If, after applying the correlation factors, evaluation of the dynamic load
tests result in greater bearing capacities, higher characteristic resistances
than those from the static pile load tests may only be adopted when if this
is comprehensible and justified. The increased resistances must be con-
firmed for the specific case by the geotechnical expert or the geotechnical
designer.

54 Axial Pile Resistances Based on Empirical Data

5.4.1 General

(1) The EC 7-1 Handbook [44] allows axial pile resistances to be derived
from empirical data, in addition to determining pile resistances from both static
and dynamic pile load tests, see 5.2 and 5.3.

(2) Of the methods described in the EC 7-1 Handbook [44], 7.6.2.3, under the
heading ‘Ultimate compressive resistance determined from ground test re-
sults’, only the method using Eq. (5.2) below should be adopted in Germany,
see EC 7-1 Handbook [44], Nationally Determined Parameters (NDP) to
7.6.2.3 (5)P and NDP to 7.6.3.3 (4). The method is known in Germany as
‘Determining axial pile resistances based on empirical data’ and is dealt with
below. The ‘ground tests’ (geotechnical investigations) shall be performed
such that it is possible to reliably assign the characteristic empirical data,
which have been derived from load tests, for the pile end bearing capacity qp
and pile skin friction qs results. To this end the EC 7-1 Handbook [44] gives
the following fundamental equations:

Ryw = Ay Qi (5.2a)
R = ZAs,i s ik (5.2b)
R =Ry +R, (5.2¢)
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(3) However, in principle, the EC 7-1 Handbook [44] allows all data derived
from experience to be used, in addition to the empirical data dealt with below,
assuming their utility for the proposed case can be appropriately demonstrated.

(4) The applicability of the empirical data given in the subsequent paragraphs,
as well as other, general data derived from experience must be confirmed by a
geotechnical expert or a geotechnical designer for the proposed application.

(5) The standard procedure for determining the characteristic resistances of
tension piles is the static pile load test. A deviation from this rule should be
made in exceptional circumstances only and if expressly confirmed by a geo-
technical expert for the particular case.

5.4.2 Guidance for the application

(1) The national empirical axial pile resistance data forming the basis for
applying the EC 7-1 Handbook [44] are summarised below.

(2) Analogous to 5.4.1 (3) and (4), other empirical data may also be adopted if
their validity can be appropriately demonstrated.

(3) After the EC 7-1 Handbook [44], the characteristic values of the pile resis-
tances shall be specified, in principle, on the basis of the results of geotechni-
cal investigations in accordance with the EC 7-2 Handbook [45] and other
information. For the construction of pile foundations normally a geotechnical
expert shall be involved.

(4) The empirical data are summarised below as ranges of axial pile resis-
tances for the various pile systems (see Section 2). Characteristic values of the
pile resistances R,y for the proposed application may be derived from these
empirical data if a geotechnical expert or a geotechnical designer is involved
and the provisions of the EC 7-1 Handbook [44] are met. The given empirical
data should normally only be used to derive characteristic compression pile
resistances, see 5.4.1 (5) and 5.4.10.

(5) The given empirical data refer to both non-cohesive and cohesive soils.
See 3.3 for classifications. The EC 7-1 Handbook [44] and 3.3 also include
guidance on classifying coarse-grained, fine-grained and mixed-grained soils
under the headings of non cohesive and cohesive soils to DIN 18196. In the
context of determining the characteristic pile resistances, consulting a geotech-
nical expert is recommend, in particular where mixed-grained soils are present.

(6) The following recommendations should be understood by the client, the
geotechnical expert or designer, and the structural engineer such that more
favourable pile capacities and resistances may be adopted as a benefit for in-
creased extend of project-related geotechnical investigations for classifying
and describing the respective ground, also see 5.4.3.

(7) Classification of the prevalent soils for the respective case as necessary
to apply the empirical pile resistance data summarised in the following
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tables shall be based on the EC 7-2 Handbook [45] and, in particular, should
address:

— Stratification;

— QGrain size distribution;

— Density, strength and consistency conditions;
— Shear parameters and stiffness.

In addition to direct site investigations, e.g. through boreholes and laboratory
testing, the results of indirect investigations should be available, e.g. static or
dynamic probing (CPT or DPH), borehole dynamic probing (BDP), vane tests,
etc., also see 3.2.

5.4.3 Application principles and limitations of tabled data

(1) Empirical pile end bearing capacity and pile skin friction data for the vari-
ous pile systems are summarised in tables below as a function of the respective
ground conditions. The numerical values listed in the tables refer to the CPT
cone resistances (. in non-cohesive soils and the undrained shear strength c, of
cohesive soils.

(2) The EC 7-1 [44] and EC 7-2 [45] Handbooks state that soil parameters
scatter considerably as a result of the geological formation conditions and
history. This applies especially to pile capacity and pile resistances in the ulti-
mate and serviceability limit states, see Figure 5.2, because in addition to the
ground-related scatter, considerable influences can result from the execution.
When specifying characteristic soil properties, normally ‘conservative mean
values’ are adopted. See EC 7-1 Handbook [44], and 5.2 and 5.3 for details of
the procedure for specifying pile resistances from the results of pile load tests.

(3) The empirical pile base resistance q, and pile skin friction g5 data ranges
summarised in the tables below are based on numerous and predominantly
static pile load test results, which were analysed for this purpose. The evalua-
tion strategies and principles are described in [29], [57], [85] and [158]. As
outlined in [57], empirical pile load test evaluations were made and related to
statistical values, differentiated into 10%, 20% and 50% quantiles as input for

a) b)
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Figure 5.2 Qualitative distribution of pile resistances in the serviceability (a) and ultimate
limit states (b)
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the tables. This allows the user to also assess the probability and the risk of
pile resistance deviations below of the tabled values for a specific project ap-
plication.

(4) The following tables contain a range of empirical values for quantiles from
10 % to 50 % as shown in Figure 5.3. This means that, as a result of scatter,
around 10 % of the in-situ pile resistances can be below the lower value in the
tables, and around 50 % below the upper value (mean value).

(5) Concerning the magnitude of the range of table values it is expressly poin-
ted out that the quantile range in Figure 5.3 represents an orientation only. The
stated boundaries of around 10 % to 50 % can vary depending on the adopted
load test results and the resulting distribution and scatter, because they are
based on the adopted load test result population and the boundary conditions of
the ground.

1 (2777 Magnitude of quantile
& 2% range between around
2 10 % (lower bound) and
B 50 % (upper bound)

(T

R Distribution

Figure 5.3 Fractiles for the ranges of pile resistance table data from empirical data,
compared to load test results

(6) Normally and under condition that the site investigation has been carried
out in line with the EC 7-2 Handbook [45] and 3.2, and that the provisions of
5.4.2 are observed, the lower table values (minimal values) should be adopted.

(7) The lower table values can also be adopted for the preliminary design if
the final, project-related site investigation results as mentioned in (6) are not
yet available.

(8) Pile resistances above the lower (minimal) values, interpolated between
the lower and the upper table values, may only be selected for the specific
application by the designer if they are expressly confirmed by a geotechnical
expert. Local conditions and experience, and the actual situation on the ground
must be taken into consideration. The local conditions and experience, and the
proposed application, must also be taken into consideration.

(9) If, in terms of pile type and ground conditions, comparable load test results
are available, they can be adopted to determine pile resistances as outlined in
the EC 7-1 Handbook [44]. Comparability must be confirmed by a geotechni-
cal expert or geotechnical designer, also see 5.2.1 (4) and (5).
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(10) The soil strength range given in the table data includes mean CPT cone
resistances ¢, = 7,5 to 25 MN/m? for non-cohesive soils and undrained shear
strengths c,x = 100 to 250 kN/m? for cohesive soils related to the end bearing
capacity, and c,x = 60 to 250 kN/m? related to skin friction.

(11) Skin friction and support from soil layers where q. < 7,5 MN/m? or ¢, <
60 kN/m? may only be taken into consideration if confirmed by the geotechni-
cal expert or geotechnical designer and the different deformations of the layers
for the mobilisation of the skin friction are considered.

(12) In layered ground with soil layers exceeding or falling short of the re-
quirements stipulated in (11), the same rule applies. In addition, the provisions
of 4.4 must be observed.

(13) For the serviceability limit state analysis acc. to 6.4, the measured and
derived characteristic resistance-settlement curves should be modified for the
serviceability state, if necessary, and applying 5.2.3 as appropriate.

(14) Guidance on comparing the empirical table data to measured data from
static and dynamic pile load tests: the tabled characteristic values of pile base
resistance and skin friction were derived from pile load test results by statisti-
cal application of the quantiles mentioned above to the measured data. Correla-
tion factors &, see Annexes 4.1 and 4.2, were not applied. They are instead
already incorporated in the partial factors for empirical values as stipulated in
the EC 7-1 Handbook [44], Table A2.3 and Annex A3.2. This is done by a
model factor ng in accordance with the EC 7-1 Handbook [44], NDP to 7.6.2.3
(8) and NDP to 7.6.3.3 (6). A fact to be realised when comparing the charac-
teristic table data to characteristic values derived from data measured during
pile load tests. Also see 5.3 (6).

5.4.4 Prefabricated driven piles
5.4.4.1 General

(1) Information on the characteristic base resistance and skin friction of pre-
fabricated driven piles derived from empirical data acquired in recent investi-
gations based on [57], and guidance on their application, are provided below.
After DIN EN 12699:2001-05 prefabricated driven piles comprise prefabri-
cated concrete, steel, timber and cast-iron piles, see 2.2.2.

(2) The following table data do not apply to timber and cast-iron piles. The
capacity of timber piles may be assessed on the basis of DIN 4026:1975-08.

(3) The elements of the characteristic resistance-settlement curve for prefabri-
cated displacement piles (prefabricated driven piles) corresponding to the
proposals in [57] are shown in Figure 5.4 for a settlement up to sy, = s,. See
5.2.2 (3) for details of sy and s,.

(4) Differentiation is made between the settlement-dependent pile base resis-
tance Ry, (s) and the pile shaft resistance R (s).
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Figure 5.4 Elements of the characteristic resistance-settlement curve for prefabricated
driven piles

(5) The limit settlement for Ry (Sur = S¢) applies in analogy to Eq. (5.1):

Sutt = Sg = 0,10 " Dggq (5.3)
where:
D¢, equivalent diameter of the pile base [m].

For square and rectangular, prefabricated piles and steel sections, the equiva-
lent pile base diameter is calculated using Eq. (5.4):

D= 1,13 " a, (5.4a)

for square piles and

D, =113-a,-y/a /a (5.4b)

for rectangular piles and steel sections.

where:

a, side length of a pile with square cross-section or length of the smaller side
of a rectangular, prefabricated pile or steel section;

a; length of the longer side of the cross-section of a rectangular, prefabricated
pile or steel section. For steel sections the respective dimensions of the
profile shall be taken.

(6) When mobilising the ultimate limit state, the characteristic settlement for
R (ssg+) 1s calculated using Eq. (5:5); use MN as dimension of Ry (Seg»):

S+ [em]=0,5-R_ (s,,+) [MN]<1[cm] (5.5)
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(7) The characteristic axial pile resistance is determined from:

Rox (8) =Ry () + R () =M, -Gy - Ay +2T\s o A (5.6)

where:

A, nominal pile base area, for steel section piles as shown in Figure 5.5;

Asj nominal pile shaft area in stratum i; for steel section piles as shown in
Figure 5.5 with the effective circumference U;

Jbk characteristic value of the base resistance, derived from Tables 5.1
and 5.3;

Qsk,i characteristic value of the skin friction in stratum i, derived from
Tables 5.2 and 5.4;

Mo base resistance model factor from Table 5.5;

Ns skin friction model factor from Table 5.5;

R.x(s) settlement-dependent, characteristic compression pile resistance;

Rpx(s) settlement-dependent, characteristic pile base resistance;

Rsk(s) settlement-dependent, characteristic shaft resistance;

Seg* characteristic settlement at which mobilisation of the ultimate skin
friction for the settlement-dependent, characteristic pile shaft resist-
ance begins;

Sse limit settlement for the settlement-dependent, characteristic pile shaft
resistance (Ssg = Sg).

e
7 v III

2 | [ Steel section

N - [

Box girder

QOpen steel tube

Double steel section

Figure 5.5 Nominal values of pile base areas and pile shaft areas of steel sections
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5.4.4.2 Empirical values of base resistance and skin friction
of prefabricated driven piles

(1) The empirical base resistance and skin friction data given in Table 5.1 to
Table 5.4 apply to the following piles, provided they are embedded at least
2,50 m into a load-bearing layer and the model factors listed in Table 5.5 are
taken into account:

— prefabricated, reinforced concrete and prestressed concrete driven piles
where D¢q = 0,25 to 0,50 m;

— closed-ended steel tube piles with diameters up to 800 mm;

— open-ended steel tube and hollow box piles with diameters between
300 mm and 1 600 mm;

— steel sections with flange widths between 300 mm and 500 mm, and sec-
tion heights between 290 mm and 500 mm, and

— steel box piles.

The table data apply to prefabricated driven piles. The table values must be
reduced when piles are installed through vibration, because substantial capac-
ity reductions have been reported for isolated cases of vibrated piles, e.g. in
[92]. The amount of the reduction must be confirmed by the geotechnical ex-
pert. For the base resistances the reduction is dispensed with if the pile is
driven into the load-bearing stratum for the final 8 - Dq (in m).

(2) The validity of the table values depends on:

— the mean cone resistance q. of the CPT in non-cohesive soil and
— the shear strength of the undrained soil ¢, for cohesive soils.

(3) When specifying the governing mean cone resistance q. of the CPT or the
characteristic undrained shear strength c, differentiation shall be made be-
tween:

— the zone governing the pile base resistance (from 1 - Dq above to 4 - D
below the pile base) and
— the zone governing the skin friction (mean value for the affected stratum).

If the ground stratification has a greater impact on the CPT cone resistance or
the undrained shear strength, two or more mean skin friction zones must be
specified separately.

(4) When applying the values given in Table 5.1 and Table 5.3 it is assumed that:

— the thickness of the load-bearing stratum below the pile base is not less
than five times the equivalent pile base diameter, but at least 1,50 m and;
- qc 27,5 MN/m? or ¢, x > 100 kN/m? are confirmed for this zone.

Regardless of this, it is recommended that in non-cohesive soils the pile bases
are founded in zones where q. > 10 MN/m?.
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(5) If the above geometrical values given are not met, analysis of safety
against a punching failure is required. In addition, it must then be verified that
the underlying ground does not substantially impair the settlement behaviour.

(6) If Tables 5.1 to 5.5 are applied in approximation to mixed-grained soils,
the definitions for cohesive and non-cohesive soils in accordance with the
EC 7-1 Handbook [44] or 3.3 may be adopted. If the table values are applied to
mixed-grained soils, particular attention should be paid to 5.4.2 (5).

(7) Also see 5.4.3 for the conditions for applying the table values.

Table 5.1 Empirical data ranges for the characteristic base resistance q,, for prefabri-
cated, reinforced concrete and prestressed concrete driven piles in non-cohesive soils

Relative pile head Pile base resistance q,, [kN/m?]
set;l;eDment mean CPT cone resistance g, [MN/m?]
o
7,5 15 25
0,035 2 200-5 000 4 000—-6 500 4 500-7 500
0,100 4 200-6 000 7 600—10 200 8 750—11 500

Intermediate values may be linearly interpolated.

Table 5.2 Empirical data ranges for the characteristic skin friction q,, for prefabricated,
reinforced concrete and prestressed concrete driven piles in non-cohesive soils

Settlement Pile skin friction q,, [kKN/m?]
mean CPT cone resistance g, [MN/m?]
7,5 15 25
S, 30-40 65-90 85-120
$,=8,=0,1D, 40-60 95-125 125-160

Intermediate values may be linearly interpolated.

Table 5.3 Empirical data ranges for the characteristic base resistance q,, for prefabri-
cated, reinforced concrete and prestressed concrete driven piles in cohesive soils

Relative pile head Pile base resistance q,, [kN/m?]
set;l/eDment shear strength c,, of the undrained soil [kKN/m?]
“ 100 150 250
0,035 350-450 550-700 800-950
0,100 600—-750 850—1 100 1150—1 500

Intermediate values may be linearly interpolated.
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Table 5.4 Empirical data ranges for the characteristic skin friction, q,,, for prefabricated,
reinforced concrete and prestressed concrete driven piles in cohesive soils

Settlement Pile skin friction q,, [kN/m?]
shear strength ¢, of the undrained soil [kN/m?]
60 150 250
S,y 20-30 35-50 45-65
s,=8,=0,1D, 20-35 40-60 55-80

Intermediate values may be linearly interpolated.

Table 5.5 Model factors for pile base resistance and skin friction n, or n, for prefabricated
driven piles when adopting the values from Tables 5.1 to 5.4

Pile type m M,
Reinforced concrete and prestressed concrete 1,00 1,00
Steel section” s =0,035 " Deg 0,61-0,30 " h/b, 0,60
(h <£0,50 m and
h/b, <1,5) §=0,10"D, 0,78-0,30 h/b,

r< 1,
Double steel section 0,25 0,60
Open-ended steel tube and hollow box 0,95 "™ 1,1- %™
(0,3m<D,<1,60m)
Closed steel tube (D, < 0,80 m) 0,80 0,60

" h = height of steel girder section, b, = flange width of steel girder section

Note: Only a small pile load test database is available for the values in Ta-
bles 5.3 and 5.4 for prefabricated driven piles in cohesive soils. The
empirical data were therefore carefully selected and normally return
smaller pile resistances than those given across-the-board e.g. in the old
DIN 4026:1975-08. Moreover, the values given in DIN 4026 were
based on a lower global safety factor of =~ 1,5 compared to today’s
provisions.

(8) An example for determining the characteristic resistances of prefabricated
driven piles is included in Annex B4.

5.4.4.3 Empirical data on the bearing capacity
of open-ended steel tubes and hollow boxes

(1) When driving open-ended steel tubes or hollow boxes, high stresses can
develop in the penetrating soil through compaction and clogging inside the
bottom of the steel section. This mobilises an increased internal pile skin fric-
tion. The soil penetrating the section is called a plug, regardless of any devel-
oped stresses.
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(2) Regardless of the stress effects within the open pile section and the result-
ing skin friction mentioned in (1), a simplified procedure for determining the
characteristic pile resistances of open-ended steel tubes and hollow box sec-
tions from empirical data may be adopted, such that in approximation a closed
pile base (plug) is numerically adopted for the applications given in Table 5.5.
By adopting these assumptions and the model factors given in Table 5.5 for
open-ended steel tubes and hollow boxes, the characteristic pile resistance can
be determined using the methods described in 5.4.4.2 and 5.4.4.3. The correla-
tion factors apply to pile diameters 0,3 m <D < 1,6 m. Additional guidance on
methods for determining pile resistances for pile diameters D > 1,6 m are in-
cluded in [85].

(3) For open-ended, non-circular sections, the empirical data ranges used in
Tables 5.1 to 5.5 may also be adopted in approximation if no other information
is available. An equivalent diameter D,y for an imaginary tube section can be
determined using Equation (5.4) via the respective, equivalent pile base area.

(4) Additional guidance on load transfer within a plug can be found in [85]
and [86], together with a summary of related publications.

(5) The internal pile skin friction decreases with increasing pile diameter and
decreasing density of the soil. High dilatancy of non-cohesive soils, on the
other hand, impacts positively on the value of the internal pile skin friction.
Excessively high pile driving energy leads to the plug being pushed through
the pile and, consequently, reduces the pile capacity. A reduction in internal
pile skin friction is also anticipated if other pile installation methods are used,
like pressing or vibrating. If the pile base is enlarged the driving energy can
possibly be reduced; however, the internal skin friction is also reduced.

5.4.4.4 Experience with prefabricated piles in rock and very dense
or cemented soils

(1) When driving prefabricated reinforced concrete, prestressed concrete, steel
or timber piles into cemented soil or rock, as well as into very dense and ce-
mented soils, special conditions must be observed depending on the soil or
rock properties:

— Prefabricated piles can not or only with limitations be driven into rock or
cemented soil.

— Driving into unaltered or partially weathered rock is not normally possible
(Table 3.6). When reaching the rockhead, the driving resistance achieves a
transitionless maximum. Under these conditions, loads can only be trans-
ferred via base resistance. The applicability of the pile system under these
conditions should be checked by a geotechnical expert on a case-by-case
basis.

— In cemented soil and in rock with a weathering zone the achievable em-
bedment length is primarily a function of the degree of weathering. This is
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especially the case for variable strength rock types. Depending on the de-
gree of weathering, the achievable embedment depth can be between a few
centimetres and several metres. In such cases, the pile resistance should be
verified by load tests. Generally, an abrupt increase in driving resistance
can be identified when slightly weathered rock strata are reached.

(2) For prefabricated full displacement piles driven onto or into rock, often
limit resistances are achieved which are in the order of the ‘internal’ capacity
(structural resistance) of the piles. Consequently, these determine the pile re-
sistance. A minimum embedment depth as for piles in soils is not required.

5.4.5 Cast-in-place concrete piles

5.4.5.1 General

(1) The elements of the characteristic resistance-settlement curve are shown in
Figure 5.4 for settlements up to sy = s,. See 5.2.2 (3) for details of s, and s,.

The equivalent diameter Dy, is replaced here by the diameter of the base plate,
Dy, for Simplex piles and the diameter of the drive tube, D, for Franki piles.

(2) For Simplex piles, the settlement-dependent pile base resistance Ry(s) and
the shaft resistance Ry(s) are differentiated..

(3) For Ry (suie = sg) the limit settlement after Eq. (5.1) applies..

(4) When mobilising the ultimate limit state the characteristic settlement for
Rs (ssgx) applies; use MN as dimension of Ry (Ssg+):

S+ [cm]=0,5-R_, (s, ) [MN]<1[cm] (5.7)

(5) The characteristic axial pile resistance of Simplex piles shall be deter-
mined from:

Rc,k (s)= Ry, (s)+ Rs,k (®= Qo Ay + qu,k,i A (5.8)
where:
Ay nominal pile base area; governing is the diameter of the base plate Dy;
Asj nominal pile shaft area in stratum i; governing is the diameter of the
drive tube D;
Jbx characteristic value of the tip resistance, derived from Table 5.6;
Qs.ki characteristic value of the pile skin friction in stratum i, derived from

Tables 5.7 and 5.8;

R.x(s) settlement-dependent, characteristic compressive pile resistance;

Rp(s) settlement-dependent, characteristic pile base resistance;

Rik(s) settlement-dependent, characteristic shaft resistance;

Seg* characteristic settlement for mobilising the ultimate skin friction for
the settlement-dependent characteristic pile shaft resistance, where
Rs,k(ssg*) = Rs,k(ssg);
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Ssg limit settlement for the settlement-dependent, characteristic pile shaft
resistance (Ssg = Sg).

(6) The characteristic axial pile resistance of Franki piles in the ultimate limit
state shall be determined from:

Ry =Ry +R =Ry, +qu,k,i A (5.9)
where:
Ry x characteristic pile base resistance after Figures 5.6 to 5.11;
Asj nominal pile shaft area in stratum i higher than 0,80 m above the
driving depth with governing diameter of the drive tube Dy;
Qs ki characteristic value of the pile skin friction in stratum i, derived from

Tables 5.10 and 5.11.

5.4.5.2 Empirical values of base resistance and skin friction
of Simplex piles

(1) The table values apply to cast-in-place concrete piles with driven drive
tube. The table values shall be reduced for vibrated piles, see 5.4.4.2 (1).

(2) The validity of the table values depends on:

— the mean cone resistance, ¢, of the CPT in non-cohesive soil and
— the shear strength of the undrained soil, c,, in cohesive soils.

(3) When specifying the governing mean cone resistance (., of the CPT or the
characteristic undrained shear strength c, the following zones shall be differ-
entiated:

— the zone governing the end bearing capacity (from 1 - Dq above to 4 - Dgg
below the pile base) and
— the zone governing the skin friction (mean value for the affected stratum).

If the ground stratification has a great influence on the CPT cone resistance or
the undrained shear strength, two or more mean skin friction zones must be
specified separately.

(4) Condition for application of the values in Table 5.6 is that:

— the thickness of the load-bearing stratum below the pile base is not less
than five times the pile base diameter, but at least 1,50 m and
- (¢ 27,5 MN/m? is confirmed for this zone..

Regardless of this, it is recommended that the pile bases are founded in zones
where q. = 10 MN/m? in non-cohesive soils.

(5) If the above geometrical values are not met, analysis of safety against a
punching failure is required. In addition, it must then be verified that the un-
derlying ground does not substantially impair settlement behaviour.

(6) If Tables 5.6 to 5.8 are applied in approximation to mixed-grained soils,
the definitions for cohesive and non-cohesive soils in accordance with the
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EC 7-1 Handbook [44] or 3.3 may be adopted. If the table values are applied to
mixed-grained soils, particular attention should be paid to 5.4.2 (5).

Table 5.6 Empirical data ranges for the characteristic base resistance q,, for Simplex
piles in non-cohesive soils

Relative pile head Pile base resistance q,, [KN/m?]
sett;t/agw ent mean CPT cone resistance g, [MN/m?]
b
7,5 15 25
0,035 2200-5 000 4 000-6 500 4 500-7 500
0,100 4200-6 000 7 600-10 200 8 750—11 500

Intermediate values may be linearly interpolated.

Table 5.7 Empirical data ranges for the characteristic skin friction q,, for Simplex piles in
non-cohesive soils

Settlement Pile skin friction q,, [kN/m?]
mean CPT cone resistance g, [MN/m?]
7,5 15 25
S, 55-70 105-135 130-165
S, =8,=0,1D, 55-70 105-135 130-165

Intermediate values may be linearly interpolated.

Table 5.8 Empirical data ranges for the characteristic skin friction q,, for Simplex piles in
cohesive soils

Settlement Pile skin friction q,, [kN/m?]
Shear strength c,, of the undrained soil [kN/m?]
60 150 250
S, 25-40 45-65 60-85
8,,=8,=0,1D, 25-40 45-65 60-85

Intermediate values may be linearly interpolated.

(7) Also see 5.4.3 for conditions for applying the table values.
Note: The data base for pile base resistances gy in cohesive soils is still too
small to allow empirical data to be derived.
5.4.5.3 Empirical values of base resistance and skin friction
of Franki piles

(1) The characteristic feature in terms of the axial pile resistance in this pile
system is the enlarged pile base relative to the pile shaft. This is achieved by
internal driving of almost dry concrete from the bottom of the drive tube.
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Figure 5.6 Lower bound empirical data for base resistances (ULS) and necessary base
volume of Franki piles in non-cohesive soils

(2) Dimensioning the necessary base volume is carried out as a function of the
required pile base resistance and the driving work expended when driving the
drive tube for the final two metres. Base design nomograms have been estab-
lished for this purpose, see Figures 5.6 to 5.11, which also relate the pile base
design to the locally determined bearing capacity of the ground.

(3) The expended driving work W ... is defined relative to a standard driving
work W,,:m Which is a function of the diameter of the driven tube and the mass
of the hammer. The values of the standard driving work are given in Table 5.9.
The quotient W o/ Whom 18 defined as the standard driving work component
W and is the input variable for the base design nomograms in Figures 5.6 to
5.11.
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Figure 5.8 Lower bound empirical data for pile base resistances (ULS) and necessary
base volume of Franki piles in cohesive soils
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Figure 5.9 Upper bound empirical data for pile base resistances (ULS) and necessary
base volume of Franki piles in cohesive soils
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Figure 5.10 Lower bound empirical data for pile base resistances (ULS) and necessary
base volume of Franki piles in boulder clay
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Figure 5.11 Upper bound empirical data for pile base resistances (ULS) and necessary
base volume of Franki piles in boulder clay

Table 5.9 Standard driving work W

norm

for vertical Franki piles

Tube diameter | Hammer weight |Drop height Number Standard driving
D, [cm] [kN] [m] of blows/2 m work
W, [kNM]
42 22,0 6,5 125 17 875
51 30,0 6,5 125 24 375
56 37,5 6,5 125 30 469
61 45,0 6,5 125 36 563

94



(4) When applying Table 5.10 it is assumed that the mean cone resistance
governing the pile skin friction is defined separately for two or more zones, if
ground stratification has a major impact on cone resistance.

Table 5.10 Empirical data ranges for the characteristic skin friction g, for Franki piles in
non-cohesive soils

Mean cone resistance q, Ultimate limit state value g, of pile skin friction
of the CPT [MN/m2] [kN/m2]
7,5 70-95
15 115-150
>25 135-180
Intermediate values may be linearly interpolated.

Table 5.11 Empirical data ranges for the characteristic skin friction g, for Franki piles in
cohesive soils

Shear strength c,, of the undrained Ultimate limit state value q,, of pile skin
soil [kN/m?2] friction [kN/m?2]
60 35-45
150 55-70
> 250 70-90
Intermediate values may be linearly interpolated.

(5) Conditions for the use of the nomograms are:

— a governing zone (2 - D or at least 1,0 m above and up to 3 - Dy or at least
1,50 m below the driving depth) is taken into consideration for the pile end
bearing capacity;

W,
— the proportion of the standard driving work is W = WL““‘I 20,5 for the
final two driving metres;
— the drive tube is withdrawn 0,8 m for the formation of the pile base;
— skin friction is only adopted from 0,8 m above the driving depth in accor-
dance with Tables 5.10 and 5.11.

Note: Because a large number of static pile load test data are available, pile
capacity data for North German boulder clay (mixed grained soils) have
also been included for these pile systems.

When assigning mixed-grained soils to either non-cohesive or cohesive
soils, the regional geological conditions, e.g. pre-consolidation, must be
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taken into consideration, in addition to grain size distribution and plas-
tic properties. Also influences arising from pile installation on the bear-
ing capacity of the soils, e.g. pile type, dynamic actions, water, etc.
must be taken into account. A boulder clay, of which glacial pre-
consolidation has been proven, may, e.g. and in individual cases, be
classified as a non-cohesive soil despite its cohesive character as stated
in both the EC 7-1 Handbook [44] and in DIN 18196. The prerequisite
for this is a reliable, regional geological correlation by the geotechnical
expert.

(6) Using this pile system, prior to pile installation, ground improvement can
be implemented by means of gravel compaction in the pile base and shaft
zones. In such cases the driving work for re-driving the drive tube subsequent
to successful gravel compaction is the governing factor for dimensioning the
base volume.

(7) When installing raked piles the expended driving work is reduced by the
factor f:

— pile inclination: vertical to 10:1 — £=1,00;
— pile inclination to 18:1 — £=0,95;
— pile inclination to 16:1 — £=0,90;
— pile inclination to14:1 — f=0,85.

(8) Additional analysis of the serviceability limit state (SLS) is normally not
necessary, because the settlements in the serviceability limit state for this pile
system are very low and in general liec empirically in the region of 0,5 to
1,0 cm.

(9) An example for determining the pile resistances and for pile design is
included in Annex B7.

5.4.6 Bored piles
5.4.6.1 General

(1) The elements of the characteristic resistance-settlement curve for bored
piles are shown in Figure 5.12 for settlement up to sy, =s,. See 5.2.2 (3) for
details of sy and s,.

(2) The settlement-dependent pile base resistance Ry(s) and the pile shaft
resistance Ry(s) are differentiated.

(3) The limit settlement applies in analogy to Eq. (5.1) for Ry x (Su = S,):
$¢=0,10 " Dy (5.10)
where:

D, diameter of the pile base in m.
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Figure 5.12 Elements of the characteristic resistance-settlement curve for bored piles

(4) The governing reference variable for settlement in the serviceability limit
state is the pile shaft diameter D,. On piles without an enlarged base the pile
diameter D (here: D = Dy = D,) is adopted as the reference variable for settle-
ment at the ultimate limit state. The pile diameter Dy, is the governing reference
variable for piles with an enlarged base. The diaphragm wall thickness D shall
be adopted for diaphragm wall elements barettes).

(5) The limit settlement applies for the characteristic pile shaft resistance
R;x(Ssg) in MN in at ultimate limit state:

s [em]=0,5-R_, (s, ) [MN]+0,5[cm]<3[cm] (5.11)
(6) The characteristic axial pile resistance is determined from
Rei (8) =Ry ()R, (8) =i Ay + D00 A (5.12)
where:
Ay nominal value of the pile base area;
Ag; nominal value of the pile shaft area in stratum i;
Qo.x characteristic value of the base resistance, derived from Tables 5.12
and 5.14;
s ki characteristic value of the skin friction in stratum i, derived from
Tables 5.13 and 5.15;
R.x(s) settlement-dependent, characteristic compressive pile resistance;
Ryk(s) settlement-dependent, characteristic base resistance;
Rx(s) settlement-dependent, characteristic shaft resistance;
Ssg limit settlement for the settlement-dependent characteristic shaft resis-

tance.
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5.4.6.2 Empirical values of base resistance and skin friction
of bored piles

(1) The empirical data for pile base resistance and skin friction given in Ta-
bles 5.12 to 5.15 apply to bored piles from Dy or D, = 0,30 to 3,00 m, which
embed at least 2,50 m into a load-bearing stratum and depend on:

— the mean cone resistance q. of the CPT with depth in non-cohesive soil and
— the shear strength of the undrained soil ¢, for cohesive soils.

Note: The magnitude of the lower table values (minimum values) were first
adopted in DIN 4014:1990-03 on the basis of the investigations by
[29].

(2) When specifying the governing mean cone resistance q. of the CPT or the
characteristic undrained shear strength c, differentiation shall be made be-
tween:

— the zone governing the base resistance from 1 - D, above and 4 - D, below
the pile base for pile diameters up to D, = 0,6 m, and 1 - D, above and
3 - Dy, below the pile base for diameters greater than Dy, = 0,6 m and

— the zone governing the skin friction (mean value for the affected stratum);

If ground stratification has a great influence on the CPT cone resistance or the
undrained shear strength, two or more mean pile skin friction zones must be
specified separately.

(3) Condition for the application of the values of Tables 5.12 and 5.14 are:

— the thickness of the load-bearing layer below the pile base is not less than
3 times the pile base diameter, but at least 1,50 m and
- qc 27,5 MN/m? or ¢, > 100 kN/m? is confirmed in this zone.

Regardless of this, founding the pile bases in zones where q. > 10 MN/m? is
recommended.

(4) If the above geometrical values are not met, analysis of safety against a
punching failure is required. In addition, it must then be verified that the un-
derlying ground does not substantially impair settlement behaviour.

(5) If Tables 5.12 to 5.15 are applied in approximation to mixed-grained soils,
the definitions for cohesive and non-cohesive soils in accordance with the
EC 7-1 Handbook [44] or 3.3 may be adopted. If the table values are applied to
mixed-grained soils, particular attention should be paid to 5.4.2 (5).

(6) Also see 5.4.3 for the conditions for applying the table values.

(7) An example for determining the characteristic resistances of bored piles is
included in Annex B3.
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Table 5.12 Empirical data ranges for the characteristic base resistance q,, for bored

piles in non-cohesive soils

Relative Pile base resistance qg,, [kN/m?]
settlement of the pile
head mean CPT cone resistance q, [MN/m?]
s/D, or s/D, 7,5 15 25
0,02 550—-800 1 050—1 400 1750—-2 300
0,03 700—-1 050 1 350—1 800 2250-2 950
0,10 (=s) 1600-2 300 3 000-4 000 4 000-5 300
Intermediate values may be linearly interpolated.
For bored piles with enlarged base the values shall be reduced to 75 %.

Table 5.13 Empirical data ranges for the characteristic skin friction q,, for bored piles in

non-cohesive soils

Mean CPT cone resistance q, Ultimate limit state value q,, of pile skin friction
[MN/m?] [kN/m?]
7,5 55-80
15 105-140
>25 130-170

Intermediate values may be linearly interpolated.

Table 5.14 Empirical data ranges for the characteristic base resistance q,, for bored

piles in cohesive soils

Relative
settlement of the pile
head s/D, or s/D,

Pile base resistance q,, [kN/m?]

Shear strength c,, of the undrained soil [kN/m?]

100 150 250
0,02 350-450 600-750 950-1 200
0,03 450-550 700-900 1200-1 450
0,10(=s) 800-1 000 1200-1 500 1600-2 000

Intermediate values may be linearly interpolated.
For bored piles with a flared base the values are reduced to 75 %.
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Table 5.15 Empirical data ranges for the characteristic skin friction q_, for bored piles in
cohesive soils

Shear strength ¢, of the undrained Ultimate limit state value q,, of pile skin
soil [kN/m2] friction [kN/m?2]
60 30-40
150 50-65
> 250 65-85

Intermediate values may be linearly interpolated.

5.4.6.3 Empirical data for base resistance and skin friction of piles
in rock and cemented soils

(1) The data base for deriving characteristic pile resistances from pile load
tests in rock and cemented soil is comparatively small and does not allow
statistical deduction of empirical values. This is due to the specific difficulties
when recording and describing the rock mechanics properties of soft and
weathered rock. Therefore, the execution of pile load tests is strongly recom-
mended, see [23] and [100].

Tables 5.16 to 5.19 summarise the available empirical data and allow the
rough estimation of the range of anticipated pile capacities, on condition that
the common methods for investigation and classification of rock and soft rock
are adopted and a geotechnical expert is consulted. This includes such features
as compressive rock strength, discontinuities, degree of weathering, decompo-
sition and disintegration status, as well as mineralogy and texture.

(2) On condition of:

— minimum 0,5 m embedment of the bored piles into rock of an unconfined
compressive strength q,x = 5 MN/m? or;

— minimum 2,50 m embedment into rock of an unconfined compressive
strength q,x < 0,50 MN/m?

the values for the ultimate limit state (ULS) are given in Table 5.16 for the pile
base resistance and the skin friction as a function of the unconfined compres-
sive strength g, of the rock samples.

(3) Conditions for applying the empirical values given in Table 5.16 are that:

— the rock is homogeneous and present with sufficient thickness;

— the spatial orientation of the rock surface and of the discontinuities do not
promote failure mechanisms;

— no open discontinuities are present, nor discontinuities filled with easily
deformable materials and;

— areduction in strength as a result of drilling cannot occur, e.g. due to in-
gress of water in claystone and marlstone.
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Table 5.16 Empirical data ranges for the characteristic base resistance q,, and charac-
teristic pile skin friction q,, for bored piles in rock

Unconfined compressive
strength q,,

Ultimate limit state value q,,
of base resistance

Ultimate limit state value q,,
of skin friction

[MN/m?] [kN/m2] [kN/m2]
0,5 1500-2 500 70-250
5,0 5000-10 000 500—1 000
20,0 10 000-20 000 500-2 000

Intermediate values may be linearly interpolated.

(4) It shall be checked for the specific case if the anticipated pile settlements
in the rock justify the adoption of skin friction in overburden layers. If in
doubt, skin friction in such layers shall not be adopted.

(5) Alternatively, the ultimate limit state value of the base resistance qpy in
rock or cemented soil may be estimated on the basis of the weathering state
and the degree of mineral bonding as shown in Table 5.17. The pile skin fric-
tion ultimate limit state value qsx may be adopted at one tenth of the values of

Table 5.17.

Table 5.17 Reference values for the characteristic base resistance q,, for bored piles in

rock or soft rock

Weathering state and degree

Ultimate limit state value q,, of pile base resistance

moderate mineral bonding

of mineral bonding* [KN/m?2]
Rock type
Massive igneous | Conglomerates, Marlstone,
rocks and meta- | breccias, sand- siltstone,
morphites, e.g. | stone, limestone, claystone
granite, gabbro, dolomites
basalt, gneiss
Unaltered, 16 000 11 000 8 000
very good mineral
bonding
Partially weathered, 9 000 6 000 4 000
good mineral bonding
Moderately weathered, 4 000 3000 values for soils

apply

Decomposed or completey
altered,
poor or no mineral bonding

values for soils apply.

* Mineral bonding to DIN 4022

101




(6) The values in Table 5.17 apply to wide spacing of discontinuities of 1,0 m
and more. For smaller spacing, the values shall be reduced by at least 25 %.

(7) Conditions for the application of the values of Table 5.17 are that:

— the piles are at least 3 m long;

— the embedment depth into the rock corresponds to at least half of the pile
diameter, and;

— no open discontinuities are present, nor discontinuities filled with easily
deformable materials.

(8) For piles in siltstone, mudstone and sandstone the ultimate limit state val-
ues (ULS) given in Table 5.18 and 5.19 for the pile base resistance gy, and for
the skin friction qsx can be adopted on the basis of rock type-specific empirical
data after [30] and [102]. The requirements stipulated in (6) apply.

(9) Piles in compact rock normally only display minor settlement, meaning
that analysis of the serviceability limit state can be dispensed with if the ulti-
mate limit state is adhered to. In contrast to this, the empirical data available

Table 5.18 Empirical data for the characteristic base resistance q,, and characteristic
skin friction q,, for bored piles in siltstone and claystone

Rock type Strength Degree of weathering | Guide parameter Pile
acc. to EC 7-1 resistances
Handbook
[44] to [1 53] to [33] Qu w, S Qo
[MN/m?] | [%] | [KN/m?] | [KN/m?]
Hardtovery | Un- vol vy | >100 | 4-8 | 800 | 8000
hard altered
Rock Partially
Hard weather- | V1 > 50 5-10 | 400 4000
ed VA
Motr:ig;ztely M?glera- 12,5-50
Y ol v2 300 | 3500
weather-
ed —
Moderately 5-12.5 8-16
weak VE
Soft rock We:’;her- V3 200 2500
Weak 1,25-5
Highly
Very weak |weather-| V4 | VZ <1,25 |14-20| 90 1600
ed
Complete- Totally
ly weathe-|  CU™W | \eather- | v5 | Soil | <0,6 |18-30| 60 | 1000
soil
red rock ed
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for the dependence on deformation of the mobilisation of skin friction and base
resistance of bored piles installed in rock and soft rock display broad scatter,
see [131]. However, the pile settlements required to mobilise the ultimate skin
friction are normally considerably lower than in cohesive soils. If the deforma-
tion-dependent mobilisation of the pile resistance (equivalent spring stiffness)
influences the design of the foundation and the structure, static pile load tests
are recommended to determine the resistance-settlement behaviour of the bo-
red piles.

(10) The empirical data given in Tables 5.16 to 5.19 are shown as a function
of differing input parameters. A geotechnical expert with experience of piling
in rock should always be involved when selecting suitable characteristic pile
resistances from the tables. Also 5.4.1 (4) shall be observed.

Table 5.19 Empirical data for the characteristic base resistance q,, and characteristic
skin friction q,, for bored piles in sandstone

Rock type Strength Degree of Guide para- Pile resistances
acc. to EC 7-1 weathering meter
Handbook
[44] To [33] Uy Qe ok
[MN/m?] [kN/m?] [kN/m?]
Hard to very VU >100 700 8 000
Rock hard
Hard > 50 500 6 000
Moderately hard VA 12,5-50
200-400 4000
Moderately weak 5-12,5
Soft rock
VE 100-200 2500
Weak 1,25-5
Very weak \4 <1,25 80 1 600
Completely |  Crumbly/soil <0,6 60 1200
weathered Soll 800—
rock Cohesive/soil <0,6 40 1000

5.4.6.4 Diaphragm wall elements (barettes)

(1) The empirical data compiled in Tables 5.12 to 5.19 may also be adopted
for diaphragm wall elements (barettes) if the cross-sections and dimensions
defined in 2.2.1.7 are adhered to.

(2) If skin friction should be utilised, any prefabricated elements placed within
the diaphragm wall may not come into contact with the ground.
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5.4.6.5 Bored pile walls and diaphragm walls

(1) The empirical data reproduced in Tables 5.12 to 5.19 may also be adopted
for contiguous or secant pile walls and diaphragm walls if only the effective,
net areas contacting the ground are adopted for determining base resistance
and skin friction. A rectangular equivalent wall of, in plan view, equal area is
adopted as the basis for the design.

(2) If the walls are exposed, making differential earth pressures effective, e.g.
as a result of active earth pressure behind the wall and passive earth pressure in
front of the wall, skin friction may only be adopted for the wall areas with an
earth pressure angle 6 <0, also see [26].

5.4.7 Partial displacement piles

(1) The group of bored displacement piles is divided into partial displacement
piles (2.2.1.4, 2.2.1.5) to DIN EN 1536 and screw piles (full displacement
bored piles, 2.2.4 and 5.4.8) to DIN EN 12699. In the literature and in common
language this describes piles systems installed using rotary methods, whereby
the ground is either partially or completely displaced.

(2) Pile systems where the configuration of the drive tube is such that soil is
transported from the load-bearing embedment zone and/or redistributed into
overlying, weaker soils, belong to the partial displacement pile group. They
include systems using drive tubes and possessing a continuous flight auger for
only part of their length (2.2.1.5).

(3) Partial displacement piles can also be constructed using a continuous flight
auger (2.2.1.4). The degree of soil displacement depends on numerous factors;
among others the inside diameter D; of the hollow stem in relation to the out-
side diameter of the auger D,, the design of the auger, the soil type and ground
stratification and, not least, the quality of the installation. DIN EN 1536 con-
tains information on installing partial displacement piles.

(4) Accordingly, the various types of partial displacement piles differ in many
features, making universally applicable conclusions in terms of empirical pile
resistance data only possible to a limited degree.

(5) The values contained in Tables 5.12 to 5.15 can be adopted to determine
characteristic resistances based on empirical data. For specific cases these
values may be increased by the geotechnical expert if:

— the ratio of the diameter of the hollow stem to the outside diameter of the
auger > 0,6 and
— the volume of the transported soil is less than 70 % of the pile volume.

When specifying the increase factor relative to the tabled values:

— the uniformity and the density of non-cohesive soils;
— the consistency of cohesive soils, and
— regional experience with the adopted pile system
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must be taken into consideration. No increase is allowed in very poorly graded
or loose, non-cohesive soils, and in soft, cohesive soils.

Long-term, regional, empirical data for partial displacement piles in medium-
dense sands below the groundwater table and with uniformity coefficients
between U = Dgy/Djg>2,0 and U <2,5 are available for Northern Germany.
Assuming piles are correctly installed a general increase factor of 1,15 has
proven useful. Larger uniformity coefficients can indicate larger bearing ca-
pacities.

(6) When specifying the governing mean cone resistance q. of the CPT or the
characteristic undrained shear strength c, differentiation shall be made be-
tween:

— the zone governing the pile base resistance (from 1 - Dy above to 4 - Dy
below the pile base) and

— the region governing pile skin friction (mean value for the affected stra-
tum).

If the ground stratification has a greater influence on the CPT cone resistance
or the undrained shear strength, two or more mean pile skin friction zones
must be specified separately.

(7) All other conditions for adopting the data given in Tables 5.12 to 5.15 are
similar to those for bored piles as outlined in 5.4.6.2.

(8) The elements of the characteristic resistance-settlement curve for bored
piles up to a settlement of s = s, as shown in Figure 5.12 also govern partial
displacement piles. The characteristic shaft resistance Ry(ssg), characteristic
axial pile resistance R.x(s) and characteristic pile base resistance Ry x(s) are
also determined using Eq. (5.11) or Eq. (5.12), analogous to bored piles, also
see 5.4.6.1.

5.4.8 Screw piles
5.4.8.1 General
(1) Screw piles are also referred to as full displacement bored piles (2.2.4).

(2) The term ‘boring’ represents ground loosening and extraction. The desig-
nation “full displacement bored pile” is therefore somewhat contradictory,
because terminologically boring and full displacement are mutually exclusive
and could be misjudged. Although the designation has now established itself in
the professional literature, for pile systems in which a drive tube is installed
statically, i.e. rotated and/or pressed, vibration-free and the soil, in particular in
the embedment zone in the load-bearing ground, is completely displaced, are
primarily known as screw piles. DIN EN 12699 contains information on the
execution of screw piles. Because of the static, rotating installation method
used, screw piles differ from other, dynamically installed, full displacement
pile systems, e.g. prefabricated displacement piles.
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5.4.8.2 Empirical values of base resistance and skin friction
of screw piles

(1) Screw piles are systems in which the soil is completely displaced, with the
exception of minor uplift at the ground surface. Moreover, no soil redistribu-
tion from the embedment zone in the load-bearing ground to overlying, weaker
strata may occur. Empirical base resistance and skin friction data are given for
the Atlas pile and Fundex pile systems.

(2) When specifying the governing mean cone resistance q. of the CPT or the
characteristic undrained shear strength c,j differentiation shall be made be-
tween:

— the zone governing the base resistance (from 1 - D, above to 4 - D, below
the pile base) and;
— the zone governing the skin friction (mean value for the affected stratum).

If the ground stratification has a greater influence on the CPT cone resistance
or the undrained shear strength, two or more mean pile skin friction zones
must be specified separately.

(3) Conditions for the application of the data of Tables 5.20, 5.22 and 5.24 are
that:

— the thickness of the load-bearing layer below the pile base is not less than
three pile diameters, but at least 1,50 m and;
- qc27,5 MN/m? or ¢, = 100 kN/m? is confirmed for this zone.

Regardless of this, founding the pile bases in zones where q. > 10 MN/m? is
recommended.

(4) The elements of the characteristic resistance-settlement curve for bored
piles up to a settlement of s,;; = s, as shown in Figure 5.12 are also relevant for
screw piles. The determination of the characteristic shaft resistance R (ssg), of

Table 5.20 Empirical data ranges for the characteristic base resistance q,, for Atlas piles
in non-cohesive soils

Relative Pile base resistance q,, [kN/m?]

pile head settlement -

s/D mean CPT cone resistance q, [MN/m?]

7,5 15 25
0,02 950-1 400 1 650—-2 300 2 650-3 450
0,03 1200-1 850 2150-2 950 3 350-4 450
0,10 (=s) 2750-4 000 4 750—6 500 6 000—8 000

Intermediate values may be linearly interpolated.
D.: relative to external helix diameter
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the characteristic pile base resistance Ry x(s) and of the characteristic axial pile
resistance R¢(s) also follows in analogy to bored piles, using Eq. (5.11) or
Eq. (5.12), see 5.4.6.1.

Table 5.21 Empirical data ranges for the characteristic skin friction g, for Atlas piles in
non-cohesive soils

Mean CPT cone resistance q, Ultimate limit state value q,, of pile skin friction
[MN/m2] [kN/m2]
7,5 85-105
15 160-200
> 25 200-245
Intermediate values may be linearly interpolated.
Pile shaft area A: relative to the external helix diameter D..

Table 5.22 Empirical data ranges for the characteristic base resistance q,, for Atlas piles
in cohesive soils

Relative Pile base resistance q,, [kN/m?]
pile head settlement
s/Ds Shear strength ¢, of the undrained soil [kN/m?]
100 150 250
0,02 600—-800 900-1 250 1300-1 950
0,03 750-950 1050-1 500 1650-2 350
0,10 (=s) 1350—-1 750 1800-2 500 2200-3 250
Intermediate values may be linearly interpolated.
D.: relative to external helix diameter

Table 5.23 Empirical data ranges for the characteristic skin friction q_, for Atlas piles in
cohesive soils

Shear strength c,, of the undrained Ultimate limit state value q,, of pile skin
soil [kN/m?] friction [kN/m?]
60 40-60
150 75-95
> 250 95-120
Intermediate values may be linearly interpolated.
Pile shaft area A: relative to the external helix diameter D..
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Table 5.24 Empirical data ranges for the characteristic base resistance q,, for Fundex
piles in non-cohesive soils

Relative Pile base resistance q,, [kN/m?]

pile head settlement

s/D, for a mean CPT cone resistance q, [MN/m?]

7,5 15 25
0,02 1 .300—-1 900 2500-3 100 3650—-4 350
0,03 1 650—-2 500 3250-3 950 4 650-5 550
0,10 (=s) 3 800-5 500 7 200-8 800 8 300—-10 000

Intermediate values may be linearly interpolated.
D,: Diameter of base plate

Table 5.25 Empirical data ranges for the characteristic skin friction q,, for Fundex piles in
non-cohesive soils

Mean CPT cone resistance q, Ultimate limit state value q,, of pile skin friction
[MN/m2] [kN/m2]
75 35-50
15 85-115
>25 115-145
Intermediate values may be linearly interpolated.

Note: The data base for pile resistances from pile tests in cohesive soils is still
too small to allow empirical data to be derived.

(5) An example for determining the characteristic resistances of Fundex piles
is included in Annex BS.

5.4.9 Grouted displacement piles and micropiles
5.4.9.1 General

(1) If, in exceptional cases, no pile load tests are performed on pressure-
grouted piles, vibro-injection piles, grouted micropiles (D < 0,30 m) or tubular
grouted piles, the characteristic pile resistance R x or Ry in the ultimate limit
state may be determined for compression and tension piles using:

Rc,k = Rt,k = Rs,k = qu,i,k 'As,i (5.13)
where:
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Ag; nominal value of the pile shaft area in stratum i;

Qs,ik characteristic value of the pile skin friction in stratum i, derived
from Tables 5.26 and 5.32;

Rcxor Rix characteristic compressive or tensile pile resistance for the ulti-
mate limit state;

Rk characteristic pile shaft resistance for the ultimate limit state.

See 5.4.10 for additional conditions.

5.4.9.2 Empirical values of skin friction of pressure-grouted piles

(1) Empirical values of pile skin friction in the ultimate limit state are pro-
vided in Tables 5.26 and 5.27.

Table 5.26 Empirical data ranges for the characteristic skin friction q,, for pressure-
grouted piles in non-cohesive soils

Mean CPT cone resistance g, | Ultimate limit state value q,, of pile skin friction [kN/m?]
[MN/m2]
7,5 105-135
15 180-230
>25 225-275

Intermediate values may be linearly interpolated.

Table 5.27 Empirical data ranges for the characteristic skin friction q,, for pressure-
grouted piles in cohesive soils

Shear strength c,, of the undrained Ultimate limit state value q,, of pile skin
soil [KN/m?] friction [kN/m2]
60 40-50
150 80-90
> 250 95-105

Intermediate values may be linearly interpolated.

(2) The circumference of the pile shoe shall be adopted as the circumference
of the grout body.

(3) For compression piles, under conditions below, in addition to skin friction,
base resistance may be adopted like that for prefabricated driven piles:

— the thickness of the load-bearing layer below the pile base is not less than
3- times the pile base diameter, but at least 1,50 m and
- qc 27,5 MN/m? is confirmed in this zone.
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Regardless of this, founding the pile bases in zones where q. > 10 MN/m? is
recommended.

(4) The driving progress must be adapted to the capacity of the grout mixing
and pumping unit so that the void formed by soil displacement is completely
filled with grout.

5.4.9.3 Empirical values of skin friction of vibro-injection piles

(1) Empirical pile skin friction data in the ultimate limit state for non-cohesive
soils are given in Table 5.28.

(2) The circumference of the pile shoe shall be adopted as the circumference
of the grout body.

Table 5.28 Empirical data ranges for the characteristic skin friction q,, for vibro-injection
piles in non-cohesive soils

Mean CPT cone resistance g, | Ultimate limit state value q,, of pile skin friction [kN/m?]
[MN/m2]
7,5 90-115
15 150-195
>25 180-220

Intermediate values may be linearly interpolated.

(3) An additional pile end bearing capacity may only be derived from pile
load tests.

(4) The vibration progress must be adapted to the capacity of the grout mixing
and pumping unit so that the void formed by soil displacement is completely
filled with grout.

5.4.9.4 Empirical values of skin friction of grouted micropiles

(1) Empirical values of pile skin friction in the ultimate limit state are given in
Tables 5.29 and 5.30.

Table 5.29 Empirical data ranges for the characteristic skin friction q_, for grouted mi-
cropiles (D, < 0,30 m) in non-cohesive soils

Mean CPT cone resistance q, Ultimate limit state value q,, of pile skin friction
[MN/m?] [kN/m?]
7,5 135-175
15 215-280
>25 255-315

Intermediate values may be linearly interpolated.
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Table 5.30 Empirical data ranges for the characteristic skin friction q,, for grouted mi-
cropiles (D, < 0,30 m) in cohesive soils

Shear strength ¢, of the undrained Ultimate limit state value q,, of pile skin
soil [kN/m2] friction [kN/m?]
60 55-65
150 95-105
2 250 115-125
Intermediate values may be linearly interpolated.

(2) The largest outside diameter of the drilling tool, the drilling pipe or the
casing shall be taken to determine the circumference of the grout body. If piles
are installed with external flushing, the pile shaft diameter may be adopted as
the outside casing diameter plus 20 mm.

Note: When adopting the empirical data given in Table 5.30 it must be noted
that the data base from load tests of grouted micropiles in cohesive soils
is small. Depending on the specific situation, higher capacities might be
anticipated.

(3) Pile end bearing capacity may not be adopted in addition.

5.4.9.5 Empirical values of skin friction in tubular grouted piles

(1) Empirical values of pile skin friction in the ultimate limit state are given in
Tables 5.31 and 5.32.

Table 5.31 Empirical data ranges for the characteristic skin friction q_, for tubular grouted
piles in non-cohesive soils

Mean CPT cone resistance q | Ultimate limit state value q,, of pile skin friction [kN/m?]
[MN/m2]
7,5 170-210
15 255-320
>25 305-365

Intermediate values may be linearly interpolated.

Note: When adopting the empirical data given in Tables 5.31 and 5.32 it must
be noted that the data base from load tests of tubular grouted piles is
small. Depending on the specific situation, higher capacities might be
anticipated.
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Table 5.32 Empirical data ranges for the characteristic skin friction q_, for tubular grouted
piles in cohesive soils

Shear strength c,, of the undrained soil Ultimate limit state value q,, of pile skin
[kN/m2] friction [kKN/m?]
60 70-80
150 115-125
2250 140-150
Intermediate values may be linearly interpolated.

(2) The largest outside diameter of the drilling tool, the drilling pipe or the
casing shall be taken to determine the circumference of the grout body. If piles
are installed with external flushing, the pile shaft diameter may be adopted as
the outside casing diameter plus 20 mm.

(3) Pile end bearing capacity may not be adopted in addition.

5.4.9.6 Bond stress in grouted displacement piles

(1) DIN SPEC 18538 stipulates that the design values of the bond stresses Tr 4
and tg 4, are adopted for analysis of the bond in the pile shaft/grout interface of
grouted displacement piles to DIN EN 12699:

a) Tra1 = 0,2 N/mm? uniformly for all surfaces for grouted, driven grouted
and vibro-injection piles with H-sections;
b) Tra2=¢€- W1,1 for all other sections.

where:

ey at-rest earth pressure at the respective depth;
p  friction coefficient, set as p = 0,5 for rough rolled steel sections.

A cube compressive strength of f; cue> 25 N/mm? for the grout and a minimum
grout thickness of 25 mm are assumed.

(2) Annex A6 contains informative more up-to-date values for the bond stress,
determined during a recent research project, see [61], [62].

5.4.10 Applying the empirical data to tension piles

(1) As outlined already in 5.4.1 (5), pile load tests should always be performed
when dealing with tension piles. Also the EC 7-1 Handbook [44] allows the
estimation of tension pile resistances from empirical data in exceptional cases
only.

(2) If, in well-founded, exceptional cases, tension piles resistances based on
empirical data are adopted, the derived characteristic skin friction values must
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be confirmed by a geotechnical expert or geotechnical designer for the specific
situation. In this case it shall also be checked if the empirical data given in the
above tables should be further and considerably reduced for deriving tension
pile resistances, e.g. by applying appropriate calibration factors.

(3) When determining a characteristic resistance-heave curve based on em-
pirical data, the limit heave s, may be approximately determined using:

Set = 1,30 " s (5.14)

where s, Or sg+ is adopted after Eq. (5.5) or (5.7), and (5.11), or accordingly
for other pile types.

(4a) Where the empirical values to 5.4.9 are adopted in the design, the design
length of the grout body of pressure-grouted piles or vibro-injection piles
should be limited to a maximum of 15 m and that for tubular grouted piles or
grouted micropiles to a maximum of 12 m, as this corresponds to the current
range of experience. If greater grout body lengths are designed, the respective
skin friction values shall be derived from load tests or shall be confirmed by
the geotechnical expert

5.5 Bored Piles with Enlarged Bases

(1) It can be necessary to increase the pile base resistance of bored piles by
enlarging the base, for both compressive and tensile loads.

(2) The voids required in the base area for this purpose may only be formed in
sufficiently stable ground.

(3) Any base enlargements formed either manually or by machine should be
as concentric to the pile shaft as possible.

(4) If the pile base is below the groundwater table the void must be supported
by positive water pressure, or by other fluids, in accordance with usual bored
pile execution.

(5) The ratio of enlarged base height to base protrusion may not fall below the
following values:

— in non-cohesive soils 3:1;
— 1in cohesive soils 2: 1.

(6) Compression and tension piles shall be differentiated when assessing the
load-bearing capacity. After investigations published in [111], the following
applies, in particular, to bored piles:

a) A zone of reduced skin friction develops above the enlarged base of com-
pression piles which probably results from loosening of the soil. This is
compensated further above, probably as a result of arching stresses. Conse-
quently, for an approximate analysis the mean skin friction values as given
in 5.4.6 may also be adopted above base enlargements.

113



b) Also (longer) bored piles with enlarged bases transfer loads predominantly
via the pile shaft, similar to piles without enlarged bases, unless the pile is
founded on a particularly hard soil stratum or on rock. Base enlargements
are therefore generally only technically and economically expedient in firm
soils and on weak rocks.

5.6 Additional Methods Using the EC 7-1 and EC 7-2
Handbooks

(1) In addition to static or dynamic pile load tests the EC 7-1 Handbook [44],
and in places the EC 7-2 Handbook [45], also list:

— empirical or analytical methods and;
— observation of the behaviour of a similar pile foundation;

to determine the resistance of axially loaded piles. See EC 7-1 Handbook [44],
NDP to 7.6.2.3 (5)P and NDP to 7.6.3.3 (4)P for national usage.

(2) 5.4.1 (3) and (4) must be observed for these cases.

5.7 Pile Resistances for Grouted Shafts and Bases

(1) Because the resistances of the pile shaft and pile base dependent on the
relative displacements, the proportion of skin friction in the serviceability limit
state is considerable. Grouting of the pile shaft therefore increases the pile
capacity and can simultaneously reduce settlements, see [103].

(2) Shaft and base grouting can reduce negative influences on the bearing
capacity, in particular when bored piles are installed in soils of low density or
soft-consistency, or, disturbance of the surrounding ground result from pile
installation.

(3) Pile base grouting is carried out to prestress the subsoil or to increase the
capacity of the pile base subsequent to pile construction.

(4) Shaft grouting is carried out using grouting pipes connected to the rein-
forcement, such that the position of the pipes cannot change when installing
the reinforcement and placing the concrete. Simple sleeved pipes with only
one valve are normally used for single stage grouting. Provided appropriate
configuration and flushing, regrouting can be carried out a number of times.
Alternatively, the shaft can also be grouted using the tube-a-manchette
method, using double packers at varying depths.

(5) The following information complementing that on the ground conditions,
is essential for shaft grouting [70]:

— type of grouting pipes;
— single or multiple stage grouting;
— specific shaft surface area per sleeve (valve);
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— grout quantity per sleeve (valve);

— maximum grouting pressure;

— pumping rate in I/min;

— procedure for recording of grouting data.

(6) Base grouting can be carried out using flexible box structures at the pile
base, or at 90° crossed grouting pipes or valves at the base of the pile.

(7) In addition to detailed information on the ground conditions, the following
governing parameters, are required for base grouting:

— type of grouting equipment (flexible box structures, simple sleeved pipes,
or other);

— grout quantity;

— maximum grouting pressure;

— maximum heave of pile head during grouting;

— type of heave monitoring;

— procedure for recording of grouting data.

(8) Where purposeful grouting of the shafts of bored piles is carried out, the
empirical pile skin friction data for grouted micropiles given in 5.4.9.4 can be
adopted for preliminary design or the values given for bored piles in 5.4.6.2 be
increased by approximately 50% [103]. Further information on the enhance-
ment of pile capacity by shaft and base grouting is provided in [112].

5.8 Resistances of Piles Under Lateral Loads

(1) Soil resistances lateral to the pile axis are generally given as subgrade
reaction moduli, in particular for long, flexible piles.

(2) The resistances shall be differentiated for two different analysis methods:

a) determination of the effects within the pile, e.g. bending moments, see (3)
and (4);
b) determination of the horizontal deformations of a pile foundation, see (5).

(3) In addition to back-calculations from horizontal load tests, the subgrade
reaction moduli outlined in the EC 7-1 Handbook [44] may also be determined
from the relationship: kx = E/D;, see 6.3.2, Eq. (6.8), because the magnitude
of the estimated subgrade reaction moduli plays only a minor role on pile ef-
fects. Not regulated in the EC 7-1 Handbook [44] is, however, the effect of the
shape of progression with depth of the modulus of subgrade reaction which
can be decisive, even when using the simplified approach. See e.g. [59], for
guidance and additional information and literature references.

Note: The procedure specified in (3) above represents a simplified approach,
and can be applied regardless of displacements. For more accurate
analysis, the modulus of subgrade reaction should be determined from
horizontal pile load tests as a function of deflections and be adopted
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corresponding to the deflections resulting from the effects on the com-
plete structure.

(4) Estimates of deformations based on the relationship given in (3), also see
6.3.2, Eq. (6.8), are generally associated with major uncertainties. If horizontal
deformation analyses are necessary, the EC 7-1 Handbook [44] demands they
be based on pile load tests or on the results of comparable pile load tests.

(5) See [26] for subgrade reaction approaches used for piled walls for excava-
tion pits.

(6) An example of laterally loaded piles is included in Annex B9.

5.9 Pile Resistances Under Dynamic Actions

(1) Where piles are, in contrast to static actions, subjected to considerable
cyclic, dynamic or impact actions, markedly changed pile behaviour must be
anticipated as a function of the respective boundary conditions. The EC 7-1
Handbook [44] requires that this behaviour shall be taken into consideration in
the analysis and design of pile foundations.

(2) Additional information on definitions, bearing capacity and pile resis-
tances can be found in 4.1 (1), 4.2 (4) and Section 13.

5.10 Internal Pile Capacity
5.10.1 General

(1) The internal capacity of piles and their connections to the structure de-
pends on the pile materials and shall be analysed in this context.

(2) The material properties, analysis formats and partial factors given in the
respective design standards govern the determination of the resistances of the
respective structural members. The following standards apply, together with
the information on the respective parameters specified in the National An-
nexes:

— DIN EN 1992-1-1 for reinforced and unreinforced bored piles to
DIN EN 1536 and driven, steel or prestressed concrete piles to
DIN EN 12699;

— DIN EN 1993-1-1 and, in particular, DIN EN 1993-5 for driven steel piles
to DIN EN 12699 and micropiles to DIN EN 14199, in which the steel
member is predominantly designed to accept the effects on the structural
element;

— DIN EN 1994-1-1 for steel piles with a closed, concrete-filled cross-section
(e.g. micropiles to DIN EN 14199 with tubular cross-sections).

(3) The standards controlling internal capacity analyses allow test-supported
design for both the resistance capacities of cross-sections and for stability
analyses.
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a) DIN EN 1990 and DIN EN 1992-1-1 or DIN EN 1993-1-1 provide general
provisions for test-supported design.

b) Instructions on performing test-supported design can be taken from
DIN EN 1997-1 and the respective pile execution standards.

(4) When analysing the internal pile capacity, the pile action effects are gener-
ally determined based on the EC 7-1 Handbook [44]. Both the equilibrium
conditions and the compatibility, in particular in terms of the interactions be-
tween the structure, the pile and the ground, must be taken into consideration.

(5) With regard to designing piles in terms of internal capacity, the durability
of the construction for the proposed service life, in particular, must be demon-
strated.

a) For steel piles, in particular, the reduction in the effective cross-section as a
result of corrosion must be taken into consideration. DIN EN 1993-5 speci-
fies corrosion rates as a function of the aggressive medium (various soil ty-
pes and water) and the pile exposure.

b) The durability of steel or prestressed concrete piles shall be ensured
through sufficient concrete cover of the reinforcement and by the concrete
quality. The general reinforcement rules for in-situ concrete and prefabri-
cated concrete elements given in Sections 8 and 10 of DIN EN 1992-1-1
must be observed.

(6) In addition to the information provided in DIN EN 1536, DIN EN 12699
and DIN EN 14199, supplementary guidance and provisions on material pa-
rameters and structural element resistances are provided in the DIN SPEC
standards complementing the European pile execution standards, see 1.1 (2).

(7) Laterally loaded piles with circular cross-sections can also be designed
after [5]. An example analysis is included in Annex B9.

5.10.2 Allowable cross-section stresses

(1) The design value of an effect in any cross-section may not exceed the
corresponding design value of the allowable stress. If several types of effect
occur simultaneously, this requirement also applies to the combination of these
effects, see EC 7-1 Handbook [44].

(2) For driven steel piles to DIN EN 12699 and micropiles to DIN EN 14199,
in which the steel member is predominantly designed to accept the effects on
the structural element, the provisions of DIN EN 1993-1-1 and DIN EN 1993-
5 apply.

a) DIN EN 1993-1-1 provides suitable information on the cross-section values
to be adopted for tensile and compressive loads, and the formats for analys-
ing normal forces, shear forces and bending loads. The interaction of the
action effects must be taken into consideration in the analysis using suit-
able equations.

b) The provisions of the National Annex DIN EN 1993-1-1/NA also apply.
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(3) For steel or prestressed concrete piles (bored piles to DIN EN 1536 or
displacement piles to DIN EN 12699), the analysis of the allowable stresses in
the cross-sections follows the provisions of DIN EN 1992-1-1.

a) The analysis formats with which the combination of normal force and ben-
ding moment are analysed for piles, are described in DIN EN 1992-1-1 and
must be adhered to.

b) Specific construction provisions for bored piles are included in
DIN EN 1992-1-1. In addition, the specifications in the execution standard
DIN EN 1536 apply.

c) Additional provisions and requirements for prefabricated driven piles are
formulated in DIN EN 1992-1-1. They must be observed in addition to the
provisions of DIN EN 12699.

d) The provisions of the National Annex DIN EN 1992-1-1/NA also apply.

5.10.3 Resistance of piles against buckling failure in soil strata
with low lateral support, and buckling analysis

(1) Buckling of compression piles is normally prevented by the supporting
action of the ground lateral to the pile. Sufficiently stiff and strong soils there-
fore present no buckling hazard.

(2) However, this does not necessarily apply in soft soils.

(3) The EC 7-1 Handbook [44] states the following about buckling failure and
buckling analysis:

a) The EC 7-1 Handbook [44], 7.8, requires that slender piles, when passing
through water or thick deposits of very weak soils shall be checked against
buckling. Without referring to slenderness it goes on to state that no buck-
ling safety analysis is required if the piles are contained in soils with a cha-
racteristic, undrained shear strength ¢, > 10 kN/m?.

b) In the EC 7-1 Handbook [44], A, Note on (5), it is pointed out that buck-
ling can also occur in micropiles installed in soils with shear strengths
Cux > 10 kN/m?>.

c) DIN EN 1536 and DIN EN 12699 do not contain guidance on any limits
from which stability analyses need to be performed.

d) DIN EN 14199 states that a buckling analysis should be performed for
micropiles installed in a soil with characteristic undrained shear strength
less than 10 kN/m?, taking any imperfections into consideration.

(4) In the investigations carried out e.g. by [10], [93], [94] and [156], it was
shown that buckling failure can also occur in slender piles in soil strata offer-
ing little lateral support, given unfavourable boundary conditions, even if the
limits mentioned in (3) are adhered to. Also see [149] and [106] for micropiles.

(5) Piles in at least firm, cohesive soils and those in non-cohesive soils gener-
ally do not need to be analysed for buckling.
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(6) Until further notice, the approaches given in Annex A5 for determining the
resistance of piles against buckling failure may be adopted for piles requiring a
buckling safety analysis. Alternatively, the capacity of a compression pile
suspected of being unstable may be analysed in the course of test-supported
design using static pile load tests, also see 5.10.1 (3).

(7) A buckling hazard must always be considered in compression piles pass-
ing through water. Guidance on a simplified check of the buckling length of
partially free-standing steel piles can be found in DIN EN 1993-5. The method
can also be adopted for partially free-standing, reinforced concrete or prestres-
sed concrete piles.

(8) Specification of the governing parameters required to analyse buckling
safety depends greatly on boundary conditions dictated by the ground situa-
tion, pile installation and the performance of the pile system (bond of steel,
cement,, ground). The option of test-supported design should therefore be
considered if the results of the numerical analyses contradict building practice
experience, also see 5.10.1 (6).

5.11 Numerical Analyses of the Capacity of Single Piles

(1) As outlined in 5.1 (4), numerical methods may also be employed to deter-
mine pile resistances if the analysis models have been calibrated on compara-
ble pile load test results.

(2) It should be noted that realistic pile installation modelling using numerical
methods is generally difficult, and is inexact for certain pile systems in the
context of practical construction. This is because the ground properties in the
vicinity of the pile can be strongly influenced by pile installation. Numerical
analyses works best for bored piles.

(3) Notes on mesh generation and modelling can be found e.g. in [146].

(4) The plausibility of characteristic pile resistances determined using numeri-
cal methods should be examined on the basis of pile resistances determined
from the empirical data given in 5.4, and be confirmed by the geotechnical
expert for the specific application.
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6 Stability Analyses

6.1 Introduction

(1) The fundamentals of the analyses using the partial safety factor approach
in accordance with the provisions of the EC 7-1 Handbook [44] are outlined in
1.2 and 3.1.1 (4).

(2) The conditions required to analyse the stability and serviceability of pile
foundations are summarised in their entirety again below, even if this means
repeating provisions of the EC 7-1 Handbook [44] and texts of the relevant
standards. However, this aims to facilitate the use of the new provisions for
pile foundations based on the EC 7-1 Handbook [44].

6.2 Limit State Equations

(1) According to the EC 7-1 Handbook [44], the characteristic actions Fy, Hy
and Myimposed on the piles by the superstructure or the ground, or the effects
Ey,, shall be converted to design values for the ultimate limit state and service-
ability limit state analyses using Analysis Method 2 (STR and GEO-2) after
Eq. (6.1 a—c) or Eq. (6.2), adopting the appropriate partial factors (see An-
nexes A2 and A3).

Fy =Fou V6 + Forep Vo (6.1 a)

H, =Hg, ' vq +HQrep “Yo (6.1b)

My =Mgy V6 + Mo Yo (6.1¢c)
or

E; =Egy Y6 TEqup Yo (6.2).

(2) The analysis of the pile is satisfied if the limit state equations (6.3 a—c)
and (6.4) are adhered to for the ultimate and serviceability limit states.

F, <R (6.32)

H, <R, (6.3 b)

M, <Ry (6.3¢)
and

E, <R, (6.4).
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6.3 Bearing Capacity Analysis
6.3.1 Axially loaded piles

(1) The following procedure applies for analysing the ‘external’ capacity (load
transfer to the ground) of an axially loaded, single pile of a pile foundation for
the governing design situation in the ultimate limit state after the EC 7-1
Handbook [44]:

a) The characteristic, axial actions Fy, see 4.1 and 4.2, at the pile head are
determined as foundation loads of the chosen system. The system consists
of the selected pile type and dimensions, the pile head and superstructure.
The foundation loads comprise the loads imposed by the structure and, as
applicable, negative skin friction, and are separately determined as persist-
ent and transient situations.

b) The design values Fy after 6.2 (1) are determined from the characteristic
axial actions Fy on the pile.

c) Adopting the characteristic axial pile resistances determined after Sec-
tion 5, the design values of the pile resistances in the ultimate limit state
result from:

R.s =R, /v, for compression pile resistance (6.5a)
R, =R, /y,,  fortension pile resistance (6.5b)

where v, or vy, are adopted from Annex A3.2 or the EC 7-1 Hand-
book [44], Table A2.3.

The partial factors apply equally to both the base and the shaft resistance.

(2) Using the determined axial design actions and resistances, it must be dem-
onstrated that the piles fulfil the limit state conditions for all governing load
cases and load combinations, see EC 7-1 Handbook [44] or 6.2 (2):

E,<R. or ch,d < ch’d for compression pile resistances (6.6 2)

F, <R, or ZFt,d < ZRt,d for tension pile resistances (6.6 b)

Note: In addition to the designations used in Equations (6.5) and (6.6) for the
ultimate limit state of the piles as specified in the EC 7-1 Hand-
book [44], the Recommendations on Piling also include the abbrevia-
tions R, = R,y = R(ULS), depending on context, also see Annex Al.

(3) If the limit state conditions are not fulfilled, the pile dimensions must be
increased accordingly. If an uneconomical safety excess exists and should be
lowered, the dimensions, e.g. the pile length, may be reduced accordingly. The
analysis shall be repeated in both cases or be completed by iteration.
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(4) When determining the design values of tensile loads, after 8.1.2 (2) and the
EC 7-1 Handbook [44], a simultaneously acting characteristic compressive
load resulting from favourable permanent actions shall be taken into considera-
tion only by the partial factor yg;,r. Contrary to this, design of compression
piles with simultaneously acting tensile load shall use the same GEO 2 method
as for all foundation structures. All characteristic loads shall be summarised
(compressive and tensile), taking their algebraic signs into account, and the
resulting characteristic compressive loads, reduced by the tensile component,
shall be converted to design values for the actions yg and yq.

(5) The self-weight of the piles may be ignored in cases of compressive loads.
For tensile loads the pile’s self-weight may be adopted as a simultaneously
acting compressive load in accordance with 8.1.2 (2).

(6) Safety against structural failure (‘internal pile capacity’ shall be analysed
in accordance with 6.3.3, taking 5.10 into consideration.

(7) Annexes B1 and B7 contain examples of the analysis of the external ca-
pacity of axially loaded single piles.

(8) See 5.9 and 13 for details of the different performance of piles under
cyclic actions.

(9) For grouted tension pile systems (grouted micropiles to DIN EN 14199
and grouted displacement piles to DIN EN 12699) in accordance with the
EC 7-1 Handbook [44], a model factor ny shall be taken into consideration for
the calculation of the design values and Eq. (6.5 b) becomes:

Rt,d = Rl,k /('Ys,t My ) (6.5 ¢).

The model factor is ny = 1,25, regardless of the pile inclination. Eq. (6.5 c)
also applies if, in well-founded, exceptional cases, no pile load test data are
available and the pile resistances of grouted pile systems are derived from
empirical data.

6.3.2 Laterally loaded piles

(1) The bearing capacity of long, flexible piles in the governing design situa-
tion in the ultimate limit state (ULS) situations STR and GEO needs not be
analysed if the piles are embedded in the ground and the horizontal characteris-
tic effect in the DS-P design situation is no more than 3 % of the vertical effect,
or 5 % in the DS-T design situation. Proceed as follows for all other cases:

— Define the input values for determining ground reactions, e.g. a modulus of
subgrade reaction after 5.8;

— Determine the characteristic action effects or the characteristic stresses
using the characteristic values of actions and the characteristic values of the
subgrade reaction moduli,
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Convert the characteristic action effects or the characteristic stresses to
design values of effects by multiplying by the partial factors of actions after
Annex A2 or EC 7-1 Handbook [44], Table A2.1 and 6.2 (1);

Verify that the characteristic normal stress oy, along the pile shaft between
the pile and the ground does not exceed the characteristic passive earth
pressure e,y calculated for the two dimensional situation:

Ohk < Cphk 6.7)

The analysis using Eq. (6.7) assumes in approximation that only a stress
comparison is required, which involves the normal stresses oy, between the
pile and the ground, calculated using the modulus of subgrade reaction me-
thod, and the two dimensional characteristic passive earth pressure stresses
epnk in front of the pile, calculated after the EC 7-1 Handbook [44]. The
EC 7-1 Handbook does not stipulate that a displacement-dependent mobili-
sation of eynx be considered, also see [64]. The passive earth pressure stres-
ses epnx are introduced here only as maximum normal stress limits oy,y. The
numerical reduction to the two dimensional passive earth pressure (and not
to the three-dimensional case) provides safety reserves with depth, which
depend on the utilisation. The analysis relates primarily to calculations us-
ing the approximation approach after 5.8 for determining internal forces:

ks,k = Es,k/D (68)

If pile load test results are available, realistic, if necessary non-linear, mo-
dulus of subgrade reaction variables and distributions should be derived
from them for the ground resistance, as a function of the load ranges.
Verify that the lateral ground resistance By, 4 was not adopted at greater than
allowed by the design value of the three-dimensional passive earth pressure
E},q for the corresponding component of the embedment depth as far as the
pile pivot (displacement zero point):

Bha < Elyg (6.9)

Analyse safety against structural failure.

(2) Annex B9 contains an example for determining the characteristic effect
and designing a laterally loaded, flexible, single pile.

(3) Proceed as follows to analyse short, rigid, single piles for the governing
design situation in the ultimate limit state:

Determine the resulting characteristic support forces and characteristic
action effects for an estimated pile length and characteristic parameters,
applying the equilibrium conditions.

The characteristic support forces in the ground shall be converted to design
forces by multiplying by the partial factors of actions from Annex A2, the
EC 7-1 Handbook [44], Table A2.1 and 6.2(1), and be balanced against the
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design values of the three-dimensional passive earth pressure. Methods that
model the bearing capacity of the short, almost rigid piles may be adopted,
e.g. the methods after [8], [148]. The final pile length shall be determined
iteratively.

— When analysing safety against structural failure the characteristic action
effects shall be converted to design values by multiplying by the partial
factors for actions from Annex A2 or EC 7-1 Handbook [44] and Table
A2.1 and 6.2(1).

(4) See 5.9 and 13 for details of dynamic actions.

6.3.3 Structural failure in piles

(1) Safety against structural failure (STR) must be demonstrated for all piles
compliant with the type-specific regulations:

E, <R, (6.10).

(2) The governing design values of the effects E4 shall be determined as out-
lined in Sections 4, 6.2, 6.3.1 and 6.3.2.

(3) The material properties given in the respective construction standards shall
be applied for the determination of the design values of the resistances Ry 4 of
the structural elements.

6.4 Serviceability Analysies

6.4.1 Axially loaded piles

(1) If an appropriate examination reveals that the deformations of the pile
foundation are relevant to the structure as a whole, an analysis of the service-
ability limit state (SLS) must be performed for the governing design situations.
Serviceability is demonstrated if the following condition is met:

F, (SLS)=F, <R, (SLS)=R, (SLS) (6.11)
Partial factors of y=1.0 are normally adopted for the actions and the resist-
ances.

Analysis may also be performed using the allowable settlements. all. s; as
provided by the structural designer, assuming characteristic effects on the pile
foundation in the serviceability limit state, as follows:

s < all. sy (6.12)

Note: Where pile systems only display minor settlements under service loads,
the serviceability limit state analysis can be covered in the analysis of
the ultimate limit state, also see 5.2.3 (3).

(2) If the procedure described in (1) is adopted, it is first assumed that single
pile performance is prevalent for the pile foundation structure as a whole, and
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that an additional group effect influencing pile capacity can be ignored. Re-
gardless of this, differential settlements As, between the piles of a piled foun-
dation structure can occur, even when single pile behaviour is anticipated.
Such effects can result e.g. of heterogeneous ground conditions and/or influ-
ences from pile execution. After Figure 6.1 differentiation is to be made bet-
ween anticipated

— minor differential settlements and
— substantial differential settlements.

(3) If only minor differential settlements are anticipated between individual
piles in a structure, then the characteristic pile resistance shall be derived from
an assessment of the pile load test results after 5.2 and 5.3, or based on empiri-
cal data after 5.4 using a specified, allowable characteristic settlement s as
shown in Figure 6.1 a).

For the consideration of the ground-foundation-structure interaction, spring
constants may be adopted for the piles, which are derived from the secant on
the characteristic resistance-settlement or -heave curve, or from empirical data.

a) b)
R(SLS) B R(SLS) Romean R
ToeT —\\ = Sk min .
all. s s [ 2as,{ > e
. / m : AN all. s
Secant . N R
for spring constant 'k max
Sg Py Sg &
R, =R(ULS) E R, = R(ULS) 13
sV sV

Figure 6.1 Possible method for derivation of characteristic resistances of isolated piles
R(SLS) in the serviceability limit state from test data and data from resistance-settlement
curves a) for anticipated minor differential settlements between isolated piles; b) for an-
ticipated substantial differential settlements between isolated piles

(4) If substantial differential settlements are anticipated between the individ-
ual piles of a structure, proceed as in (3) for the single pile. Possible upper
Skmax and lower bounds sy, of the settlements s, after Figure 6.1 b) shall
be determined in the range of the resulting pile resistance R(SLS), adopting
Eq. (6.13):
As =K - 8¢ (6.13)
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The factor k depends on pile installation, ground stratification and the loca-
tions of the piles within the foundation structure, and should be specified in
agreement with the geotechnical expert. Additional information can be found
in [59].

(5) With regard to pile groups, the bearing capacity of the piles in the group can
be additionally influenced by the group effect, also see Section 8.

(6) As a result of possible differential settlements between the piles or between
individual groups as mentioned in (4), or within a pile group as mentioned in (5),
for the characteristic pile resistance R(SLS), an ultimate limit state (ULS) or
serviceability limit state (SLS) can result as a consequence of imposed effects in
the pile head slab or the superstructure.

(7) Examination is also required, if the anticipated deformations of individual
piles or of pile groups can result in a serviceability limit state of neighbouring
structures, e.g. adjacent buildings or pipe inlets.

(8) Annexes B1 and B7 contain examples of the analysis of the serviceability
limit state of axially loaded, single piles.
6.4.2 Laterally loaded piles

(1) The provisions of 6.4.1 shall be applied accordingly to laterally loaded
piles.

(2) See 5.8 for additional guidance.

6.5 Pile Groups and Grillages

(1) See Section 8 for ultimate and serviceability limit state analyses of com-
pression pile groups, tension pile groups and laterally loaded pile groups.

(2) Analysis of grillages is dealt with in Section 7.
(3) Examples of pile groups are provided in Annexes B11 to B13.

6.6 Piled Raft Foundations

(1) See 3.1.4 for details of bearing capacities and analyses of piled raft foun-
dations.

(2) Both the ultimate and the serviceability limit states can be analysed on the
basis of [46], or 8.3 and 8.4, whereby the EC 7-1 Handbook [44], A 7.6.2.8
A (1) must be observed.
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7 Grillage Analysis

71 Analysis Models and Procedures

(1) Traditional grillage analysis is based on the simplified, static analysis
model shown in Figure 7.1, as described in [128] and [137], for example, as
follows:

— In structural terms the piles are hinged columns with bearings at the head
and the toe.

— The toe bearing is immovable.

— The piles are adopted as linear elastic springs.

— The flexibility of the load-bearing ground is incorporated in the pile spring
constant.

— The flexural stiffness of the capping slab or the superstructure is large in
comparison to the pile stiffness (‘rigid’ pile head structure).

— The ground does not act on the piles themselves (through negative skin
friction, for example).

rigid

Figure 7.1 Grillage: System and boundary conditions

(2) Additional notes and the analysis equations for the methods discussed in
(1) can be found in [137].

(3) Applying the described analysis route is generally very complex and ex-
tensive. However, for special cases such as:

— Foundations on vertical piles only;

— Double symmetrical grillages;

— Axis-symmetrical, three-dimensional grillages, for example for tower-like
structures;

simple equations are given in [137], and are particularly useful for hand calcu-
lations at the draft stage.
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(4) Because of the software applications now widespread in practice, grillages
are increasingly analysed today using frame methods with embedded or non-
embedded beams.

7.2 Non-linear Pile Bearing Behaviour in Grillage Analysis

(1) In grillage systems with differently utilised piles (asymmetrical pile sys-
tems in terms of geometry and/or loading), a larger pile bearing capacity can,
in many cases, be demonstrated by taking the non-linear pile bearing behav-
iour into consideration.

(2) Notes on the impact on grillage analysis of the non-linearity of the piles'
resistance-settlement curve can be found in [7], for example.

(3) In summary, comparative analyses, for example as in [124], have shown
that in terms of the impact of the non-linearity of the piles’ resistance-
settlement curve when analysing grillages, it may be assumed that the maxi-
mum values of:

— the pile forces and
— depending on the actual load positions, the action effects in the pile cap-
ping slab

are generally reduced for piles loaded in compression.
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8 Analysis and Verification of Pile Groups

8.1 Actions and Effects

8.1.1 Compression pile groups

(1) Actions on pile groups correspond to the actions on single piles as de-
scribed in Section 4. However, it is generally that the distribution of total of
the actions on individual piles is not distributed uniformly in a pile group.

(2) The effect on an individual group pile corresponds to the activated pile
resistance, e.g. after 8.2.1.

(3) The effects on the pile head slab caused by the non uniform distribution of
pile resistances must be taken into consideration. The forces acting on the pile
capping slab resulting from the pile resistances and the associated settlements
should be known for the slab design. Spring stiffnesses c; can be adopted for
each group pile for this purpose.

8.1.2 Tension pile groups

(1) As a principle, two cases shall be differentiated for analysis and determa-
tion of the actions on a tension pile group. One case refers to the pull-out resis-
tance of the single pile in the GEO-2 limit state, and the other to the uplift of
the entire pile group as a soil monolith in the UPL limit state, also see 8.3.2.

Note: The EC 7-1 Handbook [44] does not clearly stipulate whether the latter
case, i.e. the analysis of the uplift of a soil monolith, needs also be per-
formed for isolated piles, also see (5).

(2) If the piles are subjected exclusively to tensile loads, the design value of
the effects required for analysis of the safety against pull-out is carried out as
that for single piles, see Section 4. If characteristic tensile forces dominate in
more unfavourable combinations of simultaneously acting compressive and
tensile forces, the design value F4 of the tensile effect shall be determined
using:

Fs =For Vo +Ft,Q,rep Yo —E.ox Yot (8.1)

where:

Fx the characteristic value of the tensile effect on a pile or a pile group as
a result of permanent actions;
Y6 the partial factor for permanent effects in the GEO-2 limit state;

Fo.p  the characteristic or representative value of the tensile effect on a pile
or a pile group as a result of possible unfavourable, variable actions;

Yo the partial factor for unfavourable, varible effects in the GEO-2 limit
state;
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F.gx  the characteristic value of a simultaneously acting compressive effect
as a result of permanent actions;

YG.inf the partial factor for favourable, permanent, compressive effects in the
GEO-2 limit state.

(3) When analysing the safety against pull-out of piles in the GEO-2 limit state
shear forces Ty may be taken into consideration using:

E, = ok TG +Ft,Q,rep Yo _(FC,G,k +T, )'Yc,inf (8.2)

The shear forces are treated as favourable, permanent compressive effects for
determining the design value of the tensile effect. See (7), (8) and 8.3.2.2 (2)
for additional guidance on consideration of shear forces Ty.

(4) For UPL limit state analysis after 8.3.2.2 of the attached block of soil the
geometry, and therefore the weight Ggy, of a block of soil attached e.g.
through tension pile elements, may be determined using:

G =n, -[la 1, (L—%-\/l‘f +1; -cot (p)}nz -y (8.3)

where, in addition to the previously defined variables:

Ggyx the characteristic weight of the attached soil;
ngz number of tension elements in a tension pile group;

L the length of the tension elements;

L, the larger grid

Iy the smaller grid dimension;

Y the governing unit weight of the attached block of soil;

n, the calibration factor; n, = 0,80.

The associated geometrical model is shown in Figure 8.1 which also applies to
edge piles. Where necessary, the unit weight v is entirely or partially replaced
by the effective weight density (under buoyancy) y' of the soil.

(5) The geometry of the attached soil prism determined with Eq. (8.3) was
derived using relationships described in [116]. However, the equation cannot
be adopted for very large pile grid spacing. In this case the governing analysis
is that described in 8.3.2.3 for the isolated pile. If only one isolated pile with-
out an enlarged base is present, analysis of the attached block of soil in the
UPL limit state may also be dispensed with.

(6) According to EC 7-1 Handbook [44], and [26] and (3), shear forces Ty
may be taken into consideration together with other favourable actions on the
superstructure or on the retaining walls of an excavation pit where the bottom
is subject to uplift and anchored by piles. The analysis shall ensure that:

— force transfer from the wall into the base is provided by a suitable construc-
tion and
— the bottom slab is capable of uniformly distributing the transferred forces.
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Figure 8.1 Geometry of the soil attached to an individual pile of a pile group

(7) For an excavation pit subject to uplift forces and anchored by piles the
shear forces on the retaining wall should only be taken into consideration in a
small strip bordering the walls. Otherwise, distribution of the load across the
concrete bottom slab must be demonstrated, taking the stiffness of the slab and
of the piles into consideration.

(8) An example analysis of a tension pile group is provided in Annex B12.

8.1.3 Laterally loaded pile groups

(1) The recommendations in 8.2.3 for laterally loaded pile groups relate to
groups subjected to actions like foundation loads imposed by a superstructure.
The actions are acting on the pile capping slab or above it. Geotechnical ac-
tions such as lateral pressures, see 4.5, are not considered here.

8.2 Bearing Capacity and Resistances of Pile Groups

8.2.1 Compression pile groups
8.2.1.1 Introduction

(1) In pile groups the individual piles normally participate to varying degrees
in accepting the actions imposed on the group. Possible reduction of the load-
bearing capacity (performance) of the single piles compared to the uninflu-
enced single pile must be taken into consideration, in cases where a group
effect is governing.
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(2) Concerning the load-bearing capacity (performance) of compression pile
groups detailed knowledge is not yet available, in particular not for the various
ground conditions and pile types.

(3) For determination of the generally higher group settlements in the service-
ability limit state, in particular for long bored piles, as compared to single
piles, the settlement-related group effect can be calculated using e.g. the ap-
proximation solution after [120], also see [88] and [115].

(4) Below, an approximation method using nomograms after [124] and [125]
is proposed. It is derived from extensive 3D-FEM parameter studies and takes
settlement- and resistance-related pile group behaviour into consideration. The
method should be preferentially adopted for determining the settlement behav-
iour in and the analysis of the serviceability limit state of pile groups. The
method is suited also to derive characteristic pile spring stiffnesses, specific to
the position within the pile group, as basis for determining characteristic ef-
fects in the pile capping slab or in the superstructure and for structural analy-
ses, see 8.3.1.2. Whether or not the fundamental conditions of the method are
adhere to in a project-related application should be confirmed on a case-by-
case basis be a geotechnical expert or the geotechnical designer.

(5) Examples of the application of the method after (4) can be found in An-
nex B11.

8.2.1.2 Group effect in terms of the settlements
of bored pile groups

(1) The mean settlement sg of a bored pile group corresponds to the settlement
of a single pile to which the group factor G is applied, as a result of the mean
action Fg on the group piles.

s6 = sk " Gs (8.4)
where:

sg mean settlement of a pile group;
sg  settlement of a comparable single pile;
G, settlement-related group factor for the mean settlement of a pile group.

(2) The settlement-related group factor G, for determining the mean settle-
ment of a pile group subject to a centrally acting, vertical action is given by:

G,=S;"S,°S; (8.9
where:

S, factor concerning the influence of the soil type and the group geometry
(pile length L, pile embedment depth in load-bearing ground d, pile cen-
tre distances a as shown in Figure 8.2 and Figure 8.3);
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Sy

group size influence factor as shown in Figures 8.4, 8.5 and 8.6;
S3

pile type influence factor (for the group effect of displacement piles and
grouted micropiles, see 8.2.1.4 and 8.2.1.5).

(3) The nomograms in Figure 8.2 to Figure 8.6 to determine the settlement-
related group effect are differentiated for cohesive and non-cohesive soils. The

a) b)
Action Fo/(NgRe.or0) [F

Action FG;(nG'RE.FO.LD) I‘]
0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0

afd=1.5

=5gfse [
=sgfs [

Figure 8.2 Nomograms for determining the mean settlement of a bored pile group for
cohesive soils: a) cohesive (l), E, = 5-15 MN/m2 b) cohesive (ll), E, = 15-30 MN/m?2

Action Fg/(ngRe.010) [
0.0 0.2 0.4 0.6 0.8 1.0

Sefse [

S, =

Figure 8.3 Nomograms for determining the mean settlement of a bored pile group for
non-cohesive soils, E, =225 MN/m?
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Figure 8.5 Nomograms showing the influence of the group size for determination of the
mean settlement of a pile group in cohesive soils, cohesive (ll), E, = 15-30 MN/m?

stiffness modulus, representing the governing soil parameter for this method,
was, in approximation, set as follows for these soils types (application limits):

— cohesive I: E,=5-15 MN/m?
— cohesive II: E, = 15-30 MN/m?;
— non-cohesive: E,>25 MN/m2.

Soils with stiffness moduli E; <5 MN/m? are regarded as not load-bearing
strata, in which no significant pile resistance is activated.

Note: 1If, for cohesive or non-cohesive soils, other stiffness moduli are preva-
lent, the corresponding stiffness modulus group may be selected in ap-
proximation, regardless of the soil type.
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Continued Figure 8.5 Nomograms showing the influence of the group size for deter-
mination of the mean settlement of a pile group in cohesive soils, cohesive (lI),

E, = 15-30 MN/m?

(4) The pile capping slab or superstructure is assumed as almost rigid, i.e. the
differential settlements within the pile group are negligible for the perform-

ance.

(5) The nomogram method is initially related to square bored pile groups.
However, it can in approximation also be adopted for regular, non-square, pile
groups. Like for square groups, the number of piles in the group ng is adopted
as the input variable for the nomograms in Figures 8.2 to 8.6. The following

abbreviations are used:
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a pile centre distances in the pile group;
d pile embedment depth in the load-bearing strata;
D pile diameter;
Fg vertical action on the whole pile group;
L pile length;
Reso1p pile resistance of a single pile for a settlement s = 0,1 - D;
SE settlement of a single pile;
SG mean settlement of a pile group;
ng number of piles in a pile group.
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Figure 8.6 Nomograms s the influence of the group size for determination the mean
settlement of a pile group in non-cohesive soils, E, 2 25 MN/m?
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Contrinued Figure 8.6 Nomograms showing the influence of the group size for deter-
mination the mean settlement of a pile group in non-cohesive soils, E, 2 25 MN/m?

(6) The nomograms were developed on the basis of investigations and pa-
rameter studies using the finite element method, see [124], on bored piles with
diameters D = 0,3 to 1,50 m and pile lengths L =9 to 24 m. They should there-
fore only be applied to similar geometries. There are no limitation on pile
centre distances, although applications should be limited to a/D > 2.

(7) In accordance with 8.2.1.3 (6), the determined settlements should be adap-
ted once again, if necessary, if the sum of the group pile forces is not in con-
formance with the total action on the pile group.

(8) Moment actions predominantly produce rotations of the pile foundation,
which can be taken into consideration using Eq. (8.6). The factor 1y is a meas-
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ure for the magnitude of the moment action relative to the vertical action and
simultaneously accounts for the group geometry over the number of piles, and
the pile centre distances, thus:

_ M-ng

= 8.6
F;-n-a ®6)

MM

where:

num  factor for the relative magnitude of the moment action;
M moment action;

ng number of piles in the group, where ng =n - n;

Fs  vertical total action on the pile group;

n number of piles in a pile row;

a pile centre distances.

The additional settlements resulting from the moment action can be deter-
mined for all group piles via the rotation tan & of the pile capping slab, see
Figure 8.7.

(9) Groups of displacement piles normally display a deviating settlement
behaviour when comparing with bored pile groups. Because of preloading of
the group piles, resulting e.g. from the driving energy and stressing effects
between the piles, smaller settlements than for bored pile groups should be
anticipated for displacement pile groups, at least close to the serviceability
limit state, see 8.2.1.4.

8.2.1.3 Resistances in (bored) group piles

(1) The resistances of individual bored piles in a group, taking the group effect
into consideration, are given by the pile resistance of a single pile to which the
group factor is applied for a settlement equal to the mean settlement of the pile

group:
Rg,i=Rg " Ggj 8.7
where:

Rg;i  group pile resistance (pile i in the group);
Rg resistance of a comparable single pile;
Ggr; resistance-related group factor for pile i in the group.

(2) The group factor Gg, for determining the resistances of group piles below
a centrally acting, vertical total action is given by:

Gri=M A M3 (8.8)
where:

A1 influence factor for soil type, group geometry (pile length L, embedment
depth in load-bearing stratum d, pile centre distance a, respective settle-
ment s as shown in Figures 8.8 to 8.10);
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Figure 8.7 Nomograms for determining the rotation of the pile capping slab as a result
of moment actions for a) cohesive soils (1), E, = 5-15 MN/m2, b) cohesive soils (l1),
E, = 15-30 MN/m2, ¢) non-cohesive soils, E, 2 25 MN/m?

A, influence factor for group size as shown in Figure 8.11;
A; influence factor for pile type (for the group effect of displacement piles
and grouted micropiles, see 8.2.1.4 and 8.2.1.5).

(3) 8.2.1.2 (3) to (6) also apply for the nomograms shown in Figure 8.8 to
Figure 8.11.

(4) Only the four piles at the corners of a pile foundation are regarded as cor-
ner piles. Edge piles are the piles arranged in the respective outer rows, be-
tween the corner piles. Inner piles are all piles surrounded on all sides by
neighbouring piles. The corner and edge pile definitions are retained even in
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Figure 8.8 Nomograms for consideration of the resistance-related group effect of bored
pile groups in cohesive soils (1) for E, = 5-15 MN/m? and a relative settlement of
a)s=0,02-D,b)s=0,03-D,c)s=0,05-D,d)s=0,1-D

large pile groups and are not extended to cover several rows, see 3.1.3, Fig-
ure 3.2.

(5) Use of the nomograms shown in Figures 8.8 to 8.10 should be limited to
pile groups containing a maximum number of 9 piles per side.

(6) If the sum of all pile resistances in the group deviates substantially from
the value of the total action on the group, iterative correction of the settlement
determined after 8.2.1.2 is recommended. If the pile resistances are underesti-
mated, the settlement must be increased; if the pile resistances are overesti-
mated, the settlement must be decreased.
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(7) With regard to square pile groups with 3 x 3 and 4 x 4 piles, Figure 8.11
gives the influence factor A, for taking the group size into consideration for
inner piles. By definition, smaller pile groups have no inner piles as discussed
in (4). In pile groups with 5 and more piles per side, the influence factor should
be adopted as A, =

(8) In non-square pile groups the number of piles on the longer side shall be
adopted as the input variable for Figure 8.11.
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Figure 8.9 Nomograms for consideration of the group effect of bored pile groups in
cohesive soils (Il) for E, = 15-30 MN/m? and a relative settlement of a) s = 0,02 - D,
b)s=0,03-D,c)s=0,05-D,d)s=0,1-D
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Figure 8.10 Nomograms for consideration of the group effect of bored pile groups in
non-cohesive soils for E, 2 25 MN/m? and a relative settlement of a) s = 0,02 - D,
b)s=0,03-D,c)s=0,06-D,d)s=0,1-D
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Figure 8.11 Nomograms of the influence of the group size on the group effect for
a) cohesive soils (l), E, = 5-15 MN/m?2, b) cohesive soils (Il), E, = 15-30 MN/m2,
¢) non-cohesive soils, E, 225 MN/m?

8.2.1.4 Displacement pile groups

(1) To date, little consolidated knowledge is available concerning the load-
bearing capacity of displacement pile groups. Some initial guidance is pro-
vided below. Project-specific applications should be confirmed by a geotech-
nical expert.

(2) A group factor Gr > 1,0 can be adopted for full displacement pile groups
in non-cohesive soils for the ultimate limit state. Group factors up to Gg = 1,50
can be used for favourable ratios of pile centre distances to-embedment depths
of a/d =0,3-0,7.
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(3) In the serviceability limit state the group factor for full displacement pile
groups in non-cohesive soils and with unfavourable pile centre distances-
embedment depth ratios should be adopted as Gy < 1,0. Values of a/d < 0,5 can
be classified as unfavourable. The group factor can also be around Gy > 1,0 for
favourable pile centre distances-embedment depth ratios.

(4) A group factor Gg < 1,0 should be adopted for full displacement pile
groups in cohesive soils. For small pile centre distances-embedment depth
ratios, it could be adopted at around a/d = 0,1 where Gg = 0,7. Cohesive soils
with undrained cohesion greater than c, > 100 kN/m? can display more favour-
able load-bearing capacity if the group factor is assumed to Gy = 1,0.

(5) The possibility of a reduction in pile capacity as a result of increases in
porewater pressure initiated by the installation process must be taken into
consideration for displacement pile groups in cohesive soils. This effect can
result in a temporary group factor Gg = 0,4. Under circumstances this effect
can continue for weeks.

(6) As a general rule for paragraphs (1) to (4) above, the group factor trends
towards Gy = 1,0 for increasing pile centre distance-embedment depth ratios.

(7) Partial displacement pile groups can display a smaller group factor than
full displacement piles.

(8) Overall, it can be assumed that displacement pile groups normally display
settlement behaviour deviating from that of bored pile groups. Because of pile
group preloading, e.g. due to the driving energy expended on driven displace-
ment piles and the stressing effects between the piles, smaller settlements than
for bored pile groups should be anticipated, at least close to the serviceability
limit state.

8.2.1.5 Micropile groups

(1) To date, little consolidated knowledge is available concerning on the load-
bearing capacity of groups of grouted micropiles. Based on the tensile tests
carried out on micropile groups described in [117], group factors for micropile
groups should not be adopted more favourable than those for bored pile groups
after 8.2.1.3. The adopted group factors should be confirmed by a geotechnical
expert for the specific application.

(2) It should also be noted that the failure state of micropiles is generally rea-
ched at substantially smaller settlements than for bored piles.

8.2.1.6 Layered ground

(1) If a pile group is founded in ground where several layers are classified as
load-bearing after 8.2.1.2 (3), the share of the pile resistance activated in the
respective strata may be estimated and procedure can follow (2) to (5).
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(2) If one stratum displays a substantially higher load-bearing capacity than
the other strata and it can be anticipated that the governing share of the pile
resistance is activated in this stratum, the thickness of this stratum only shall
be adopted to form the pile centre distance-embedment depth ratio a/d. The
nomograms corresponding to the soil type in this stratum shall be used.

(3) If the stratum with the highest capacity is considerably thinner than the
other strata, such that it is not anticipated that the governing share of the pile
resistance is activated in this stratum, the nomograms for the soil type of the
thickest stratum shall be used. However, the thicknesses of all load-bearing
strata shall be added for assessment of the embedment length in the load-
bearing stratum.

(4) If the strata thicknesses and soil parameters are such that it is anticipated
that approximately equal pile resistance shares are activated in each stratum,
the nomograms for the soil type of each individual stratum shall be adopted,
and the mean of the derived group factors be formed. The thicknesses of all
load-bearing strata shall be adopted as the embedment length in the load-
bearing stratum.

(5) Annex B11 includes an example.

8.2.2 Tension pile groups

(1) Analysis of uplift of a tension pile group is performed for the ultimate
limit state. No resistances occur; instead, the resisting variables are treated as
actions, see 8.1.2.

(2) Analysis of sufficient safety against pull-out of tension piles in the GEO-2
limit state may be performed in analogy to the procedure for single piles, see
Sections 5 and 6.

(3) An example analysis for a tension pile group can be found in Annex B12.

8.2.3 Laterally loaded groups

(1) In pile groups in which all piles receive practically equal horizontal head
deflections, the individual piles participate to differing degrees in accepting the
action Hg on the pile group. In double-symmetrical groups of equal piles the
distribution H; of the action on piles of the group may be calculated using:

L= 8.9

Hy; 2o, (89
whereby:

0 = O, " Og (8.10)
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Figure 8.12 Reduction factor o, for the ratio a,/D, of pile centre distances a, in the direc-
tion of the force to the pile shaft diameter D,

agar gz A
fQQR
1,00 y
0,90
0,75 “ogz
0 >
1 2 34 Q/Dsg

Figure 8.13 Reduction factors a,, and o, for the ratio a /D, of pile centres a, lateral to
the direction of the force to the pile shaft diameter D; for a/D, < 2 the same conditions
apply as for a continuous wall, see e.g. DIN 4085

The factors o, and o, depend on the pile centre distances a;, in the direction of
force, the distances aq lateral to the direction of force and the position of the
pile within the pile group. They shall be taken from Figures 8.12 and 8.13 and
be adopted within the pile group as shown in Figure 8.14. The procedure rec-
ommended here is based on investigations by [69], [129] and [130].

(2) When determining the action effects and deformations based on subgrade
reaction moduli, the reduction factors a; for a pile in the group correspond to
the subgrade reaction moduli reductions given in (3) and (4) below.

(3) For a linear with depth z increasing subgrade reaction modulus (applicable
as an approximation for bored piles in normally consolidated cohesive soil and
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Figure 8.14 Reduction factors o, as a function of the position of the pile within the group
and to the direction of the action H,

in non-cohesive soil):

ko (z2) =k, -2/D, (8.11)
and the elastic length L of the individual pile:
E1)”
L, =( J (8.12)
khE,k
applies for L/Lg > 4:
Ky = o Ky (8.13)
and for L/Ly < 2:
Ky =04 Kig - (8.14)

For values 4 > L/Lg > 2, linear interpolation is allowed. Where:

E-1 flexural stiffness of pile;

kipx  the characteristic value of the modulus of subgrade reaction of the indi-
vidual pile at the depth z = Dg;

knix  the characteristic value of the modulus of subgrade reaction of pile n in
the group at the depth z = Dy;

L the length of the pile.

(4) For subgrade reaction moduli that are constant with depth (as the upper
bound for piles in overconsolidated cohesive soil):

k,, (z) =k, = const. (8.15)
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and the elastic length Lg and the modulus of subgrade reaction of the individ-
ual pile ke

E1 )7
L, = [ksE,k D, ) (8.16)
applies for L/Lg > 4:
kg =0 kg (8.17)
and for L/Lg < 2:
Ko =0 Ky (8.18)

Linear interpolation is allowed for values 4 > L/Lg > 2.

(5) Equations (8.9) to (8.18) apply equally to piles with hinged connections to
and part or full restraint in the pile cap.

(6) The axial stiffness of the piles (pile resistance/settlement of the pile head)
can have a substantial influence on the design related to bending. The action
effects should therefore be determined using upper and lower bound values of
the subgrade reaction moduli.

(7) In pile groups with irregularly distributed piles the o; values may be de-
termined using Figures 8.12 and 8.13 accordingly.

(8) In pile groups with varying flexural pile stiffnesses, the distribution H; of
the total action Hg acting on the individual piles (i) of the pile group may in
approxation be determined using the a values shown in Figures 8.12 and 8.13,
and using Equations (8.19) and (8.20).

H, = G (8.19)

H, 3C

C, =H,/y, (8.20)
where:

Hy arbitrary value of a horizontal action on the head (unit load) of the indi-
vidual pile;
yo the associated pile head deflection.

The C; values shall be calculated using the subgrade reaction moduli according
to Equations (8.13) to (8.14) or (8.17) to (8.18), taking the degree of restraint
or the deformation conditions at the pile head into consideration.

(9) An example calculation for the distribution of the subgrade reaction modu-
li in pile groups loaded laterally to the pile axis is provided in Annex B13.
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8.3 Bearing Capacity Analyses

8.3.1 Compression pile groups
8.3.1.1 External capacity

(1) Bearing capacity analyses are required for the GEO-2 limit state of the
whole pile group and of the individual piles . The individual pile is analysed in
analogy to 6.3.1.

(2) For analysis of sufficient safety against failure of a compression pile group
in the GEO-2 limit state, the limit state conditions:

E, <) R, or (8.21a)

Euc = 2 R 6 (8.21b)

must be fulfilled. Where XR_4; is the group resistance resulting from the posi-
tion-dependent individual pile resistances for sy, =s, = 0,1 - D, e.g. after 8.2.1.
For this consideration, the group settlement is related to the settlement sy, of a
single pile. In contrast, R, 4 is the group resistance after (5) and (6) for a pile
group model representing a large, equivalent pile. Though normally selecting
the limit values q,x and g for the tip resistance and skin friction of a single
pile, they are initially adopted for the group, independent of settlements. The
design value of the effects F_ 4 is given by:

Fc,d = FG,k ' YG + FQ,rcp "YQ . (822)

(3) The design values of the resistances R, 4; are given by:
R, =R /v, (8.23)

where vy, is the partial factor to DIN 1054:2010-12, Table A2.3 (Annex A3.2),
depending on whether pile resistances are based on empirical data or acquired
from pile load tests. R is given by (4).

(4) The group effect shall be taken into consideration when adopting the char-
acteristic pile resistances R.y;. The resistance Rg of a comparable single pile
with the same settlement, factorised by the group factor Gg;, can be adopted
for the characteristic resistance of the group pile. The group factor Gyg; is a
measure of the group effect and can be determined after 8.2.1.3.

R =R -Gy, (8.24)

(5) As an alternative to the settlement-dependent (s, =s,=0,1-D) design
procedure after Eq. (8.21a), in conjunction with (4), analysis of the capacity of
a pile group may, in consistency with EC 7 Eq. (8.21b), also be performed in
approximation and independent of settlements after (2) and (3) for a large,
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single pile:

R = ok 'zAb,i +qu,k3 ’A:j (8.25)
where:

R.xc the characteristic resistance of the whole pile group in the GEO-2 limit
state, determined for the model of the pile group as a large, equivalent
single pile;

ok the characteristic value of the pile tip resistance in the failure state for
the single pile;

Ap;  the nominal value of the pile base areas of the single piles i in accor-
dance with Figure 8.15;

Qskj the characteristic value of the pile skin friction in the failure state of the
single pile in stratum j, relative to the shaft surface A:j of the equiva-
lent single pile;

A:fj the nominal value of the circumference area of the pile group, using the
equivalent single pile as model of the pile group, see Figure 8.15.

(6) The design values of the group resistance R, 4 are given by:
Rigc =Ras M1 (8.26).

The partial factor y, depends on whether pile resistances are based on empirical
data or are acquired from pile load tests. It is selected after Annex A3.2 or the
EC 7-1 Handbook [44], Table A2.3.

(7) The load-bearing and settlement behaviour of the pile group in the GEO-2
limit state cannot be unequivocally defined. The analyses after (2) to (6),
which yield the largest utilisation of the pile group in the ultimate limit state,
may be adopted as the governing analyses, assuming the serviceability of the
pile group after 8.4.1 is adhered to.

Figure 8.15 Example for applying the resisting components of a pile group as a large,
equivalent pile, plan view

8.3.1.2 Structural analyses of the pile capping slab

(1) In axially loaded pile groups, the pile cap or the superstructure shall be che-
cked for sufficient dimensioning to compensate for the variable resistance-
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settlement behaviour of the individual group piles and to correspondingly redis-
tribute the loads. To determine the characteristic effects as the basis for design-
ing the pile capping slab or the structure, the piles in the structural analysis
model may be replaced by equivalent springs. The spring stiffness c,y; is given
after 8.4.1 by:

R, (SLS)

Sk

(8.27)

p.kii

The structural analysis model using equivalent spring stiffnesses after
Eq. (8.27), may only be applied to characteristic action combinations, which
are also used as the basis for determining the equivalent stiffnesses. Because
the equivalent spring stiffnesses postulate linear resistance-settlement behav-
iour, new equivalent spring stiffnesses shall be determined for other character-
istic or representative action combinations.

(2) Also see 8.3.3.

(3) An example calculation of the external capacity of a pile group and the
characteristic effects of the pile capping slab is included in Annex B11.

8.3.2 Tension pile groups
8.3.2.1 Introduction

(1) Always two limit state cases shall be investigated when analysing the
stability of foundations or other structures anchored in the ground by tension
piles:

a) Sufficient safety agaist uplift must be demonstrated for the UPL limit state
for an assumed soil block formed of the piles and the enclosed surrounding
ground.

b) Assuming that each pile acts as a single pile, sufficient safety against pull-
out must be demonstrated after 8.3.2.3 for the GEO-2 limit state.

Also see the note on 8.1.2 (1).

(2) See 8.1.2 (6) and (7) when taking shear forces Ty in the superstructure into
consideration, and particularly for the bottom of an excavation anchored by
piles and subject to uplift forces.

(3) An example analysis for a tension pile group is included in Annex B12.

8.3.2.2 Analysis of the attached soil block in the UPL limit state

(1) In order to achieve sufficient safety against uplift of a foundation anchored
by tension piles and subject to tensile forces, the following condition must be
verified for the UPL limit state:

Gk " Yauast +stt,rep Vodst S Guvx  Yosw T Orx Youw (8.28)
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where:

Ggsex  the characteristic value of permanent, destabilising, vertical actions;

YG.dst the partial factor for destabilising, permanent actions in the UPL limit
state after Annex A2 or the EC 7-1 Handbook [44], Table A2.1;

Qustrep  the characteristic or representative value of variable, destabilising,
vertical actions;

YG.dst the partial factor for destabilising, permanent actions in the UPL limit
state after Annex A2 or the EC 7-1 Handbook [44], Table A2.1;

Gk  the lower characteristic value of stabilising, permanent, vertical ac-
tions imposed by the superstructure;

YG.dst the partial factor for destabilising, permanent actions in the UPL limit
state after Annex A2 or the EC 7-1 Handbook [44], Table A2.1;

Ggx the characteristic weight of the attached soil after 8.1.2 (4).

(2) When analysing the safety against uplift (UPL limit state), the action of
shear forces Ty may be taken into consideration after the EC 7-1 Hand-
book [44]. The shear forces are treated as favourable permanent actions using:

Gur " Yoas + stt,rep Voast S Gapx " Yoso +(GE,k +Tk) *YGsto (8.29)

Ty is the characteristic value of the shear resistance or the friction resistance
that develops around a soil block in which a tension pile group acts, or in a
soil-structure interface.

8.3.2.3 Analysis of the capacity of a single tension pile
in the GEO-2 limit state

(1) This analysis may be performed in analogy to 6.3.1 for the pull-out of a
single pile using the general equation:

F, <R, (8.30)

(2) When determining the effect F,4 any favourably acting shear forces Ty
may be taken into consideration as restraining actions after Eq. (8.2).

(3) The pile skin friction of closely spaced piles in the tension pile group can
be influenced by a group effect, which normally leads to a reduction in the
characteristic skin friction g, compared to an uninfluenced single pile, see e.g.
[40]. However, analysis of safety against pull-out may, in approximation, be
performed regardless of the group effect, as for an single pile. This is because
the characteristic total tensile force cannot become smaller than the character-
istic weight of the attached block of soil when a group effect exists.

8.3.3 Structural failure of group piles and pile cap structures

(1) The effects on group piles shall be analysed in analogy to 6.3.3, taking the
group effect into consideration.
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(2) If two or more actions on the pile group or the grillage virtually cancel
each other with regard to effects on certain piles in the group, and the piles
thus carry no, or only minor loads, these piles shall be structurally designed.

(3) When analysing the safety against structural failure of the pile capping
structure or the superstructure, 8.3.1.2 must be observed.

8.4 Serviceability Analyses

8.4.1 Compression pile groups

(1) When determining the settlement in a pile group any possible increase in
settlement as a result of a group effect must be taken into consideration. For
this purpose, the factorised single pile settlement sg to which the group factor
G;; is applied can be adopted as the mean settlement of the pile group resulting
from an action imposed on all group piles by uniform distribution of the total
action. The group factor Gy; is a measure of the group effect and can be deter-
mined after 8.2.1.2.

S, =g, Gy - (8.31)
(2) If the deformations of the pile foundation are of importance for the struc-
ture as a whole, sufficient safety against loss of serviceability (SLS) must be
demonstrated. The analysis is fulfilled if the design value of the actions
F.(SLS) is smaller than or at least equal to the sum of the design values of the
pile resistances Rqi(SLS). After DIN 1054 the design values hereby normally

correspond to the characteristic values.
F,, (SLS)=F, (SLS)< > R, (SLS) =Y R, (SLS). (8.32a)

For the analysis also the allowable settlements, assuming characteristic effects
on the pile foundation in the serviceability limit state may be used as follows:

zuls, =5, . (8.32b)

(3) Any possible increased settlement resulting from a group effect after (1)
must be taken into consideration when adopting the characteristic pile resist-
ances R, ;. The characteristic resistance of a group pile is given by the resist-
ance Rgy of a comparable single pile with the same settlement, factorised by
the group factor Gg;. The group factor Gg; is a measure of the group effect and
can be determined after 8.2.1.3.

Ry (SLS) =Ry, -Gy, . (8.33)

(4) In analogy to 8.3.1.2, any possible effect imposed on the pile capping slab
or the superstructure must be taken into consideration also for this effect con-
dition in the serviceability limit state.
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(5) Differential settlements between piles must be anticipated in pile groups
with flexible pile capping slabs. Assuming no pile capping slab exists and all
piles receive actions of the same magnitude, after [124] the following may be
assumed for the serviceability limit state: The differential settlements within
the pile group and relative to the mean settlement sg of all piles are in the order
of:

— corner piles As=-0.13to0 —0.23 - sg;
— edge piles As=-0.02to —0.06 -sg and;
— inner piles As= 0.09t0 0.15-sg

The above figures are valid under condition that the piles are arranged regu-
larly, the group size ng < 81, pile length L = 9-24 m, the pile centre distances
a=3-6- D and the pile diameter D = 0,3—1,50 m. If a pile capping slab exists,
the differential settlements decrease with increasing stiffness of the pile cap-
ping slab. In turn, approximate, pile position-dependent spring constants can
be derived from this information.

(6) An example of a serviceability analysis for a pile group with a rigid cap-
ping slab is contained in Annex B11.

8.4.2 Tension pile groups

(1) There are currently no reliable approximation approaches for the deforma-
tion behaviour of tension pile groups. For simple structures which are not or
only marginally sensitive to deformations, it may be assumed that the service-
ability limit state analysis is also covered if the conditions after 8.3.2 are ad-
hered to.

(2) If the structure is sensitive to deformations, more reliable investigations
are required, e.g. using the finite element method, see 8.5.

8.4.3 Laterally loaded pile groups

(1) In laterally loaded pile groups it must be demonstrated that the lateral load
causes only tolerable displacements, rotations and tilting are compatible with
the serviceability limit state of the pile group. It should be observed that the
lateral load at the pile head level is not equally distributed amongst all piles in
cases where the piles are subjected to equal head deflections, see 8.2.3 and
Annex B13.

8.5 Higher Accuracy Pile Group Analyses

(1) If required by the structural boundary conditions, the design or the sensi-
tivity of the structures involved, supplementary investigations of better accu-
racy should be performed, in addition to the simplified approaches listed in 8.1
to 8.4.
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(2) Higher accuracy of investigations on axially and laterally loaded pile
groups can be achieved through:

a) Numerical analyses with complete or partial modelling of the pile group,
e.g. using the finite element method, whereby the analysis model should be
suitably calibrated.

b) Pile load tests on smaller pile groups and comparison with load tests on
single piles. This allows extrapolation of the behaviour of larger groups or
calibration of numerical models.
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9 Static Pile Load Tests

9.1 Introduction

(1) The fundamental requirements on pile load tests are set out in the
EC 7-1 Handbook [44], DIN EN 1536, DIN EN 12699 and DIN EN 14199.
This section comprises a compilation of recommendations for executing static
pile load tests.

(2) Concerning the directions of forces differentiation is made between:
— along the pile axis (axial), see (9.2), and
— lateral to the pile axis, see (9.3).

(3) Micropile load testing is dealt with separately in 9.4, even when static, axial
loads only are involved.

(4) Further principles to be considered in connection with pile load tests are
contained in Section 5.

9.2 Static Axial Pile Load Tests

9.2.1 Installation of test piles

(1) Test piles shall be installed at locations where the ground conditions are
representative for the site and characteristic test results are anticipated. The test
pile locations should be specified on the basis of ground investigations.

(1a) If a single pile load test is carried out, it must normally be located where
the most adverse ground conditions are believed to occur. If this is not possi-
ble, an allowance must be made when deriving the characteristic resistance.
This allowance shall be specified by the geotechnical expert.

(2) If load tests are carried out on two or more piles, the test locations must be
representative of the site and one of the test piles must be located where the
most adverse ground conditions are believed to occur.

(3) If the ground conditions on a site are highly variable, several pile load tests
shall be carried out, allowing the capacity of the respective piles in the areas
displaying different ground properties to be reliably delineated.

(4) Test piles should correspond as closely as possible to the working piles.
The same pile type and installation method should be used as for the working
piles.

(5) Test piles shall be constructed with the same, or similar, geometric dimen-
sions as the working piles. If piles need to deviate from a 1:1 scale for techni-
cal reasons, it is permissible to reduce the diameter of bored piles. However,
the ratio may not fall below 0,5:1. Only pile diameters > 0,8 m may be re-
duced and the reduced diameter of the test pile may not be < 0,5 m.
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(6) If shaft resistance mobilisation needs to be reduced along the upper end of
the pile shaft during the test (complete eradication is not technically possible),
the following methods can be used:

— wrapping of the reinforcement cage with slip films or applying a slip coat-
ing, e.g. on prefabricated piles;

— core-drilling over the finished pile with an oversize casing and filling the
annulus with a bentonite slurry, for example on prefabricated piles or small-
to medium-diameter bored piles;

— ground loosening bores;

— sleeves or sacrificial linings in combination with lubricants, for example
bentonite slurry or;

— double linings.

Note: For bored piles constructed with casings it should be noted that sacrifi-
cial linings always lead to a reduction of the pile cross-section and that
sealing of the annulus formed during the extraction of the casing against
the rising concrete can be problematic.

9.2.2 Test planning

9.2.2.1 General notes

(1) Under compressive loads, pile load testing provides a resistance-settlement
curve for the entire pile resistance R and the load-dependent displacements,
and a resistance-heave curve for tensile loads, together with time-settlement
curves or time-heave curves. Suitably instrumented, the components pile base
resistance R, and pile shaft resistance R can be identified and their respective
dependence on the displacements can be determined. Figure 9.1 shows an
example of a pile’s resistance-settlement curve.

(2) Additional piles can be constructed for pile load tests or working piles can
be used. In both cases, pile testing should be performed in a timely manner to
allow any modifications to the foundation design resulting from the tests to be
implemented.

(3) Where working piles are employed for pile load testing, the influence of
any preloading applied during the test shall be taken into consideration for the
assessment of the pile capacity and displacement behaviour within the struc-
ture.

(4) If pile load tests are planned to identify pile base and pile shaft resistances
using compressive and tensile load tests, these test shall be carried out on dif-
ferent piles.

Note: If the direction of loading is reversed, the maximum skin friction values
can decrease heavily, see 5.9 and 9.2.2.5.
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Figure 9.1 Pile resistance-settlement curve (RSC)

(5) Tensile load tests performed to investigate piles normally under compres-
sive loads are permissible (e.g. for micropiles, Section 9.4.2.1), because this
method yields conservative skin friction values. Displacements under tensile
loads are greater than under compressive loads.

(6) If both axial and lateral pile load tests are performed, axial load testing
should be carried out first. If the sequence is reversed the values and the devel-
opment of skin friction can be influenced, together with respective displace-
ments for their mobilisation.

(7) Pile load tests on displacement piles may not be performed immediately
following installation. In non-cohesive soils, the load should not be applied
less than three days after installation, and not less than three weeks in cohesive
soils.

Note: By monitoring the pore water pressure it is possible to identify the time
at which the excess pressure caused by the installation has dissipated.

(8) Load testing on cast-in-place concrete piles may only begin when the
concrete has reached the strength necessary to accept the test load. Compres-
sive strength testing can be carried out on additional test cubes for evidence
that the pile concrete has developed the required strength.

9.2.2.2 Number of test piles

(1) At least one test pile should be planned for each pile type and each geo-
technical uniform ground situation. The number of test piles shall be specified
in consultation with the geotechnical expert.
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Note: According to the EC 7-1 Handbook [44] a larger number of load
tests lead to lower correlation factors.

9.2.2.3 Test load

(1) The test loads P, shall normally selected sufficiently that the ultimate limit
state (GEO-2 analysis) can be achieved, thus fulfilling one of the following
criteria:

a) Limit settlement criterion:
Re;m = R(8g) or Ry = R(Sgg0) ©.D
where
sg = 0,1 - D, with D to be taken from Figure 9.2.
b) Creep behaviour criterion:
Rem = R(ks) or Ry = R(ky). 9.2)

Whereby k; as shown in Figure 9.3, represents an individually specified creep
ratio, used to define the time-dependent displacement of the pile head under
constant pile load.

D=D, D=0, Deq= 1,13 ag- ag

Figure 9.2 Definition of the pile diameter D governing the limit settlement s,
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Figure 9.3 Definition of the creep ratio k,

(2) When estimating the test load with the aid of empirical data after 5.4, it
should be taken into consideration that even if the 50% quantile values are
adopted, a higher resistance than indicated by the empirical data is anticipated
for half of all pile load tests. Selecting a suitably large test load is therefore
recommended.

Note: The creep ratio k, used to determine the pile resistances in the ultimate
limit state normally has a magnitude of k;~2 mm, but shall be speci-
fied in agreement with the geotechnical expert.

(3) If the load test is only performed to verify the adopted characteristic pile
resistance, the EC 7-1 Handbook [44] stipulates the following, minimum test
loads:

for compression: P,=F 4 " v " &, (9.32)
for tension: Py=Fiq" vsi " & (9.3b)
where:

F.q design value of the compressive pile load;

Fiq design value of the tensile pile load;

v.  partial safety factor for the total resistance of a pile after Annex A3.2;
vs« partial safety factor for the tension pile resistance after Annex A3.2;

& correlation factor after Annex A4.1 for pile resistances measured in static
load tests, relative to the mean.
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(4) The EC 7-1 Handbook [44] also stipulates that a model factor ny; shall be
considered for grouted tension pile systems:

Pp: Fl,d T Vst E_>1 ‘MM (94)
(5) The test pile shall be designed for the chosen test load.

9.2.2.4 Principles for the instrumentation

(1) Test pile instrumentation must be compatible with the test objectives and
the required quality of results, and be specified by, or in agreement with, the
geotechnical expert. Three requirement levels are differentiated:

a) Basic requirements
Monitoring of the pile resistance: the displacement of the pile head, the ap-
plied load and the time are measured. It is not necessary to separately
monitor the pile base capacity and the pile skin friction.

b) Enhanced requirements
Monitoring of the pile base resistance and the pile shaft resistance: the dis-
placement of the pile head, the applied load, the pile base capacity q, and
the time are monitored. The pile base resistance Ry, is calculated from qp.
The pile shaft resistance R; is derived from the difference between the total
pile resistance and the pile base resistance.

Special instrumentation is required at the pile base.

¢) High requirements
Monitoring of the pile base resistance and the distribution of skin friction
over the length of the pile: the displacement of the pile head, the applied
load, the pile strain in various sections along the pile length, the pile base
capacity g, and the time shall be monitored.

Special instrumentation is required at the pile base and along the pile shaft.

(2) Enhanced or high requirements apply, for example:

— if the skin friction can fall to a lower residual value after exceeding a peak
value;

— in ground with complex stratification;

— if high negative skin friction is anticipated,

— if the test pile heads are considerably higher for testing than those of the
working piles;

— if special demands are placed on limiting deformations;

— if measures for reducing skin friction are implemented, see 9.2.1(6).

9.2.2.5 Special load situations

(1) If considerable pulsating or alternating loads or creep are possible in the
pile serviceability limit state, these load situations should be simulated as far as
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possible in the load test, also see 5.9 and Section 13. In such cases, the re-
quirements on the testing process shall be specified by the geotechnical expert
or the geotechnical designer. Notes on procedures and examples are given in
[421, [53], [118] and [135].

(2) It is not necessary to simultaneously simulate loading parallel and square
to the pile axis.

9.2.3 Loading systems
9.2.3.1 Introduction

(1) The load shall be introduced centrally and axially by means of hydraulic
jack(s). Anchored beams, load frames or kentledge (dead loads) serve as reac-
tion systems for compressive load tests, see Figure 9.4.

(2) Anchor bars embedded in the test pile are used for tensile load tests. The
tensile load is applied by means of hollow piston jacks acting against a reac-
tion beam.

(3) Optionally, the test pile itself, or parts thereof, can be utilised as the reac-
tion system for hydraulic jacks concreted into the pile base or the pile shaft,
see 9.2.3.4.

9.2.3.2 Reaction systems

(1) The elements of an anchored reaction system are the steel girder or load
frame, anchoring elements and connections. The elements of a non-anchored
reaction system are load distribution beams, support structures and surcharge
masses (kentledge).

(2) The steel components shall be designed to DIN 18800 to remain in the
elastic state (“elastic-elastic method”). The partial safety factor for actions may
be adopted at 1.1. The reaction system elements shall be designed compliant
with the EC 7-1 Handbook [44] for the transient design situation BS-T partial
factors (actions and resistances).

(3) The distances of the kentledge (dead load) supports or anchoring elements
for the reaction system (tension pile or grouted anchor) from the test pile shall
be as shown in Figure 9.4. For bored piles and displacement piles the clear
distance of the test pile to a kentledge support (Figure 9.4a) or to vertical an-
chor piles (Figure 9.4b) should be at least a=2,5 - D or 2,5 m, whichever the
larger, whereby the governing pile diameter D is as shown in Figure 9.4. The
minimum distances shall be increased as necessary for load tests on raking
piles, for special load situations or for more stringent test requirements.

(4) Smaller distances between the reaction beam supports and the test pile
may be adopted for tensile loads tests, if structural measures are taken or the
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Figure 9.4 Minimum dimensions between load apparatus and test pile for compressive
load tests for a) supports for kentledge (dead loads), b) tension piles, c) radial, inclined
grouted anchors with shallow fixed anchor lengths, d) radial, inclined ground anchors with
deep fixed anchor lengths, e) ground anchors parallel to the test pile and with deep fixed

anchor lengths
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sequence of ground layers ensures that the support does not substantially influ-
ence the performance of the test pile. In particular, any bracing of the pile
against parts of the reaction system shall be prevented.

(5) If ground anchors are used to hold a reaction frame or beam as shown in
Figures 9.4c) to e), the fixed anchor lengths must be clearly defined. In the free
anchor length any load transfer must be ruled out by the use of sleeves or by
flushing.

(6) Before testing begins, ground anchors should be either prestressed by at
least 1,1 times the maximum individual share of the test load, to compensate
for unequal initial deformations and equalise deformation behaviour, or care
must be taken to ensure that unequal lengths can be compensated for during
testing.

(7) The elastic elongations of long reaction anchors can become so large that
the cylinder stroke is no longer sufficient. In these cases use of considerably
larger anchor steel cross-sections is recommended in order to stresses and,
consequently, elongations of the anchors.

(8) Reaction piles and anchors should be arranged symmetrically around the
test pile. If they are arranged asymmetrically, the resulting influences must be
taken into consideration for the load application and compensated for if neces-

sary.
9.2.3.3 Hydraulic jacks

(1) The test load should always be applied using hydraulic jacks, even where a
dead load is available as reaction mass. The maximum possible force and the
necessary piston stroke should be compatible with the scheduled test load, and
the anticipated displacements of the pile and of the reaction system.

(2) The elastic deformations of the reaction system can get to considerable
magnitude and should be assessed before testing begins. This is especially the
case if grouted anchors with high-strength steel tension tendons are used. The
initial deformations of the loading system must also be taken into considera-
tion when specifying the necessary piston stroke.

(3) If several hydraulic jacks are used to apply the necessary test load, they
should be the same make and model and be supplied by a common supply
from one hydraulic unit. Each hydraulic jack should be provided with a shut-
off valve.

(4) Spherical bearings on the jack pistons have proven useful in compensating
for tilting.

(5) If the piston stroke is insufficient, the pistons must be shimmed using
distance pieces. It is important that the hydraulic jacks act in symmetry and
guarantee axially symmetrical load transmission during all test phases.

Note: 1t has proven useful to work with at least three or four hydraulic jacks
in linear or cruciform arrangement, respectively.
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9.2.3.4 Embedded hydraulic jacks

(1) In bored piles the pile load can also be applied using hydraulic jacks or flat
jacks, which are embedded in the concrete at the pile base or in the pile shaft.
In this case, the pile itself, or parts thereof, serve as the reaction system and the
load is applied from below or in two opposite directions, see Figure 9.5.

(a)
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f Figure 9.5 Schematic of pile division into segments when

executing pile load tests using the Osterberg method, for
single-level tests (a) and multi-level tests (b), after [101]
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(2) This type of test requires complex pile instrumentation for force and dis-
placement measurement, and is suitable for high test requirements or confined
site conditions, where other reaction systems cannot be implemented.

(3) When executing load tests using this method, division of the pile shaft into
two segments with an intermediate load cell is possible for a single-level test-
ing as shown in Figure 9.5a, or in three or four segments with two or more
intermediate embedded jacks for multi-level testing as shown in Figure 9.5b.

(4) The maximum possible load in any test phase is limited by the pile seg-
ment with the least resistance. Piles with base resistance greater than skin
friction are therefore unsuitable for this test method.

(5) Figure 9.5a shows pile loading in two opposing directions (bidirectional).
Tensile resistance is activated in the upper segment, compressive resistance in
the lower segment.

(6) In the multi-level test (Figure 9.5b), different load conditions can be gen-
erated within the pile by activating or deactivating individual embedded jacks.
For example, this primarily allows the base capacity (Phase 1) or the skin fric-
tion in segment 1 or 2 (Phase 2a and 2b) to be examined.

(7) For the verification of the stiffness of the reinforced concrete unconfined
compression tests can be performed by simultaneously loading a pile section
between two embedded jacks, for example for segment 2 in phase 3, as shown
in Figure 9.5b.

(8) If the embedded jack is placed in the pile shaft, measures must be taken to
ensure that the concreting pipe can pass through the jack and the concrete can
flow freely. Sufficiently large cut-outs with thread-in aids for the concreting
pipe should be left in the load distribution slabs. The lower face of the jack
must be formed such that any contaminated concrete at the head of the rising
concrete column cannot be trapped below the embedded jack.

(9) The test does not directly yield the resistance-settlement curve of a compa-
rable pile loaded at its head. It must be derived from the individual segment
test results and the individual phases, where applicable. The forces measured
for equal segment displacements shall be added for this purpose.

(10) Guidance and reports can be found in [24], [101], [107], [108], [109] and
[147].

9.2.3.5 Pile head

(1) The pile head must be carefully prepared to allow the load and displace-
ment monitoring instruments to be placed centrally, flush and perpendicular to
the pile head. If the pile’s cross-sectional area is insufficient to accept the hy-
draulic jack(s) and the instrumentation, the pile head shall be enlarged.
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(2) Directly loaded pile heads and pile head enlargements must be designed to
for the tensile splitting forces developing during loading. Use of a tubular steel
sleeve has proven useful.

(3) Care must be taken that no forces are transferred to the ground by a pile
head enlargement.

9.2.4 Instrumentation and monitoring
9.2.4.1 Displacement measurements

(1) The vertical displacement of the pile head must be measured using redun-
dant systems: mechanically using precision gauges or electrical displacement
transducers, and in addition optically, e.g. by means of precise levelling.

(2) A reference system is used for mechanical measurement. It consists of
reference beams, arranged on either one or both sides of the test pile and
supported under statically defined conditions approximately 2,5 - D, but at
least 2,5 m, from the pile, see Figure 9.6. During the test, the reference system
shall be protected from actions resulting from the test load, vibrations and
temperature differentials.

Note: Timber reference beams are less sensitive to temperature changes than
steel beams.

displacement transducer/ displacement transducerf
dial gauge (vertical) dial gauge (horizontal)
7 ]

> -
X +— hydraulic jack

] ]
I ’\— checkpoint for reference system

" eference
frame \
Al

reaction device load cell

hydraulic jack
displacement transducer/
dial gauge (horizontal)

displacement transducer/
dial gauge (vertical) E

reference frame

skin friction reduced, if necessery

Figure 9.6 Reference system for displacement measurements at the pile head (example)
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(3) Precise levelling reference points must be established outside the zone of
influence of the entire test apparatus.

(4) The range of the monitoring instruments must be such that they do not
need to be moved during the test.

(5) The measurement uncertainties (deviation of the displayed from the true
values) for the pile head displacements may not exceed 0,2 mm. Transducers
with a 0,01 mm scale division are required for this.

(6) At least two, preferably three, transducers arranged symmetrically around
the pile shall be used to measure axial displacements. Glass plates should be
fixed beneath the sensors on the pile head to reduce friction.

(7) Two sensors arranged perpendicular to each other shall be installed to
check pile head movements square to the pile axis. These measurements
should always be made during load tests on raking or slender (flexible) piles.

Note: The measurements primarily serve to confirm that the test load is
transmitted centrally and axially into the pile, and thus allow a timely
reaction in case of disorders or eccentric loading.

(8) In displacement-controlled load tests (constant rate penetration tests) or for
cyclic loads, electrical, continuously monitoring instruments shall be used for
displacement measurement.

9.2.4.2 Load measurement at the pile head

(1) Load cells must always be used, the hydraulic pressure shall be recorded
for control purpose only.

(2) Load cells shall correspond at least to precision class 1.

(3) All load cells must be calibrated, whereby the calibration may not be older
than twelve months.

9.2.4.3 Pile base resistance

(1) The pile base resistance mobilised as a result of settlement is recorded by
means of hydraulic or electric load cells installed in the pile base, see Fig-
ure 9.7.

(2) Care must be taken to ensure that the entire load is transmitted through the
monitoring instrument. Where possible, the load cell should cover the entire
area of the pile base. Undesirable load transfer around the cell can be pre-
vented by using soft, foam rubber inserts, for example. The foam rubber inserts
shall formed such that they are not completely compressed by the weight of the
fresh concrete.

(3) Before installing the load cells the base of the excavation shall be cleared
of loose or softened material and prepared with a mortar bed.
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Figure 9.7 Schematic arrangement of a pile base load cell

(4) A conical or domed load cell underside has proven useful in providing a
form-fitting support in the mortar bed.

9.2.4.3 Pile shaft resistance

(1) The pile shaft resistance can only be recorded indirectly. It can either be
determined as a whole by subtracting the activated pile base resistance from
the applied load (Figure 9.8a), or in sections via the longitudinal pile strain,
adopting the Young’s modulus and the cross-sectional area.

(2) The axial strains can be measured as follows:

a)

b)

Using extensometers as shown in Figure 9.8b): the strain of predefined pile
sections between the pile head and the anchorage point of the respective
extensometer is measured. By suitably staggering the measuring levels, the
distribution of the changes in length are acquired by subtraction and, de-
rived from this, the normal force distribution along the pile is calculated.
Depending on the type, normally not more than 6 extensometer bars can be
bundled in a multiple extensometer. The extensometer head should be pla-
ced in a recess in the pile head. Electrical transducers should be used.
When carrying out the test and evaluating the results, it should be noted
that the change-in-length distributions are acquired by subtraction and from
relatively long measurement sections. When arranging the transducers and
the reference system it should be noted that eccentricities and unintentional
bending of the pile head could falsify the results. The extensometers should
therefore be installed as close as possible in the pile centre.

Using electrical concrete strain sensors (strain gauges or vibrating wire
gauges) as shown in Figure 9.8c: these can measure locally at predefined
pile depths over lengths of a few centimetres or integrated over longer pile
sections. The transducers are fixed to the reinforcement cage such that they
cannot change orientation during installation and concreting, and the strain
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Figure 9.8 Monitoring of pile shaft resistance a) measuring the base resistance by a load
cell, b) measuring the base resistance by a load cell and longitudinal deformations using
extensometers, ¢) measuring the base resistance by a load cell and longitudinal deforma-
tions using local or integrated strain transducers, d) measuring the base resistance by a
load cell and continuous pile deformation measurement by means of a sliding micrometer

in the concrete is reliably transmitted, i.e. without slip. A configuration
including two or three symmetrically arranged strain transducers per level
and a number of measurement levels normally allows the distribution of
longitudinal strains to be determined with sufficient precision. A prerequi-
site for reliably monitoring length changes using strain transducers is their
complete embedment in the pile material and their placement at locations
representative for the development of strains of the pile.
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¢) Using sliding micrometers as shown in Figure 9.8d: the pile strain is con-
tinuously measured in subsequent sections by means of a mobile probe in a
tube with predefined measuring marks. The pile head with the loading ap-
paratus is equipped such that the measuring tube can be arranged as cen-
trally as possible and remains accessible. Because monitoring requires
manual work within the heavily loaded structure, special safety measures
must be taken to protect personnel.

(3) If longitudinal strains are measured locally or in predefined pile sections, it
is necessary to interpolate those for the intermediate regions. This requires “en-
gineering judgement” of results and experience in the assessment and evaluation.

9.2.4.5 Special instrumentation for tests
with embedded hydraulic jacks

(1) When performing pile load tests where the hydraulic jacks are embedded
in the concrete at the pile base or within the pile shaft, the absolute and relative
displacements of individual pile sections must be monitored using extensom-
eter systems and electrical displacement transducers.

(2) In addition, measurements by means of concrete strain transducers can be
taken at selected pile depths to determine the pile shaft resistances along indi-
vidual pile sections.

9.2.4.6 Pile cross-sectional area and deformation properties

(1) Precise knowledge of the pile cross-section and of the true deformation
properties of the pile material are required to determine the variation with
depth of the axial pile forces and the effective skin friction, from the longitudi-
nal pile strains. In practice and for cast-in-place concrete piles, these values
cannot be recorded with sufficient accuracy.

(2) Instead, with the aid of a reference measurement level near the level of
load introduction, where uniform stress distribution across the pile cross-
section can be assumed and the skin friction resistance mobilised in the test is
still negligible, the strain signal can be “calibrated” in terms of the acting load.
Assuming the constant pile cross-section along this length, it is possible to
directly correlate the measured strain signal to the effective longitudinal force,
without directly determining the Young's modulus,.

9.2.4.7 Protection of monitoring instruments

(1) The monitoring instruments at the pile head must be protected against
weather influences and other disturbances. Encasing the entire test apparatus in
a housing is recommended for tests involving enhanced or high requirements.
Shielding of monitoring instruments and of the reference system is sufficient
for short-term tests or tests involving lesser requirements.
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(2) Fittings, cables and the monitoring instruments themselves, both inside
and outside of the pile, must be marked and protected from damage during all
installation phases. In particular, this includes sufficient insulation of electrical
transducers and their cables against water and fresh concrete ingress, as well as
mechanical protection against damage during concreting, cut-off of piles and
during the phase leading up to the commencement of the test.

9.2.5 Testing procedure
9.2.5.1 Load steps and loading rates

(1) The load should be applied in at least two cycles. The maximum load
during the first cycle should correspond to the characteristic value of the effect
on the pile. The maximum load during the final cycle corresponds to the test
load.

(2) The test load should be applied in at least eight load steps. It has proven
useful to begin loading with a small preload step to settle the loading apparatus
and set up the displacement monitoring instruments.

Note 1: When the characteristic pile resistance is approached or for creep
ks> 0,5 mm, it can be necessary to reduce the load steps to allow more
detailed study.

Note 2: See Figure 9.3 for definition of k.

(3) The load should be increased slowly and carefully, in particular where the
load is predominantly transferred by skin friction or at the higher load steps.
Jolts and vibrations shall be avoided.

(4) The duration for increasing the load from one step to the next should be at
least 3 minutes, see Figure 9.9.

Note: 1If the load is increased too quickly, long-term creep deformations in the
pile-soil system can result. The loading rate should therefore be kept
deliberately low at the higher load steps.

(5) For basic test requirements, the load shall be kept constant during the
individual load steps for at least the observation periods given in Figure 9.9.

(6) For enhanced and high test requirements and until the characteristic pile
effect F.x or Fy is reached the load shall be maintained during the individual
load steps at least until the increase of displacements has fallen to 0,1 mm
every 20 minutes.

In the subsequent load steps the load may be increased once the displacement
rate has decreased to below 0.1 mm every 5 minutes. If possible, readings
should be taken at equal intervals to allow the creep behaviour to be correctly
identified.

175



load at pile head —

initial load

time in min —

Figure 9.9 Recommended load steps

Note: In terms of the characteristic pile effect F i or F) and the test load P, it
has proven useful to maintain the load for a longer period than until the
dissipation of movements defined above, in order to record any creep
redistributions in the ground and assess long-term behaviour.

(7) An intermediate unload step shall be applied once the characteristic pile
effect F.x or Fx has been reached. The readings should be made at the same
intervals as for the load steps; however, it is only necessary to wait for the
movements to cease at complete unloading or unloading to the initial load step.
The same criteria apply for reloading and further loading as for unloading or
initial loading, see Figure 9.9.

(8) Care must be taken to ensure that the load remains constant for the dura-
tion of a load step. For basic test requirements this is achieved by hand pump-
ing or manual control of the hydraulic pump, while for enhanced and high
requirements the load shall be maintained by automatic electrical or hydraulic
means.

(9) If sufficient time is not available to allow movements to dissipate, for
loads exceeding the characteristic pile effect a displacement-controlled test
with constant rate of displacements can be used to determine the ultimate load
(constant rate of penetration test, CRP test). A CRP test can also be necessary
in cohesive soils with high plasticity for example.

(10) The penetration rate used for the CRP test shall be selected to be-
tween 0,25 mm/min and 1,25 mm/min in cohesive soils and to between
0,75 mm/min and 2,5 mm/min in non-cohesive soils, or be adapted to the
capacity of the hydraulic unit.

(11) Where possible, the CRP test should be automatically controlled, and the
data be automatically recorded.
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(12) If the CRP test is performed using a number of different penetration rates
(“jump test”), a soil viscosity index can be determined. Using the viscosity
index, in turn, the load-displacement curve can be adapted to a standardised
penetration rate [72].

9.2.5.2 Monitoring intervals

(1) During each load step the axial displacements at the pile head should be
recorded at least after the following observation periods: 0, 2, 5, 10, 20, 40, 60,
80, 100 min., etc., after reaching the respective load.

(2) The intervals take account of the plotting of the recorded displacements on
semi-logarithmic scale and also allow the determination of creep k.

Note: If long observation periods are envisaged once displacement have
ceased (e.g. overnight), readings and load corrections in intervals of
several hours are sufficient.

(3) Larger intervals are sufficient to record the horizontal movements of the
pile head, e.g. at the beginning and end of a load step.

(4) Automatic data acquisition should be used for CRP tests. The data should
be recorded at least every 60 seconds, depending on the penetration rate.

(5) Sliding micrometer measurements are carried out at the end of each load
step.

(6) Before the beginning, and at the end of the loading test, the elevation of
the pile head and of the reference system shall be checked by a datum meas-
urement and a final measurement. These controls are carried out e.g. by preci-
sion levelling, with reference to a reference point. For enhanced and high test
requirements the control measurements should additionally be performed after
movements have ceased following every load step.

(7) If large ground settlement or heave can occur during the test, e.g. when
using dead loads as reaction systems, the displacements of the pile and of the
reference system must be checked once every load step.

(8) The actual pile load is to be recorded, and adapted if necessary, in the
same intervals as the settlement or heave of the pile head.

(9) Displacement of the pile head should have ceased before control meas-
urements are taken of the pile and of the reference system, and for non-
automatic recording of the base capacity and changes of lengths along the pile
axis.

(10) Fixed intervals should be adhered to for automatic recording and storage
of load, deflection, stress and strain data.
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9.2.5.3 Records

(1) Field reports in tabled format shall be compiled to contain all measurement
results obtained at the monitoring intervals and all observations made during
the test. Among others, they shall contain:

— hydraulic pressures and load cell readings;

— displacement measurements at the pile head;

— electrical stress and strain readings, if not recorded electronically;
— control measurements at the pile head and of the reference system;
— weather conditions (temperature, wind, cloud cover);

— people present during the test;

— special test conditions, e.g. readjustments;

— reasons for deviations from planned test sequence.

(2) The records shall be signed and attached to the pile test report, see 9.2.7.2.

(3) If automatic data recording and storage is used, the data should be visual-
ised during the test.

(4) The load and displacement data should be plotted as a resistance-
displacement curve already during the load testing process. For higher load
steps, and in particular for load tests on working piles, the development of pile
displacements and the associated creep k; with time should also be plotted to
allow the testing procedure to be adapted where necessary.

(5) The semi-logarithmic graph of the displacement with time as shown in
Figure 9.11 allows conclusions about creep behaviour and the anticipated
characteristic pile capacity. Where tests are carried out on working piles this
allows potential overloading beyond the characteristic capacity to be recog-
nised at an early stage.

(6) To end tests under enhanced and high requirements, the pile shall be com-
pletely unloaded after displacements have ceased at the initial load step and the
measurement shall continue until the displacements have completely ceased.

9.2.6 Evaluation

(1) In tests with basic requirements it is sufficient to plot the resistance-
settlement or heave curves as shown in Figure 9.10.

(2) For enhanced and high test requirements the time-displacement curves
shall also be drawn on a semi-logarithmic scale, the creep be determined and
then be presented with the corresponding loads as shown in Figure 9.11.

(3) Where the pile base and pile shaft resistances are monitored separately, the
corresponding components Ry(s) and Ry(s) shall be presented in a single dia-
gram, see Figure 9.12.
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Figure 9.10 Plot of resistance-settlement curve
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Figure 9.11 Plot of time-displacement and creep

(4) For high test requirements in addition to the resistance-settlement or resis-
tance-heave curves, the measured strains along the pile axis and the derived
longitudinal force and skin friction shall be plotted against the depth, see Fig-
ure 9.13. The cross-section used for evaluation and the Young's modulus of the
pile material shall also be given.
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Figure 9.12 Separate plot of base and shaft resistance
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9.2.7 Documentation and reports
9.2.7.1 Introduction

(1) The complete pile test report shall document the load test in two separate
parts.

a) Part 1: Test report including all details of pile installation, the test, test
results, presentation of test results and their evaluations.

b) Part 2: Interpretative report including the test results and their interpretation
and resulting recommendations for the design and the execution.

(2) The test report (part 1) is normally compiled by the company installing the
piles and/or executing the load test, the interpretative report (part 2) by the
geotechnical designer or the geotechnical expert.

Note: For basic test requirements the interpretative report can also be com-
piled by the pile manufacturer and/or the company carrying out the test.

9.2.7.2 Test report
(1) The report should contain the following information:

1. General information

— time and place of the test, site maps;

— special local conditions;

— involved personnel;

— description of the ground and the groundwater conditions; as appropri-
ate, abstracts from the ground investigation report (geotechnical investi-
gation report) shall be included.

2. Information on the pile system
— pile designation;
— pile type;
dimensions, section, material quality, reinforcement;
— execution method, execution records;
— pile material strengths at the time of load testing.
3. Test installations

— configuration of testing installations ;

— reaction system (drawings, details, information on anchors or anchor pi-
les);

— loading system (hydraulic jacks with configuration and controls, main-
tenance of constant load);

— monitoring instruments at the pile head (pile head preparation, load
cells, reference system, type and configuration of displacement trans-
ducers, type of control measurements, reference points, calibration cer-
tificates);

— monitoring instruments at the pile base (system, installation details, di-
mensions, calibration certificates);
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monitoring instruments in the pile shaft (type, configuration of meas-
urement levels, calibration certificates);
method of data acquisition.

4. Test execution

planned and actual loading regime;

reason for deviations from the planned test sequence;

testing records (copies of original records);

saved data storage media in cases of electronic data acquisition;
observations during the test execution (pile, reaction system, reference
system, loading system, environment, weather conditions);

photographic documentation.

5. Test evaluation

resistance-displacement curves for R(s)n,;, where appropriate including
Rb(s)m,i and Rs(s)m,i;

pile head displacements as a function of load duration;

changes of lengths along the pile axis;

information on the assumed or true cross-sectional dimensions of cast-
in-place concrete piles as used for the evaluation;

determination of the effective Young’s modulus; if expedient, reports of
laboratory investigations of pile sections;

longitudinal forces along the pile;

tested or measured values of skin friction with depth and of the pile shaft
resistance.

configuration of test installations;

9.2.7.3 Interpretative report

(1) The pile load test interpretative report shall be based on the geotechnical
investigation report and the test report. It should include the following infor-
mation:

9.3

9.3.1

evaluation of the load test results;

recommendations on pile type, depth and diameter;

design specifications for the foundation to be executed,

information on possible group effects (where several piles are loaded);
recommendations for the execution;

recommendations for any necessary additional investigations or long-
term monitoring.

Static Lateral Load Test
Introduction

(1) These Recommendations apply to piles designed for loads square to the
pile axis, not to piles subjected to lateral pressures as a result of the movement
of soft, cohesive soils, see 4.5.
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(2) Static lateral load tests are normally carried out to determine the lateral
resistance and deformations in the serviceability limit state. In long, slender
piles the failure state cannot normally be achieved under loads lateral to the
pile axis; this is only possible in short, rigid piles.

9.3.2 Installation of test piles

(1) Test piles shall be installed at locations where the ground conditions are
representative for the site and characteristic test results are anticipated. The test
pile locations should be specified on the basis of ground investigation results.

(2) If a single pile load test is carried out, it should be located where the most
adverse ground conditions are believed to occur. If this is not possible, an
allowance must be made when deriving the characteristic resistance. This
allowance shall be specified by the geotechnical expert.

(3) Ifload tests are carried out on two or more piles, the test locations must be
representative of the pile site and one of the test piles must be located where
the most adverse ground conditions are believed to occur.

(3a) If the ground conditions on a site are highly variable, several pile load
tests shall be carried out, allowing the capacity of the respective piles in the
areas displaying different ground properties to be reliably delineated.

(4) Test piles should correspond as closely as possible to the structural piles.
The same pile type, installation method and dimensions should be used as for
the structural piles.

9.3.3 Test planning
9.3.3.1 General notes

(1) Resistance-deflection curves and time-deflection curves are determined
from a pile load test for the pile resistance and the load-dependent displace-
ment.

(2) Additional test piles can be constructed for pile load tests or working piles
can be used. In both cases, pile testing should be performed in a timely manner
to allow any modifications to the foundation design resulting from the tests to
be implemented.

(3) Where working piles are employed the influence of preloading on the
performance within the structure should be considered.

(4) In addition, it shall be considered that the flexural stiffness of such work-
ing piles — as far as reinforced concrete piles are concerned — can depend on
the axial load, which is normally not yet present at the time of the test.
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(5) In terms of crack formation, a steel stress fy, = 200 MN/m? should not be
exceeded when testing reinforced concrete working piles. As long as the bend-
ing tensile stress does not exceed:

fctm = 0,3 ' fck(2/3) (97)
where
fum  tensile strength of the concrete

empiricism indicates that the bending resistance of the whole concrete section
is retained (no cracks of the concrete, Condition I) and the flexural stiffness
therefore remains the same as in the later structure, where the transition to
Condition II (cracked concrete in the tension zone) is generally prevented by
an axial, compressive load., The influence of reinforcement on flexural stiff-
ness should be examined and taken into consideration separately if necessary
[130].

(6) If pile load tests are performed on the same pile both axially and lateral to
the pile, the axial load test should be performed first. If the sequence is re-
versed the magnitude of the skin friction can be influenced.

(7) It is not necessary to simultaneously simulate loading parallel and lateral
to the pile axis.

(8) Realistic simulation of the support conditions of the pile head in the su-
perstructure can be realised only with great difficulty for lateral load testing. It
is usual to test piles restrained in the ground and with free head.

(9) The concrete of concrete piles must have achieved at least 80% of its no-
minal strength at the time of the load test, so that Condition I (no cracks) is
retained for as long as possible in the zone of the maximum bending moment,.
For proof of the actual concrete strength compressive strength tests can be
carried out on additional test cubes.

(10) Pile load tests on displacement piles may not be performed immediately
following installation. In non-cohesive soils, the load should be applied not
less than three days after installation, and not less than three weeks in cohesive
soils.

Note: By monitoring pore water pressures it is possible to determine the time

at which the excess pressure caused by the installation has dissipated.

9.3.3.2 Number of test piles

(1) At least one test pile should be planned for each pile type and each geo-
technical uniform ground situation. The number of test piles shall be specified
in consultation with the geotechnical expert.
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9.3.3.3 Test load

(1) The load to determine the lateral resistance and deflections of long, flexi-
ble, slender piles shall be as follows:

P,=Fyq 9-8)
where:
Fyq design value of the lateral load on a pile.

(2) The load to determine the characteristic lateral resistance of short, rigid
piles shall be as follows:

Py =Fia Tre 9.9)
where:

Fyq design value of the lateral load on a pile;
Yre partial factor for passive earth pressure.

9.3.3.4 Ground investigations

(1) The soil strata in the immediate vicinity of the test pile must be investi-
gated and their elasticity moduli Eg be determined to enable evaluation of the
test results and adoption of the subgrade reaction moduli from the test for the
design of piles in comparable ground conditions.

9.3.3.5 Principles for the instrumentation

(1) Test pile instrumentation must be compatible with the test objectives and
the required quality of results, and be specified by, or in agreement with, the
geotechnical expert.

(2) For load tests lateral to the pile axis only one level of requirements is for-
mulated, namely “monitoring of the pile resistance lateral to the pile axis and
of the deflection curve”. The deflection of the pile head, the applied load, the
incremental change in the pile inclination and the time are to be measured for
these purposes.

(3) The magnitude of the modulus of subgrade reaction along the length of the
pile can be determined from the deflection curve.

9.3.3.6 Load situations

(1) Because of the non-linear behaviour of the pile-ground system, the ser-
viceability limit state should be modelled as closely as possible in the test. If
certain load changes in a structure are anticipated at defined intervals, e.g. re-
peated pulsating and alternating loads as a result of braking loads, or tempera-
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ture changes of a bridge superstructure, the respective load sequences should be
simulated in the test. The increase in the deflection sy at the pile head and the
change in the deflection curve as a result of creep deformations in cohesive
soils under permanent loads, should also be determined in the test, see [38].

(2) The pile head normally receives a combined loading by a horizontal load
and a bending moment. The moment can amplify the action of the horizontal
load, e.g. a load acting above the pile head for an isolated pile or row of piles,
or it can reduce it, e.g. by a frame effect in pile groups with rigid capping slab,
see Figure 9.14 and [6].
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Figure 9.14 Types of horizontal loads on structural piles, after [6]

(3) In most cases, transferring a bending moment to a test pile makes test
execution considerably more difficult and expensive. Instead, the test load
lateral to the pile axis may be selected such that more or less the same ground
reactions are mobilised as in the serviceability limit state. Where pile heads
will later be restrained in the superstructure, but are load tested with a free
head, the deflection curve prevalent in the restraint case must be taken into
consideration to determine the test load [6].

(4) If the final load cannot be defined with certainty at the time of the load
test, the test load should be large enough to allow realistic calculation of ex-
pected deformations during the future service conditions.

(5) For cyclic lateral loads, the deflection of the pile head increases with the
number of load repetitions. In soil-pile systems in which no pore water pres-
sure accumulations occur, these displacements approach a final value. To de-
rive a relationship between the accumulated pile displacement and the number
of load repetitions it is necessary to apply a sufficiently large number of loads
to the test pile (see calculations and examples in Annex D).

9.3.4 Loading systems

(1) The load shall be applied centrally using hydraulic jacks. Where possible,
two neighbouring piles should be loaded against each other, allowing special
reaction systems to be dispensed with, see Figure 9.15 and [130].
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Figure 9.15 Various loading apparatus for pile load tests lateral to the pile axis, after
[130]

(2) A device for automatically maintaining the load constant should be in-
stalled in the hydraulic system.

(3) If the piles should be pulled together by a tensile member their axial dis-
tance shall be at least 6 - D; if they are pushed apart it shall be at least 2 - D. In
the latter case buckling of the compression member must be prevented.

(4) The steel components shall be designed to DIN EN 1993-1-3 to remain in
the elastic state (“elastic-elastic method”). The partial factor for actions may be
adopted at 1.1. The elements of the reaction system shall be designed compliant
with the EC 7-1 Handbook [44] using the BS-T safety factors.

(5) The pile head must be carefully prepared to allow the load and deflection
monitoring instruments to be placed centrally, flush and perpendicular to the
pile head.

(6) Directly loaded pile heads must be designed to accept the forces imposed
during loading. Use of a steel sleeve for protection of the pile head has proven
useful.

9.3.5 Instrumentation and monitoring
9.3.5.1 Deflection measurement at the pile head

(1) The horizontal deflection of the pile head must be monitored using redun-
dant systems: mechanically using precision gauges or electrical displacement
transducers, and in addition optically, e.g. by means of electro-optical distance
measurement.

(2) A reference system is used for mechanical measurements. It consists of
measuring beams arranged on either one or both sides of the pile and supported
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under statically defined conditions at 1,5 - D, perpendicular to the loading
direction, see Figure 9.16a. During the test, the reference system shall be pro-
tected from actions resulting from the test load, vibrations and temperature
differentials.

(3) Reference points shall be established outside the zone of influence of the
entire testing system.

(4) The measuring range of the monitoring instruments must be such that they
do not need to be moved during the test.
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Figure 9.16 Example of logging instruments for pile load tests lateral to the pile axis
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(5) The measurement uncertainties (deviations of the displayed values from
the true values) for pile head displacement may not exceed +0,2 mm. Dis-
placement transducers with a 0,01 mm scale division are required for this.

(6) The transducers for measuring the horizontal displacement shall be ar-
ranged perpendicular to each other. Glass plates should be fixed beneath the
sensors on the pile head to reduce friction, see Figure 9.16b.

(7) For cyclic load testing, continuously monitoring electrical instruments
shall be used for deflection measurement.
9.3.5.2 Monitoring of the deflection curve

(1) The deflection curve is determined using inclinometer or deflectometer
measurement along the entire length of the pile shaft.

(2) Monitoring can be by stationary installed measuring links or mobile using
measurement probes.

(3) Where monitoring makes use of a mobile probe, the pipe shall be arranged
such that it remains accessible. Because monitoring requires manual work
within the heavily loaded structure, special safety measures must be imple-
mented to protect personnel.

9.3.5.3 Load measurement at the pile head

(1) Load cells shall always be used; the hydraulic pressure shall be registered
for control purposes only.

(2) Load cells must correspond at least to precision class 1.

(3) All load cells must be calibrated, whereby the calibration may not be older
than twelve months.

9.3.5.4 Protection of monitoring instruments

(1) The monitoring instruments at the pile head must be protected against
weather influences and other disturbances to prevent the results being invali-
dated.

(2) Embedded parts must be protected from damage during all installation pha-
ses.

9.3.6 Testing procedure
9.3.6.1 Load steps and loading rates

(1) The test load should be applied in six steps to determine the characteristic
lateral resistance of long, flexible, slender piles. Unloading should be carried
out in three steps to determine permanent displacement (see Figure 9.17).
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Figure 9.17 Schematic of the minimum requirements on the loading programme for a
long, slender pile

(2) For the determination of the characteristic lateral resistance of short, rigid
piles, the test load should, in analogy to axially loaded piles, be applied in two
load cycles up to the proposed test load, see Figure 9.18.

(3) If transition to Condition II (cracked concrete in the tension zone) is an-
ticipated, intermediate steps should be introduced in the respective range of the
loading.

(4) During initial loading or unloading the load may only be increased or re-
duced if the change in the horizontal pile head displacement has fallen to be-
low a value of 0,1 mm in 5 min. The minimum duration of a load step and the
duration of the load increase can be taken from Figures 9.17 and 9.18.
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Figure 9.18 Schematic of the minimum requirements on the loading programme for a
short, rigid pile
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9.3.6.2 Monitoring intervals

(1) During each load step the horizontal displacements at the pile head should
be recorded at least after the following observation periods: 0, 2, 5, 10, 20, 40,
60, 80, 100 min., etc., after reaching the respective load.

(2) The intervals take account of the plotting of the recorded displacements on
semi-logarithmic scale and also allow the determination of creep k; .

Note: 1If long observation periods are envisaged once displacements have
ceased (e.g. overnight), readings and load corrections in intervals of
several hours are sufficient.

(3) The deflection curve is measured at the end of each load step.

(4) Before the beginning, and at the end of the load test, the position of the
pile head and of the reference system shall be checked by a datum measure-
ment and a final measurement.

(5) The actual pile load shall be recorded, and adapted if necessary, in the
same intervals as the displacement of the pile head.

(6) Displacements of the pile should have ceased before control measurements
are taken of the pile head and of the reference system.

(7) Fixed intervals should be adhered to for automatic recording and storage of
load, displacements and the deflection curve.

9.3.6.3 Records

(1) Field reports in tabled format shall be compiled to contain all measurement
results obtained at the monitoring intervals and all observations made during
the test. Among others, they shall contain:

— hydraulic pressures and load cell readings;

— displacement measurements at the pile head,

— control measurements at the pile head and of the reference system;
— weather conditions (temperature, wind, cloud cover);

— people present during the test;

— special test conditions, e.g. readjustments;

— reasons for deviations from planned test sequence.

(2) The records shall be signed and attached to the pile test report.

(3) If automatic data recording and storage is used, the data should be visual-
ised during the test.

(4) Already during the time of testing, in addition to registering the measured
values of displacements and loads, the load-displacement curve should be
plotted.
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9.3.7 Evaluation

(1) The measured pile head displacements are plotted as resistance-deflection
curves and the deflection curves are presented for each load step, see Fig-
ure 9.19.
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Figure 9.19 Pile head displacements and deflection curves for a test pile

(2) Figure 9.20 shows deflection curves for piles of varying stiffness.

9.3.8 Documentation and reports
9.3.8.1 Introduction

(1) The complete pile test report shall document the load test in two separate
parts.

a) Part 1: Test report including all details of pile installation, the test, test
results, presentation of test results and their evaluations.

b) Part 2: Interpretative report including the test results and their interpretation
and resulting recommendations for the design and the execution.

(2) The test report (part 1) is normally compiled by the company installing the
piles and/or executing the load test, the interpretative report (part 2) by the
geotechnical designer or the geotechnical expert.

9.3.8.2 Test report

(1) The report should contain the following information:

1. General information
— time and place of test, site maps;
— special local conditions;
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Figure 9.20 Deflection curves for piles of varying stiffness

— involved personnel;

— description of the ground and the groundwater conditions; as appropri-
ate, abstracts from the ground investigation report (geotechnical investi-
gation report) shall be included.

2. Information on the pile system

— pile designation;

— pile type;

— dimensions, section, material quality, reinforcement;

— execution method, execution records;

— pile material strengths at the time of load testing.

3. Test installations
— configuration of testing installations;
— reaction system (drawings, details);
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— loading system (hydraulic jacks with configuration and controls, main-
tenance of constant load);

— monitoring instruments at the pile head (pile head preparation, load
cells, reference system, type and configuration of displacement trans-
ducers, type of control measurements, reference points, calibration cer-
tificates);

— monitoring instruments for measurement of the deflection curve (type,
configuration and calibration certificates);

— method of data acquisition.

Test execution

— planned and actual loading regime;

— reason for deviations from the planned testing procedure;

— testing records (copies of original records);

— saved data storage media in cases of electronic data acquisition;

— observations during the testing (pile, reaction system, reference system,
loading system, environment, weather conditions);

— photographic documentation.

. Test results

— resistance-displacement curves;
— pile head displacements as a function of load duration;
— pile deflection curve for each load step.

9.3.8.2 Interpretative report

(1) The interpretative report shall be based on the geotechnical investigation
report and the test report. It should include the following information:

evaluation of load test results with indication of subgrade reaction moduli;
recommendations for pile execution;

recommendations for any necessary additional investigations or long-term
monitoring.

9.4 Static Axial Load Tests on Micropiles

(Composite Piles)

9.4.1 Installation of test piles
(1) Test piles shall be installed applying the following principles:

a)

b)

Test piles shall be installed at locations where the most adverse ground
conditions are anticipated. If the ground conditions on a site are highly
variable, additional pile load tests shall be carried out, allowing reliable as-
sessment of capacities in the areas of different ground conditions. The test
pile locations should be specified on the basis of the ground investigation
results.

Test piles should correspond as closely as possible to the working piles.
The same pile type, execution method and dimensions should be used as
for the working piles.
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(2) Where micropiles are used for anchoring, the test piles shall be constructed
with a confined load transfer zone, in accordance with the design boundary
conditions. Load transfer above the specified transfer zone shall be eliminated
by structural measures.

(3) If shaft resistance mobilisation needs to be reduced along the upper end of
the pile shaft during the test (complete eradication is not technically possible),
the following methods can be used, e.g. as shown in Figure 9.21:

— flushing (not permitted for working piles);

— smooth sleeve tube sealed with foam material at its bottom end. It should be
noted that this detail does not conform to the approval certificates for mi-
cropile construction. If the pile shall be used as a working pile, the corro-
sion protection must comply with approval certificate;

— sleeves in combination with lubricants, for example bentonite slurry or
grease.

a) b)

sleeve with

grease or bearing flushed and
similar element filled with bearing element
bentonite

foam rubber

fixed anchor length
fixed anchor length

Figure 9.21 Reduction of load transmission in the upper length of micropiles

9.4.2 Test planning
9.4.2.1 General notes

(1) Results of pile tests are resistance-settlement curves for compressive load
testing and resistance-heave curves for tensile testing, respectively, for the
entire pile resistance R and the load-depending displacements together with the
corresponding time-settlement and time-heave curves.

(2) Additional piles can be constructed for pile load tests or working piles can
be used. In both cases, pile testing should be performed in a timely manner to
allow any modifications to the foundation design resulting from the tests to be
implemented..

(3) Where working piles are employed for pile load testing, the influence of
any preloading applied during the test shall be taken into consideration for the
assessment of the pile capacity and displacement behaviour within the structure.

(4) Tensile load testing to investigate piles designed to carry compressive
loads are permissible, because this method returns a conservative skin friction.
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Displacements under tensile loads are greater than under compressive loads of
the same absolute magnitude.

(5) For compressive load testing structural measures are necessary to ensure
that no unscheduled pile head deflection occurs and premature buckling failure
is prevented.

(6) The load testing may only begin when the cement grout/fine-grained con-
crete has gained the strength necessary for the test loads. Evidence of actual
compressive strength can e.g. be provided by compressive strength testing on
additional test specimens.

(7) If piles intended for load testing are subjected to loads greater than permis-
sible from internal pile capacity design, e.g. if failure of the grout-ground inter-
face should be reached, it can be necessary to use a stronger steel bearing
member.

(8) In cases where a stronger steel bearing member cannot be installed, tests can
be carried out on piles with shorter force transmission length in order to achieve
failure at the ground-grout interface.

(9) If failure has occurred in piles with a shorter force transmission length, a
directly proportional increase of the pull-out resistance may not be automati-
cally assumed when the force transmission length is increased. The increase is
sub-proportional due to the strain in the bearing member.

9.4.2.2 Number of test piles
(1) DIN 1054:2010-12 requires load tests on micropiles:

a) on at least 3% of the projected number of piles;
b) but on at least n > 2 piles.

9.4.2.3 Test load

(1) The test loads used in pile tests shall normally high enough that the ulti-
mate limit state (GEO-2 analysis) can be achieved, thus fulfilling the creep
criterion:

Rem of Rin=R(k) (9.10)

where kg represents a creep value, which is to be individually specified and
which is used to define the time-dependent displacement of the pile head under
constant pile load (see Figure 9.3).

Note: For determining the pile resistances in the ultimate limit state creep in
the order of k=~ 2 mm is frequently used; it shall however be specified
in agreement with the geotechnical expert.

(2) When estimating the test load with the aid of empirical data (see 5.4), it
should be taken into consideration that even if the 50% quantile values are
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adopted, a higher resistance than indicated by the empirical data is anticipated
for half of all pile load tests. Selecting a suitably larger test load is therefore
recommended.

(3) If the load test is only carried out to verify the adopted characteristic pile
resistances, the EC 7-1 Handbook [44], 7.5.2.1 A (5), stipulates the following,
minimum test loads:

for compression: Py=Fc 4" v & (9.11)
for tension: Py=Fia ¥st & Mu (9.12)
where:

F.q: design value of the compressive pile load;

Fq4: design value of the tensile pile load,;

v partial factor for the total resistance of a pile after Annex A3.2;

vsx: partial factor for the tension pile resistance after Annex A3.2;

nm: model factor from the EC 7-1 Handbook [44], 7.6.3.2 A (3¢);

&1 correlation factor for pile resistances measured in static load tests, rela-
tive to the mean, after Annex A4.1.

(4) The test pile shall be designed for the adopted test load.

9.4.2.4 Principles for the instrumentation

(1) Test pile instrumentation must be compatible with the test objectives and
the required quality of results, and be specified by, or in agreement with, the
geotechnical expert. Two requirement levels are differentiated for micropiles:

a) Basic requirements
Monitoring of the pile resistance: the displacement of the pile head, the ap-
plied load and the time are measured.

¢) High requirements
Monitoring of the pile resistance and pile shaft resistance: the displace-
ments of the pile head, the applied load, the pile strain in various sections
distributed along the pile length and the time are measured. Special instru-
mentation of the pile base and along the pile shaft is required.

9.4.2.5 Special loading situations

(1) If considerable pulsating or alternating loads or creep are possible in the
pile’s serviceability limit state, these load situations should be simulated as far
as possible in the load test, also see Section 13. In such cases, the requirements
on the testing process shall be specified by the geotechnical expert or the de-
signer. Notes on procedures and examples are given in [42] and [135].

(2) Testing of pile groups shall be carried out if characteristic tensile pile
loads Fy are greater than 700 kN and distances of force transfer zone are less
than 1.5 m. In this case the load test shall be by simultaneous testing of three
neighbouring piles.
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9.4.3 Loading systems
9.4.3.1 Reaction systems

(1) For tensile loads the reaction system consists of a testing girder and the
support structure, see Figure 9.22a. For compressive loads the reaction system
consists of a reaction-beam or a load frame, anchoring elements and connec-
tions, see Figure 9.22b and c.

(2) The steel components shall be designed to DIN 18800 using the elastic-
elastic (E-E) method. The partial factor for actions may be adopted at 1.1. The
elements of the reaction system shall be designed compliant with the EC 7-1
Handbook [44] using the BS-T partial factors (actions and resistances).

a) bearing element b)
nut g test girder reaction beam
hydraulic jack hydraulic jack
‘ anchor bars
spriort mat tension pile
D -—
™~ test pile

\\— test pile

c)
reaction beam
hydraulic jack

test pile

flushed length -—-m.‘_‘_‘

210m

fixed anchor length

z220m

Figure 9.22 Micropile load tests: minimum spacing between the loading system and the
test pile a) tension pile, reaction system formed by test girder on support mats b) com-
pression pile, reaction beam anchored by parallel tension piles with load transfer along
their full lengths c¢) compression pile, reaction beam anchored by parallel ground anchors
with deep fixed anchor lengths
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(3) For micropile load tests the clear distance between the test pile and vertical
anchor piles or kentledge supports should be at least 1.5 m, see Figure 9.22b.

(4) In tensile load tests it shall be prevented that the test pile braces itself
against any part of the reaction system.

(5) If grouted anchors are used as reaction elements as shown in Figure 9.22¢c
the anchor load transmission zones must be clearly defined. Along the free
anchor length any load transmission must be ruled out by using sleeves or by
flushing.

(6) Of long reaction anchors the elastic elongation can become so large that
the cylinder stroke is no longer sufficient. In these cases it is recommended to
considerably increase the anchor steel cross-section in order to reduce the
elongation.

(7) Reaction piles and anchors should be arranged symmetrically around the
test pile. If arranged asymmetrically, any resulting influence must be taken into
consideration during the loading and be compensated if necessary.

9.4.3.2 Hydraulic jacks

(1) The load shall be applied both centrally and axially. Hollow piston hydrau-
lic cylinders and spherical bearings have proven useful.

(2) The test load should always be applied using hydraulic jacks, even where
kentledge or a dead load is available as reaction mass. The maximum possible
force and the necessary piston stroke should be compatible with the scheduled
test load, and the anticipated displacements of the pile and of the reaction sys-
tem.

9.4.3.3 Pile head

(1) For compression pile tests the pile head shall be prepared to allow the
loading and displacement monitoring instruments to be placed centrally, flat
and perpendicular to the pile head, see Figure 9.23.

reaction beam

4
. . I
spherical bearing o hydraulic jack
displacement
transducer load cell
contact plane o bearing element

Figure 9.23 Compressive load testing of micropiles, example of pile head configuration
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9.4.4 Instrumentation and monitoring
9.4.4.1 Displacement measurement

(1) The axial displacement of the pile head is measured mechanically using
precision gauges or electrical displacement transducers. Displacements of
vertical piles can also be recorded optically using precision levelling.

(2) The reference system consists of measuring beams arranged on either one
or both sides of the pile and anchored under structurally defined conditions at
least 1.5 - D. During the test, the reference system shall be protected from
actions resulting from the test load, vibrations and temperature differentials.

(3) Precise levelling reference points must be established outside the zone of
influence of all testing installations.

(4) The range of the monitoring instruments must be such that they do not
need to be replaced during the test.

(5) The measurement uncertainty (deviation of the displayed value from the
true value) for pile head displacements may not exceed £0,2 mm. Transducers
with a 0,01 mm scale division are required.

(6) Glass plates should be fixed beneath the sensors on the pile head to reduce
friction.

(7) Where cyclic load tests are performed, continuously logging, electrical
instruments shall be used to measure displacements.
9.4.4.2 Load measurement at the pile head

(1) Load cells must always be used; the hydraulic pressure shall be recorded
for control purposes only.

(2) Load cells must correspond at least to precision class 1.

(3) All load cells must be calibrated, whereby the calibration may not be older
than twelve months.

9.4.4.3 Pile shaft resistance

(1) In individual cases, e.g. for piles that are designed to transfer their load to
the ground along a limited transfer zone, it can be necessary to determine the
pile shaft resistance with depth when load testing micropiles.

(2) The pile shaft resistance can only be determined indirectly by monitoring
the longitudinal pile strain and consideration of the Young’s modulus and the
cross-section at the respective measurement level.

(3) The longitudinal strains can be logged using electrical strain transducers
(strain gauges). The strains can be measured over lengths of only a few centi-
metres at specified pile depths. They shall be fixed to the micropile’s bearing
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member such that their position does not change during installation and grout-
ing. A configuration including two strain transducers per measurement level
(on opposing sides) and several measurement levels over the length of the pile
normally allow sufficient accurate assessment of the distribution of longitudi-
nal pile strains.

(4) If longitudinal strains are measured locally or along predefined pile sec-
tions, interpolation are necessary for the lengths between. This requires “engi-
neering” judgement and experience.

9.4.4.4 Protection of monitoring instruments

(1) The monitoring instruments at the pile head must be protected against
weather influences and other disturbances. For short-term tests it is sufficient
to shield the monitoring instruments and the reference system.

(2) If the pile shaft resistance is measured over the pile depth, the embed-
ments, cables and the monitoring instruments themselves, both inside and
outside of the pile shall be marked and be protected from damage during all
installation phases. In particular, this includes sufficient insulation of electrical
transducers and their cables against water ingress and fresh concrete, as well as
mechanical protection against damage during concrete placement.

9.4.5 Testing procedure
9.4.5.1 Introduction

(1) When load testing micropiles, differentiation shall be made between piles
designed to transfer the loads into the ground:

— along their entire length (System A) or;
— only along limited transfer zone (System B).

9.4.5.2 Load steps and loading rates for System A

(1) The load shall be applied in at least two cycles. The maximum load during
the first cycle should correspond to the characteristic value of the effect on the
pile. The maximum load during the final cycle corresponds to the test load.

(2) The test load shall be applied in at least eight load steps. It has proven
useful to begin loading with a small initial load step to settle the loading sys-
tem and set up the displacement monitoring instruments.

Note: When nearing the characteristic pile resistance or at a creep ratio
ks> 0,5 mm, the load steps should be reduced, if appropriate, to allow
more detailed study.

(3) The load should be increased slowly and carefully. Jolts and vibrations
should be avoided.

(4) The load increase from one step to the next should take at least 3 minutes,
see Figure 9.24.
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Figure 9.24 Recommended load steps for System A

Note: If the load is increased too quickly, long-term creep deformations in the
pile-soil system can result. The loading rate should therefore be kept
deliberately low at the higher load steps.

(5) The load shall be held constant during the individual load steps for at least
the observation periods shown in Figure 9.24. The load may only be increased
once the displacement rate has decreased to below 0,1 mm in 5 minutes. If
possible, readings should therefore be made at equal intervals to allow the
creep behaviour to be correctly identified.

Note: It has proven useful to maintain the loads at the characteristic pile effect
Fcx or Fy and the test load P, for longer periods than until the decreas-
ing of movements as defined above. This serves the recording of any
creep redistributions in the ground and the assessment of long-term be-
haviour.

(6) An intermediate unloading sequence shall be applied once the characteris-
tic pile effect F or Fyx has been reached. The readings should be made at
equal intervals; however, it is only necessary to wait for movements to cease at
complete unloading or unloading to the initial load step. During reloading, and
up to the load step prior to unloading, the same minimum observation periods
shall be kept as for the unloading. During the further loading the same mini-
mum observation periods apply as for the initial loading during the initial load
cycle, see Figure 9.24

(7) Care shall be taken to ensure that the load is maintained constant for the
duration of a load step. An automatic electrical or hydraulic load maintenance
device should be used. If such means are not available this can also be achie-
ved by hand pumping or manual control of the hydraulic pump.
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9.4.5.3 Load steps for System B

(1) The test load should be applied in at least eight load steps and cycles,
where the maximum load of each cycle should be increased by one load step
(see Fig. 9.25). The load steps should be approximately equal. The maximum
load during one of the cycles should correspond to the characteristic value of
the effect on the pile. The maximum load during the final cycle corresponds to
the test load.

(2) It has proven useful to begin loading with a small initial load step to settle
the loading system and set up the displacement monitoring instruments.

Note: When nearing the characteristic pile resistance or at a creep ratio
ks> 0,5 mm, the load steps to allow more detailed study.

(3) The load should be increased slowly and carefully. Jolts and vibrations
should be avoided.

(4) The load increase from one step to the next should take at least 3 minutes,
see Figure 9.25.

Note: 1If the load is increased too quickly, long-term creep deformations in the
pile-soil system can result. The loading rate should therefore be kept
deliberately low at the higher load steps.

(5) The load shall be held constant during the maximal load of each individual
cycle for at least the observation periods shown in Figure 9.25. The load may
only be increased once the displacement rate has decreased to below 0,1 mm in
5 minutes. If possible, readings should therefore be made at equal intervals to
allow the creep behaviour to be correctly identified.

Note: 1t has proven useful to maintain the loads at the characteristic pile effect
F.x or Fyi and the test load P, for longer periods than until the decreasing
of movements as defined above. This serves the recording of any creep
redistributions in the ground and the assessment of long-term behav-
iour.

(6) An intermediate unloading sequence shall be applied once the peak load step
of a cycle has been reached the first time. The readings should be made at equal
intervals; however, it is only necessary to wait for movements to cease at com-
plete unloading or unloading to the initial loading step. During reloading, and up
to the load step prior to unloading and further loading, the same minimum obser-
vation periods apply as for unloading (Figure 9.25).

(7) Care shall be taken to ensure that the load is maintained constant for the
duration of a load step. An automatic electrical or hydraulic load maintenance
device should be used. If such means are not available this can also be achie-
ved by hand pumping or manual control of the hydraulic pump.
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Figure 9.25 Recommended load steps for System B

9.4.5.4 Monitoring intervals

(1) During each load step the axial displacement at the pile head should be
recorded at least after the following observation periods: 0, 2, 5, 10, 20, 40, 60,
80, 100 min., etc., after reaching the respective load.

(2) The intervals take account of the plotting of the recorded displacements on
semi-logarithmic scale and also allow the determination of creep k.

Note: If long observation periods are envisaged once displacement have
ceased (e.g. overnight), readings and load corrections in intervals of
several hours are sufficient.

(3) Displacements of the pile head should have ceased before control meas-
urements are taken of the pile and of the reference system, and for non-
automatic recording of the changes in length along the pile axis. Fixed inter-
vals should be adhered to for automatic recording and storage of load, deflec-
tion, stress and strain data.

(4) Before the beginning, and at the end of the loading test, the elevation of
the pile head and of the reference system shall be checked by a datum meas-
urement and a final measurement. These controls are carried out e.g. by preci-
sion levelling, with reference to a reference point. The actual pile load shall be
recorded, and adapted if necessary, in the same intervals as the settlement or
heave of the pile head.

9.4.5.5 Records

(1) Field reports in tabled format shall be compiled to contain all measurement
obtained at the monitoring intervals and all observations made during the test
are logged in tables in field logs in line with the logging intervals. Among
others, they shall contain:
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— hydraulic pressures and load cell readings;

— displacement measurements at the pile head;

— electrical stress and strain readings, if not recorded electronically;
— control measurements at the pile head and of reference system;

— weather conditions (temperature, wind, cloud cover);

— people present during the test;

— special test conditions, e.g. readjustments;

— reasons for deviations from planned test sequence.

(2) The records shall be signed and attached to the pile test report, see 9.4.7.2.

(3) If automatic data recording and storage is used, the data should be visual-
ised during the test.

(4) The load and displacement data should be plotted as a resistance-
displacement curve already during the load testing process. In addition to the
load steps and the displacements, the development of pile displacements with
time, together with the associated creep ks, shall be recorded in order to allow
the adaptation of the testing procedure where necessary.

(5) The semi-logarithmic graph of deflection with time allows conclusions
about creep behaviour and the anticipated characteristic pile capacity to be
drawn. Where tests are carried out on structural piles this allows any violation
of the characteristic capacity to be recognised at an early stage.

(6) To end the test after displacement have ceased, the pile is completely re-
laxed as far as the initial load step and the data logged until the displacement
have ceased.

9.4.6 Evaluation

(1) The displacement measured at the pile head are plotted either as resis-
tance-settlement or resistance-heave curves as shown in Figure 9.10 or, for
micropiles designed to transfer their loads along a limited transfer zones into
the ground (System B), as shown in Figure 9.26.

(2) For each peak load step per load cycle also the time-displacement curves
shall be plotted on semi-logarithmic scale, and the creep k; be determined and
visualised together with the corresponding loads as shown in Figure 9.11.

(3) When monitoring the pile shaft resistance over the pile depth, in addition
to the resistance-displacement curves, the strains measured along the pile axis
and the derived longitudinal force and skin friction shall be plotted in relation
to depth and load, see Figure 9.12. The cross-section used for evaluation and,
where necessary, the determined Young's modulus of the pile material shall
also be given.

(4) For micropiles designed to transfer their loads into the ground along lim-
ited transfer zones (System B), the test evaluation shall demonstrate that the
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Figure 9.26 Resistance-displacement curve for a micropile with limited force transfer
zone (System B) — example shown for a tension pile

confinement of the force transfer zone was actually achieved. The confinement
of the load transfer zone achieved during pile installation can be determined
via the measured displacements. To this end, the displacements at the end of
each loading cycle are divided into an elastic and a plastic component. If the
confinement of the force transfer zone is achieved by flushing, the pile above
the transfer zone theoretically consists of the steel bearing member only. In
this case, the actual confinement of the load transfer zone can be checked by
determining the numerical length of the flushed region. The numerical elastic
length of the steel bearing member L,,, until to the near end of the load trans-
fer zone is given by:

L,, = (A, -E, -As)/AP (9.13)

where:

A, cross-section of the steel bearing member;

E; Young's modulus of steel bearing member;

AP  test load minus initial load;

As  displacement s, of the steel bearing member measured at anchoring point,
for test load Pp minus the displacement s, after unloading to the initial
load P,.
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9.4.7 Documentation and reports
9.4.7.1 Introduction
(1) The load test shall be documented in two separate partial reports.

a) Part 1: Test report including all details of pile installation, the test, test
results, presentation of test results and their evaluations.

b) Part 2: Interpretative report including the test results and their interpretation
and resulting recommendations for the design and the execution.

(2) The test report (part 1) is normally compiled by the company installing the
piles and/or executing the load test, the interpretative report (part 2) by the
geotechnical designer or the geotechnical expert.

9.4.7.2 Test report
(1) The report should contain the following information:

1. General information

— time and place of the test, site maps;

— special local conditions;

— involved personnel,

— description of the ground and the groundwater conditions; as appropri-
ate, abstracts from the ground investigation report (geotechnical investi-
gation report) shall be included.

2. Information on the pile system

— pile designation;

— pile type;

— dimensions, diameter of tension member, material quality;

— execution records.

3. Test installations

— configuration of testing installations;

— reaction system (drawings, details, information on anchors or anchor pi-
les);

— loading system (hydraulic jacks with configuration and controls, main-
tenance of constant load);

— monitoring instruments at the pile head (load cells, reference system,
type and configuration of displacement transducers, type of control
measurements, reference points, calibration certificates);

— monitoring instruments in the pile shaft (type, configuration of meas-
urement points, calibration certificates);

— method of data acquisition.

4. Information on test execution

— planned and actual loading regime;

— reason for deviations from the planned testing procedure;

— testing records (copies of original records);

— saved data storage media in cases of electronic data acquisition;
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observations during the test execution (pile, reaction system, reference
system, loading system, environment, weather conditions);
photographic documentation.

5. Test results

resistance-displacement curves for R(s) as shown in Figure 9.10 and Fig-
ure 9.26;

pile head displacements as a function of load duration as shown in Fig-
ure 9.10;

time-displacement curves and determination of creep k, for the respec-
tive peak steps of each loading cycle as shown in Figure 9.11;

for piles with limited load transfer zone and high test requirements:
changes in length along the pile axis, skin friction and pile shaft resist-
ance as shown in Figure 9.13.

9.4.7.3 Interpretative report

(1) The report shall be based on the geotechnical investigation report and the
test report. It should include the following information:

a) the valuation of load test results;

b) recommendations on pile type, depth and diameter;

c) design specifications for the foundation to be executed;

d) information on possible group effects (where several piles are loaded);

e) recommendations for the execution;

f) recommendations for any necessary additional investigations or long-term
monitoring.

Note:
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10 Dynamic pile load tests

10.1 Introduction

(1) As described in 5.3, the EC 7-1 Handbook [44] stipulates that, under
certain conditions, axial compression pile resistances may also be determined
solely on the basis of dynamic pile load tests. In addition to dynamic pile load
tests the EC 7-1 Handbook [44] also mentions impact tests.

(2) Dynamic pile load testing refers to methods using time-dependent
recording of forces and movements at the pile head during an impact pulse
(< 1s). Dynamic pile load tests in the context of these Recommendations are
methods in which the load is applied to the pile head by either braking
(impact) or accelerating a mass and where the static resistance is determined
by evaluating measured pile head movements.

(3) The result of a dynamic pile load test is the measured value of the pile
resistance in the ultimate limit state R. i (ULS) and, depending on the method
used, the resistance-settlement curve.

(4) Dynamic load tests and impact tests can be performed on all types of piles.
The different methods were originally developed to test prefabricated driven
piles and were subsequently refined by improved monitoring techniques,
modelling and analysis methods. Compared to static load tests, dynamic load
testing requires less time and is normally less complex in terms of the test
configuration, such that several piles can often be tested in a single day. For
piles for coastal or offshore applications dynamic load tests are often the only
method of testing or confirming the assumed capacities, because the execution
of static load tests need an extremely high technically preparation effort and
thus cannot be seen as feasible.

(5) For the application of impact test simple or improved driving formulae are
used for analysis that allow the axial pile resistance to be calculated from data
recorded during the driving process. Empirical data of the ground and the pile
and the driving systems are adopted. Also wave equation analysis is used to
evaluate impact tests.

(6) The EC 7-1 Handbook [44] stipulates that driving formulas should only be
used in exceptional cases, because dynamic pile load testing provides a more
precise method for determining the pile resistance at limited additional
expense. The methods summarised under the term impact tests are therefore
not dealt with any further in these Recommendations.

10.2 Range of Application and General Conditions

(1) The principal field of application of dynamic pile load tests comprises
piles with a pile capacity predominantly resulting from their embedment in
non-cohesive soils.
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(2) The general limits of the method are given by the theoretical principles of
one-dimensional wave propagation, see 10.3 and [138].

(3) See 5.3 (5) for details of limitations in conjunction with cohesive soils.

(4) The methods should only be adopted for use with foundations with the
shape of bars or cylinders. Where planar foundation structures such as dia-
phragm wall panels or pile walls are used, two-dimensional wave propagation
occurs. This is not dealt with by these methods.

(5) When testing sheet piles in a wall, skin friction in the ground and interlock
friction can not be differentiated. The capacity can only be tested on free-
standing piles.

(6) Dynamic pile load tests on piles in soils sensitive to dynamic actions, for
example poorly graded, saturated, loose fine sands or normally consolidated,
cohesive soils can lead to implausible results, such that dynamic load test in
these soils are only possible with limitations.

(7) Because of the short time dynamic action the measurement or the test
result does not provide a time-dependent settlement component for constant
load. Any statements on serviceability are therefore only valid to a limited
degree, unless the dynamic pile load test takes time-dependent effects into due
consideration when calibrated against comparable static pile load test results,
see 10.6.

(8) The magnitude of the load used in dynamic pile load testing shall be
selected such that all resistances on the pile shaft and the pile base can be fully
activated. If smaller loads are applied, the ultimate bearing capacity of the pile
cannot be determined.

(9) The stresses in the pile resulting from the dynamic action may not exceed
the allowable tensile and compressive stresses of the pile material. This fact
shall be observed especially for cast-in-place concrete piles.

10.3 Theoretical Principles

(1) The effects on a pile embedded in the ground resulting from short-term,
dynamic actions, e.g. such as those from a driving impact, represent a wave
propagation problem in the elastic half-space. Physically, the local action in
the half-space leads to a disturbance emitted from the source and transmitted to
the continuum by propagating waves. In this process, the applied mechanical
energy is radiated into the continuum and is converted to a different form of
energy. Generally, the mechanical energy applied by an impact pulse is
radiated in hemispherical form. As a result of the large differences between the
ground soil and the pile material regarding stiffness and density, the major part
of the applied wave remains within the pile, with the consequence that, in
approximation, one-dimensional wave propagation can be assumed.
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(2) The reduction of the pile dynamics to a simple, one-dimensional wave
propagation problem allows analytical solutions for the partial differential
equation for a free, undamped pile, and numerical solutions for a pile
embedded in the ground. Generally, the attenuation in the amplitudes of the
applied waves, reflected at the base of the pile, is utilised to assess the energy
radiated into the ground and thus the ground resistances, in order to determine
the pile capacity. A comprehensive description of the theoretical principles and
the definitions of the underlying physical variables is given in [138].

(3) Mechanical variables, e.g. strains and accelerations are recorded at the pile
head, see 10.4.5.3, and are converted to velocities, displacements and forces,
which are the basis for the calculation of the bearing capacity.

(4) The force F(t) is calculated from the measured strain g(t) using Eq. (10.1).
F(t)=g(t) - Egyn - A (10.1)
where:

Eqym  Young’s modulus at the measurement level,
A cross-section at the measurement level.

(5) The velocity is determined from the measured accelerations a(t) by
integration and the displacement of the pile head by further integration.

(6) The energy E(t) applied to the pile is given as the time integral over the
force and velocity using Eq. (10.2).

E(t) :J-F(t)‘v(t) dt (10.2)

(7) The impact passes through the pile as a mechanical compression wave. The
wave is reflected at the pile base as a result of stiffness and density differentials.
Normally, the stiffness of the pile base support is lower than that of the pile
material, such that the wave returns to the pile head as a tensile wave.

(8) The velocity ¢ with which the wave passes through the pile is, in theory, a
material constant. This velocity is related to Young's modulus Egy, and the
density p of the material by Eq. (10.3).

Ed
c= s [m/s] (10.3)
p

(9) The time until an applied impact wave has travelled from the pile head to
the pile base and back again is, see Eq. (10.4):
T= 2-L (10.4)
c

where:

L  pile length, see Figure 10.1.
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Figure 10.1 Example of pile head force and pile head velocity time histories

(10) From the dynamic equilibrium condition for the pile head follows, that
the particle velocity of the mass particles v(t) at the pile head is proportional to
the applied impact force, see Eq. (10.5):

F)=v(t)- Z . (10.5)

(11) The proportionality factor Z is known as the impedance (dynamic
stiffness) and is given by the cross-sectional area, the stiffness and the density
of the pile using:

Z=A c p=A-Ey/c=A"Ey p (10.6)

(12) Influences of the ground reduce with depth the pile force and the particle
velocity. While the pile head force is in equilibrium with the contact force
imposed by the falling weight, the velocity reduces. The magnitude of the
difference gives an indication of the ground resistance, and especially the skin
friction.

(13) Figure 10.1 shows the force F(t) as a continuous line and the velocity
multiplied by the impedance Z - v(t) as a dashed line. When measurement
begins the pile behaves similar to an infinitely long bar, i.e. force and velocity
are proportional or, after multiplying the velocity by the impedance, congruent.
At the time of the maximum value t; the force is F(t;) =F,, i.e. equal to
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Z - v(t;) = Z - v;. The reflections caused by ground resistances then lead to a
reduction of the velocity at the pile head. At time t; the difference between the
force and the velocity is at its largest. At time t, the reflection from the base of
the pile reaches the pile head or the measurement level.

10.4 Description of Testing Methods, Test Planning
and Execution

10.4.1 Evaluation methods and type of load testing

(1) These Recommendations deal with what are referred to as the “direct
methods” and the “advanced methods”, also known as “complete modelling
methods” (or “signal matching”). The following clauses give descriptions of
the methodological principles and serve for selecting the method for the
respective construction project. A detailed and more extensive description of
the testing methods can be found in 10.4.5 and 10.4.6.

(2) The direct methods are the CASE and TNO methods, based on damping
factors, and the rapid load test (RLT - statnamic test), based on the unloading
point method.

(3) The complete modelling methods include the CAPWAP and the
TNOWAVE methods.

(4) In terms of the type of pile loading, the direct methods CASE and TNO are
no different to the complete modelling methods CAPWAP and TNOWAVE.
All these methods base on an impact pulse applied for a relatively short period,
which therefore generates a relatively short wave. In the rapid load test the
impact pulse is applied for a relatively long period and generates a longer
wave.

(5) The complete modelling methods (3) should be preferentially adopted to
determine the pile resistance.

(6) The complete modelling methods allow the division of pile resistances into
skin friction and end bearing capacity. Thus they enable for a plausibility test
against the ground model. Analysis comprises a computed resistance-settle-
ment curve which, however, does not contain time-dependent settlement com-
ponents. Because of the modelling complexity and the time involved, on-site
analysis is in general not possible.

(7) As result of the relatively short wavelengths, tensile stresses can be caused
in the pile from the reflection at the base. As a consequence, unreinforced piles
or pile-like foundation structures can be damaged. Adherence to allowable pile
material stresses should be demonstrated, if necessary, see 10.2 (9).

(8) The direct methods permit on-site evaluations.

(9) The direct methods base on damping factors to be assessed as function of
the type of ground or to be calibrated against static load tests. A calibration
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leads to improved conclusions about the pile resistance. Homogeneous pile
material and a constant cross-section are assumed for evaluation purposes. The
loading system requires comparatively small expense. For driven piles the
existing driving rig can normally be used. For cast-in-place concrete and bored
piles loading systems employing free-fall masses are standard practice. The
CASE and the TNO methods allow monitoring and evaluation during driving.

(10) The rapid load method, one of the direct methods, is also used to deter-
mine the measured pile resistance. It does not allow the division of the pile
resistance into skin friction and end bearing capacity. The analysis yields a
resistance-settlement curve, computed directly on-site. Because of the special
loading system, availability should be clarified well in advance. Tensile
stresses can be suppressed as a consequence of the relatively long wavelength
and the resulting superpositioning of the wave components [138]. The method
is therefore also suitable for use with unreinforced piles or pile-like foundation
structures.

10.4.2 Number of load tests

(1) The number of dynamic pile loading tests shall be specified on a project-
and ground-specific basis by the geotechnical designer or the geotechnical
expert. It shall take account of the minimum 2 load tests per pile type and
homogeneous ground situation required by the EC 7-1 Handbook [44] and the
Annex A4.2. The validity of the results increases with the number of loading
tests, which also pays off in the form of lower correlation factors & when
converting the measured resistance into characteristic pile resistances, see
Annex A4.2.

10.4.3 Ground investigations and pile installation documentation

(1) The ground investigations for pile foundations shall conform to the EC 7-2
Handbook [44] and Section 3.2. Homogeneous ground situations with similar
stratification and ground properties shall be defined for the site. The dynamic
pile tests shall be performed on piles at locations characterising the site’s
homogeneous situations.

(2) To facilitate the evaluation of dynamic pile tests the results of dynamic
penetration or cone penetration tests should be taken into consideration
together with the specific information contained in the pile construction
records, concerning driving, concrete consumption, obstructions, founding
depths, etc..

10.4.4 Time of testing and internal capacity

(1) Depending on the time of testing the following differences exist for
displacement piles (prefabricated piles),
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a) Tests are carried out during driving in order to determine changes in the
penetration resistance with depth. The pile resistances determined at the
end of driving represent a temporary value only. Any consolidation effect
or relaxation at the pile base area can only be determined by restriking.

b) Tests are carried out immediately after installation to determine the pile
capacity at the end of the driving. Direct methods are normally used
(CASE, TNO). Any consolidation effect or relaxation at the pile base area
can possibly be determined if an interruption of several hours was observed
and tests accompanying the driving have been carried out.

c) Tests following the completed installation process and longer waiting times
are preferentially recommended for determining the pile capacity, because
the disturbances induced in the ground as result of the installation process
have generally dissipated. The determined pile resistance is thus more
realistic. For prefabricated driven piles any consolidation effect or relaxa-
tion at the pile base area can be determined if also tests have been carried
out either accompanying the driving, see a), or tests shortly after instal-
lation, see b). As the pile resistances might have increased, the driving
energy should be appropriately increased in this case

(2) Cast-in-place concrete piles should be tested not earlier than after
approximately 7 days to take account of the hydration process of the pile
concrete. Depending on the ground type an adhesion effect should be
anticipated. Experience shows that the relevant ground disturbances have
dissipated after approximately 10 days. Later testing normally yield higher pile
resistances. Seven to forty days are common periods depending on concrete
grade and necessary loading.

(3) With regard to prefabricated concrete and cast-in-place concrete piles, the
calculated maximum compressive and tensile stresses in the pile should not
exceed 80% of the concrete compressive or tensile strength during driving and
testing, taking any prestressing into consideration.

(4) With regard to steel piles, the maximum stresses in the pile should not
exceed 95% of the yield strength of the steel during driving and testing.

10.4.5 Dynamic load testing using the high-strain method

10.4.5.1 Brief description

(1) In high-strain dynamic load testing a pile is subjected to a very short
impact pulse. The recording of accelerations and strains at the pile head allows
the pile capacity to be determined using direct (CASE or TNO) and extended
procedures (CAPWAP or TNOWAVE).

10.4.5.2 Loading system

(1) Driven piles are generally tested using the driving rig available on-site.
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Notes: a) Because the hammer is usually only designed to overcome the
static resistance to driving during the pile installation, it is possible
that the piles can not be mobilised due to increased driving
resistances after setup. If necessary, a larger hammer or suitable
free-fall system should be used for testing.

b) Rapid-stroke piling hammers are not suitable for testing, because
they cause continuous pile movements and do not allow individual
strokes to be evaluated.

(2) Special loading systems are normally used for testing cast-in-place
concrete piles. An example is shown in Figure 10.2. The systems consist of a
free-fall mass, a guidance apparatus and the supporting structure. A
sufficiently large and stable working platform is required. The lifting of the
free-fall mass requires external lifting equipment, e.g. a mobile or a cable
crane. The necessary mass mgg is roughly calculated using:

Pp=(0,01 t0 0,02) - R¢ (10.7)
where:

Pp weight of free-fall mass;
R.m pile resistance as measured value;

Figure 10.2 Loading system for cast-in-place concrete piles
Note: in this case the pile was concreted 2,5 m high above the working platform and the
loading system was placed on supports in order to ensure sufficient drop height.
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and:

mgg = Pp/g (10.8)
where:

g  gravitational acceleration.

10.4.5.3 Instrumentation

(1) It is virtually impossible to achieve a coaxial and perfect introduction of
the impact load acting uniformly on the full area of the test pile. Because of the
structural conditions at the pile head and of the configuration of the loading
system, in particular of the free-fall mass, the guiding system, the pile cushion
and the helmet, a uniform wave front can only be assumed at a distance of
approximately 1,0 to 1,5 times pile diameter D or a from the pile head. The
transducers required to measure strains and accelerations must therefore be
installed at least at this distance from the pile head, see Figures 10.3 and 10.4.

The pile must be exposed to the appropriate depth and any existing water must
be pumped off.
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Figure 10.3 Schematic of logging configuration for driven piles
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Figure 10.4 Schematic of monitoring configuration and preparation of a cast-in-place
concrete pile for dynamic load testing

(2) To compensate for eccentricities the transducers shall be arranged at least
on two opposing sides, that is, on a single axis. Arrangement of transducers in
more axes increases evaluation precision, in particular if the action of the
impact load might not be central. If central force impact is not possible
arrangement of transducers in more axes is generally required.

(3) The following steps are necessary for driven piles (steel piles and pre-
fabricated piles), also see Figure 10.3:

a) Preparation of the necessary workspace to a depth of at least 0,20 m below
the measurement level.

b) Application of the transducers to the steel section or the surface of the
prefabricated concrete as shown in Figure 10.3.

c) At double sections, the transducers shall be attached to the individual piles
as the wave propagation is disturbed by the interlock. Where necessary,
access holes should be cut into double sections consisting of H-beams as
shown in Figure 10.3.

d) Connection of the transducers to the data acquisition system.

(4) The following steps are necessary for cast-in-place concrete piles, also see
Figure 10.4:

a) Cut-off of piles at least down to the sound concrete.

b) Cleaning and preparation of the surface of the pile head and of the
reinforcement.

c¢) Central placement and filling up with concrete of a steel casing to take the
tensile shear stress resulting from the dynamic load and to protect the
reinforcement. The casing should be of the same diameter as the pile and
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must be axially centred. The casing length shall be selected such that its
bottom end is not in the zone of the measurement level.

d) Preparation of the necessary workspace to a depth of at least 0,20 m below
the measurement level.

e) Application of the transducers to flat, ground surfaces on the pile shaft.
Windows must be cut into the steel if the measurement level is within the
sleeved zone. The size of the windows shall be agreed with the insti-
tute carrying out the dynamic pile load tests. Dimensions around 0,25 m
x 0,25 m are common.

f) Connection of the transducers to the data acquisition system.

(5) The transducer configuration for pile types not mentioned here, for
example timber piles, shall be agreed with the institute carrying out the dyna-
mic pile load testing.

(6) Watertight transducers shall be used for dynamic load tests where the
transducers can get under water.

(7) Where tests accompany driving, suitably robust transducers and cables
shall be employed.

(8) The permanent displacements shall be determined with accuracy to the
millimetre using suitable monitoring instruments, for example precision
levelling or a laser surveying system. In theory, these displacements corres-
pond to the pile head displacements determined from the double integration of
the measured acceleration. Comparison of values enables the control of the
integration.

10.4.5.4 Performing the test

(1) In general, the test consists of several single strokes or series of strokes.
The evaluation is based on one of these strokes.

(2) A sufficiently large displacement per stroke is necessary to activate the
ultimate bearing capacity. Generally, displacements of a few millimetres are
sufficient.

(3) An evaluation should be carried out on-site using one of the direct
methods (CASE or TNO) in order to check that both the weight of the falling
mass was correctly selected and the anticipated ultimate bearing capacity is
plausible.

(4) The wave velocity c required for evaluation is in the one-dimensional wave
theory a material constant, but is influenced in engineering terms by the
material parameter tolerances and the composite pile/ground system. With
regard to steel, the Young’s modulus, the density and the wave velocity can be
assumed as basically constant material parameters. They are substantially more
variable for concrete, whereby the high strain rate (dynamic Young’s modulus)
must also be taken into consideration. In addition, the cross-section of cast-in-
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place concrete piles can vary with depth depending on installation and ground
parameters, and cannot always be precisely determined. The pile construction
records and any integrity tests (Section 12) can provide information on
anomalies. The basis for determining a site-specific wave velocity should
therefore be established while performing the test.

Note: For example, the wave velocity in steel is ¢=5 132 m/s where
E4yn =210 000 MN/m? and p = 7,85 t/m?*; the wave velocity in concrete
is ¢=3200 to 4 000 m/s where Egy, =28 000 to 40 000 MN/m* and
p=2,3t02,5t/ms

(5) With regard to concrete piles, and in particular cast-in-place concrete piles,
these values are variable and must be determined as mean values over the
length of the pile using the recorded data or the measured signal.

(6) The results of the dynamic load test are the force, determined from the
strain, and the velocity, determined from the acceleration over time at the
measurement level, see Figure 10.5. The velocity is multiplied by the impe-
dance.

10000

—Farce [kN]
=== Velocity - impedance [kN]

8000

6000 |

Time [ms]

Figure 10.5 Force and velocity x impedance over time

(7) The data from the individual sensors shall be used to asses the quality of
the measurements. The mean force and velocity graphs should remain
congruent until the first maximum is reached, unless a separation is caused by
skin friction or a change of the cross-section. In addition, the mean force and
mean velocity graphs should approach zero and the displacement-time function
calculated from double integration of the acceleration should horizontally
approach the constant value of the permanent settlement.

(8) In the range from the first peak and the duration t =2 - L/c, i.e. the time the
wave takes from the measurement level to the pile base and back again, the
gap between the two curves gives an indication of the skin friction.

(9) The data recorded for all strokes are saved for further evaluation.
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10.4.6 Dynamic load testing using the rapid load method
10.4.6.1 Brief description

(1) In a dynamic load test using the rapid load method, also known as the stat-
namic test, a pile is subjected to a long-duration impact such that the pile under-
goes compressive loading during the entire test period. Using special evaluation
methods the resistance-settlement curve can be determined via the initial system
stiffness and the bearing capacity of the test or working piles, respectively.

(2) Detailed information on evaluation and interpretion of a rapid load test
(RLT) can be taken from [41] and [49].

10.4.6.2 Testing types and timing

(1) Rapid load tests differentiate between the method using an accelerated
reaction mass and the method using a free-falling weight and extended force
transfer. The test can be regarded a rapid load test if the load duration Ty is
greater than ten times the travel time of the applied strain wave from the pile
head to the pile base.

T¢>10 - (L/c) (10.9)
where:
Ty  duration of the loading;

L  length of test pile;
¢ velocity of the strain wave in the test pile.

(2) The principle of the accelerated reaction mass method is based on
activating a reaction mass acting on the pile by igniting a fuel in a pressure
chamber. Igniting the fuel accelerates the reaction mass. An equal size reaction
force acts axially on the pile.

(3) In the method using a free-fall mass and extended force transfer, the impact
pulse of the free-fall mass impacting on the pile head is slowed by various
damping elements, for example spring units, special rubber mats, or similar
devices, see Figure 10.6.

Figure 10.6 Example of a spring unit for
extending force introduction
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10.4.6.3 Loading system

(1) When carrying out rapid load tests with accelerated reaction mass, special
loading appliances are used, see the example in Figure 10.7a. These consist of
the reaction mass, a pressure chamber, a cushioning apparatus for the reaction
mass and the monitoring equipment required for testing.

Note: The availability of the loading system should be checked already during
the test planning phase.

(2) Rapid load tests with a free-fall mass and extended force transfer (Fig-
ure 10.7b) require a similar test configuration to the high strain method.
Additionally, devices for extending the time of force transfer, e.g. spring
elements, are required (Figure 10.6). External lifting equipment is required for
the erection of the loading system.

(3) The necessary mass for a loading system with an accelerated reaction mass
or with a free-fall mass weight and spring unit mgy is roughly calculated using:

Pp = (0,05 t0 0,10) R¢ 1 (10.10)
and
mgg = Pp/g (10.11)

Figure 10.7 Loading apparatus with accelerated reaction mass and hydraulic cushioning
system (a) or with free-falling weight and spring unit (b)
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(4) During a test using an accelerated reaction mass the force acting on the
pile can be varied by varying the amount of fuel used. In a test with a free-fall
mass and extended force transfer the applied force is varied by adjusting the
drop height.

10.4.6.4 Instrumentation

(1) Before the test the pile head must be level and undamaged, and the pile
should protrude approximately 25 cm above the ground, see Figure 10.8.

Planar pile Load cell
head surface

Acceleration sensor

0,25-0,5m
E

) Work level {grade)
Concreted-up

pile head with Settlement
steel sleeve logging point

Figure 10.8 Schematic of measuring configuration and preparation of a cast-in-place
concrete pile for rapid load testing

(2) The following steps are necessary when dealing with cast-in-place con-
crete piles:

a) Cut-off of piles at least down to sound concrete.

b) Cleaning and preparation of the surface of the pile head and of the rein-
forcement.

¢) Central placement and filling-up with concrete of a steel casing to take the
tensile shear stress resulting from the dynamic load and to protect the
reinforcement. The casing should be the same diameter as the pile and must
be axially centred.

d) Erection of the loading system: the pile head force shall be recorded by one
or more calibrated load cells, placed between the pile head and the pressure
chamber. Pile settlement is recorded below the pile head by an optical
monitoring system. The optical monitoring system and the pile head must
be kept at a sufficient distance from each other. Measurement of the pile
head acceleration by an acceleration sensor serves for the evaluation using
the unloading point method (10.5.3) and can also be used to check pile
settlements.

e) Connection of the transducers to the data acquisition system.
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(3) The following variables are recorded as a function of time during the test:

a) pile head force F(t);
b) pile head settlement s(t) and
c¢) pile head acceleration a(t).

10.4.6.5 Testing procedure

(1) In general, testing comprises a series of individual tests, each identifying a
respective pile resistance. Taking the initial system stiffness into consideration,
a resistance-settlement curve is derived.

(2) When carrying out a rapid load test with accelerated reaction mass, the
reaction mass is activated by igniting the fuel in the pressure chamber. The
ignition lifts the reaction mass off the pile head and generates a reaction force
into the pile head. The reaction mass is prevented from impacting on the pile
head again through gravity by various cushioning systems. Figure 10.9 shows
an example loading system with accelerated reaction mass and gravel
cushioning.

(3) When carrying out a rapid load test with free-fall mass and extended force
transfer, the falling mass is placed directly above the pile head. An external
lifting device raises the falling mass. The drop height should be chosen to suit
the value of the pile load to be verified.

(4) The result of the test is a force-displacement curve based on the pile head
force, pile head acceleration and pile head settlement measured over time, as
well as the so-called unloading point. As a consequence, the pile’s resistance-
settlement curve can be determined, based on a hyperbolic approach, see
Figure 10.10.

1 — Initial condition, test configuration
directly before test execution

1l = Fuel ignition in combustion
chamber foliowed by piie loading

Il - Lateral gravel moves into center
of cushioning device

IV — Soft cushioning of reaction mass
by gravel

Figure 10.9 Rapid load testing with accelerated reaction mass and gravel cushioning
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Figure 10.10 Recorded force-displacement curve with unloading point (left) and
computed resistance-settlement curve (right)

(5) Once the test is completed the pile head should be examined for damage,
in order to exclude any resulting influence on the evaluation. It is
recommended to subject the test pile to integrity test before and after rapid
load testing (see Section 12).

10.5 Evaluation and Interpretation of Dynamic Load Tests

10.5.1 Introduction

(1) Evaluation of dynamic pile load tests is based on the theoretical
relationships outlined in 10.3. Depending on the testing method different
evaluation methods are used for both direct and complete modelling methods,.

(2) The evaluation and interpretation of dynamic signal curves acquired from
dynamic pile load tests is shown in Annexes C1, C2 and C3.

10.5.2 Direct methods using empirical damping values
10.5.2.1 Fundamentals

(1) The CASE and TNO methods are available for evaluation. After these
methods the pile capacity for the static resistance R is calculated from the
total penetration resistance R and the dynamic resistance component R dyn

resulting from the ground's inertial and damping forces.
Rstat = Rtot - Rdyn [kN] (1 0 1 2)

(2) The force and velocity profiles are determined from the measured strain
and acceleration. The total penetration resistance is then given by the forces
and velocities at the times t; and t,, and the impedance Z, see Figure 10.1.

Ra= 3 (B2 v+ (-2 v)  [kN] (10.13)
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The difference in the times t; and t, is equal to the time required by the wave to
travel through the pile from the head to the base and back again.

(3) The formula for the calculation of the dynamic resistance component
contains empirical damping factors, e.g. derived from comparison with static
load tests. These factors are primarily dependent on the ground type, the pile
type, material and length and the stratigraphy.

Note: 1f damping factors cannot be reliably adopted, e.g. in cases of insuf-
ficient knowledge of the ground conditions or a lack of calibration
against static load test data, substantial differences can result between
the true pile capacities and those calculated using the CASE or TNO
methods.

(4) According to the provisions and notations in the EC 7-1 Handbook [44]
and Annex A4.2, the measured value of pile capacity from the dynamic pile
load testing is, Eq. (10.14):

Rem =R [kN] (10.14)

10.5.2.2 CASE method

(1) The CASE method assumes that the dynamic resistance R, is proportional
to the penetration velocity of the pile base v,. This means that, theoretically,
the dynamic resistance is concentrated on this point. The proportionality factor
is the product of the impedance Z and the damping factor J...

Rgn=JoZ vy [KN] (10.15)

For initial estimate of capacity and in relation to the type of ground, the
damping factors in the ranges given in Table 10.1 can be adopted. Sensitivity
studies are required for this purpose.

Table 10.1 Ranges of typical damping values for use with the CASE method

Soil J. [
Sand 0,05-0,20
Sandy silt 0,15-0,30
Silt 0,20-0,45
Silty clay 0,40-0,70
Clay 0,60-1,10

(2) Generally, the evaluation is based on the time t; at the point of the first
peak in the force and velocity graph. The time t; is then:

t,=t, +2L/c (10.16)
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This evaluation method is also known as the RSP method (Resistance Static
taken at Peak 1).

(3) What is known as the RMX method (Resistance MaX) is better suited to
piles with a high anticipated base resistance. The times t; and t, at the fixed
distance of 2 - L/c are evaluated for various sections of the graphs and the
maximum resistance is determined from these. Because strong damping can be
assumed for these types of piles, adopting the damping factors at the upper
bound of the bandwidth is recommended. Here, too, sensitivity studies are
required.

(4) Using:
Vo=V + (Fi —Rt)/Z [m/s] (10.17)

and Eq.(10.13) and Eq.(10.15) the required value of R results from
Eq. (10.12).

(5) An example of evaluation using the CASE method is contained in
Annex C1.

(6) The measured value required by the EC 7-1 Handbook is given by 10.5.2.1
(4), Eq. (10.14).
10.5.2.3 TNO method

(1) Using the TNO method the dynamic resistance is determined separately
for the pile shaft R dyn and the pile base R, dyn

Rclyn = Rs,dyn + Rb,dyn [kN] (1 0 1 8)

(2) The damping values are related to the pile shaft and the cross-sectional
area of the pile base respectively. They are summarised in Table 10.2.

Table 10.2 Ranges of typical damping values — TNO formulas

Soll (TNO sk(i:r: friction) (TNO basgk;esistance)
[MN/m?/(m/s)] [MN/m?/(m/s)]
Sand 0,002-0,010 0,4-2,0
Sandy silt 0,005-0,015 1,0-3,0
Silt 0,010-0,025 2,0-5,0
Silty clay 0,020-0,040 4,0-8,0
Clay 0,025-0,050 5,0-10,0

(3) The TNO method damping values are not comparable to those of the
CASE method. The relationship to the respective cross-sectional areas and
shaft surface areas requires that the pile/ground system damping properties are

227



differently considered. However, different damping influences can be taken
into consideration for the shaft and the base.

(4) For the pile base:
Roan =vo- A -Gy [kN] (10.19)
where:

C, damping value for base resistance;

v, Vvelocity of pile base, Eq. (10.17).

(5) The dynamic resistance of the pile shaft is given by:
Rs,dyn = Vs O : Cs [kN] 1020)
where:

C, damping value for pile shaft;
v, velocity at the pile shaft;
O  portion of the shaft embedded in the ground.

(6) The governing velocity at the pile shaft is:
Vi = %(v1 +F/Z) - %(F3/Z —v3) [m/s] (10.21)

The values F; and v; are taken from the graph at time t; (t; < t,, within the time
range 2L/c), representing the maximum difference between force and velocity,
see Figure 10.1.

(7) The measured value required by the EC 7-1 Handbook is given by 10.5.2.1
(4), Eq. (10.14).

10.5.3 Direct method for evaluating a rapid load test using
the unloading point method

(1) The evaluation of the force-displacement data recorded during rapid load
testing uses the unloading point method (UPM) for non-cohesive soils and
non-cohesive soils with small fines component. The Sheffield method (SHM)
is recommended for use with cohesive soils. Refer to [41] for detailed
description of both methods. These Recommendations only deal with the
unloading point method.

(2) The UPM is based on the simplified assumption that the pile is regarded as
arigid body.

(3) The result of the evaluation is a resistance-settlement curve for the pile,
which, however, does not contain time-dependent settlement components. A
hyperbolic approach is adopted for the resistance-settlement curve. Basis for
the assessment of the shape of the initial part of the graph are the settlements
resulting from the placement of the reaction system or the free-fall mass on the
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pile head and the initial system stiffness at times when the velocity is still
small.

(4) The point of maximum settlement is defined as the unloading point.
Because the direction of pile movement changes, the velocity is zero.
Accordingly, it is assumed that at this time no velocity-dependent dynamic
components are contained in the signal. The recorded associated force can thus
be equated to the sum of the static ground resistance and the mass inertia of the
pile.

(5) Taking the so-called “loading rate effect” in the signal [49] into
consideration and using an empirical correction factor n dependent of the
installation method, e.g. for sand: Nasiven pite = 0,94, Nbored pite = 1,06, the results
of (3) and (4) lead to the pile's resistance-settlement curve.

(6) An example of evaluation of a rapid-load test using the unloading point
method is contained in Annex C3.

(7) The measured value required by the EC 7-1 Handbook is given by
10.5.2.1 (4), Eq. (10.14).

10.5.4 Extended method with complete modelling

(1) In principle, evaluations using the extended complete modelling method
represent a form of system identification or the solution to an inverse problem,
as described in [68]. More than one parameter set can exist for the solution.
For this reason, the uniqueness of the solution must be checked using
plausibility tests, in particular in terms of comparing the calculated parameters
with the mechanical ground parameters derived from the ground investi-
gations.

(2) The CAPWAP method and the TNOWAVE method are regarded as
extended methods. The following information refers to the CAPWAP method;
the TNOWAVE evaluation is similar.

(3) The methods are based on simulating real behaviour of a pile in the ground
in a computer model. The pile is discretised into individual elements, to which
pile properties are assigned. Linear elastic behaviour is assumed. The length of
the elements is specified by the individual software systems. If the element
lengths are altered manually the laws of dynamics and numerics must be
observed. The modifications must be substantiated.

(4) The ground is modelled by rheological elements with allocated individual
start parameters. For the stress-deformation behaviour of the ground, the static
component is represented by a linear elastic-ideal plastic model and the
dynamic component by a linear-viscous approach.

(5) Predominantly, the elements spring, damper and friction block are used,
but elements for simulating a base gap are also possible. A pile-ground model
is shown in Figure 10.11.
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Figure 10.11 Pile-ground model for the extended complete modelling method

(6) On this system either the force-time history or the measured velocity-time
history is superimposed as an action, and the system response is calculated as
velocity-time history or force-time history. By varying the input parameters,
predominantly the ground parameters, the calculated curve is adapted to fit the
measured curve. An example of an imposed force-time profile is shown in
Figure 10.12. Other methods for matching the recorded and the calculated time
histories are also available.

(7) Result presentation comprises the force-time curves derived from record-
ing and the product of velocity and impedance, see upper right graph in
Figure 10.12. In addition, Figure 10.12 includes a comparison of the measured
time history with those from the calculation. Here, it can be seen how well the
model and parameter adaptations fit.

(8) Evaluation of the parameters determined following system identification
gives the skin friction distribution over the pile length, the end bearing
capacity and calculated resistance-settlement curves for the pile head and base.
However, they do not contain any time-dependent settlement components.

(9) It is recommended to check the calculation results. To this end, the
calculated ground parameters shall primarily be compared with the ground
parameters given in the geotechnical report. In addition, sensitivity analyses,
with varied calculation parameters can be carried out.
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Figure 10.12 Results of CAPWAP evaluation

Note: In general, it cannot be assumed that the mathematically substantiated
best curve fit represents the best solution to the problem in terms of soil
mechanics. In addition, the quality of a curve fit should be assessed by
alternately calculation using the measured force and the measured
velocity as input variables. The validity can be checked by matching the
curve over a time range greater than 4 - L/c.

(10) The extended complete modelling methods represent best engineering
practice for evaluating dynamic pile load tests and should be preferred over the
other methods outlined in Section 10. Moreover, they are also suitable for
checking the empirical damping values used in the direct methods.

(11) An example of the evaluation of a dynamic pile load test using the
extended complete modelling method is given in Annex C2.

(12) The measured resistance required by the EC 7-1 Handbook is given by
10.5.2.1 (4), Eq. (10.14).

10.6 Calibrating Dynamic Pile Load Tests

(1) The EC 7-1 Handbook [44], Recommendations on Piling 5.3 (2) and (3),
and Annex A4.2 require that the results of the dynamic pile load tests are
calibrated. Distinction is made between:
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a) Calibration of dynamic evaluation methods against static pile loading test
results from the same site.

b) Calibration of dynamic evaluation methods against static pile loading test
results from a similar construction project.

c¢) Calibration of dynamic evaluation methods based on verifiable or general
empirical data for pile resistances.

(2) The dynamic evaluation method can be calibrated against a static pile
loading test on the same site. It is to be distinguished between the cases where
two similar piles in similar ground are selected for testing or one single pile is
subjected first to a dynamic and then a static pile loading test.

(3) When calibrating the dynamic pile load tests against the results of a static
pile load test on the same site, the following must be ensured:

a) the limit state is achieved in both the static and the dynamic pile load tests;

b) a sufficiently long period between the two tests is adhered to when using
the dynamic and the static pile loading test on one and the same pile;

c) where the static and the dynamic pile loading tests are applied to two
different piles, the piles correspond as far as possible in terms of installa-
tion, geometry and ground conditions, and;

d) where necessary, the static pile load test evaluation results are made
available for planning and evaluating of the dynamic pile load test.

(4) The EC 7-1 Handbook [44] and Annex A4.2 stipulate that the dynamic
evaluation method can also be calibrated against static pile load test results
from a similar construction project. A similar construction project means that
the static pile load test adopted for the comparison was performed on a pile of
the same type, of similar dimensions and in similar ground.

(5) The comparability of the dimensions must be ensured, especially in terms
of the pile diameter. See 9.2.1 for additional notes. Similar ground is given if
the same ground type, with similar compaction or strength, is prevalent both in
the pile shaft area used for load transfer and in the pile base area.

(6) Calibrating dynamic evaluation methods against static pile load testing
results from a similar construction project is often the rule, if no static pile load
test is performed on the actual site.

(7) For prefabricated steel, reinforced concrete or prestressed concrete piles
after 2.2.2, the correlation factors &; ¢ and AE may in simplification be adopted
after 5.3 (4), if this is expressly agreed to by the geotechnical expert.

(8) For cast-in-place concrete piles, the results of calibration against the static
pile loading tests shall in any case be presented, together with proof of the
comparability.

(9) If the calibration of the dynamic evaluation method is based on verifiable
or general empirical data for pile resistances, the damping coefficients given in
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Tables 10.1 and 10.2 for the different ground and evaluation methods can
provide an initial orientation.

(10) Calibration of dynamic pile load test evaluation methods against static
pile loading test results, which is preferentially recommended, is performed as
described below:

a) The resistance-settlement curve (RSC) of the static pile loading test forms

b)

<)

d)

e)

the basis of the calibration, taking accuracy, tolerances and execution into
consideration.

Reduce the static resistance-settlement curves to the initial deformation of
the individual loading steps, i.e. remove the creep components occurring
during the phases were the load was maintained constant, see Figure 10.13.
Analyse the dynamic pile loading test using a complete modelling method,
aiming at the best possible fit between the recorded and the calculated
curves during iteration.

Compare the resistance-settlement curve acquired from the dynamic pile
load test using the complete modelling method to the reduced static pile
loading test resistance-settlement curve adopted for calibration as
mentioned in b).

If a static pile loading test on the same pile is used to calibrate the dynamic
pile load test, the reloading branch of the reduced, static resistance-
settlement curve mentioned in b) shall be adopted for the comparison.

If a static pile load test on a second, similar pile is performed to calibrate
the dynamic pile load test, the initial loading branch of the reduced
resistance-settlement curve as mentioned in b) shall be adopted for the
comparison.

Resistance [kN]

v

Settlement [m]

b

y

—-— Reduced RSC
—-=- Logged data
—— Static RSC

Figure 10.13 Static resistance-settlement curve (RSC) and resistance-settlement curve
reduced by time-dependent components
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g) If necessary, adapt the model parameters selected for use with the complete
modelling method for the individual pile or ground elements, in order to
facilitate matching the respective slopes of the resistance-settlement curves.

h) The model parameters determined in this way for the investigated pile
system in the investigated soils should be transferred to the other,
dynamically tested piles on the site as appropriate.

(11) In addition to the method for calibrating dynamic pile load tests against
static pile loading tests described in (10), other calibration approaches for
dynamic and static pile load test results may be employed, if their suitability
can be verifiably demonstrated.

(12) Dynamic pile load tests using an extended complete modelling method
can also be employed to determine tested pile skin friction data in the various
ground strata.

10.7 Qualifications of Testing Institutes and Personnel

(1) The dynamic pile load tests shall be performed and evaluated by pro-
fessional personnel, in possession of the necessary knowledge and experience.

(2) The necessary knowledge and experience of the professional personnel in
executing and evaluating dynamic tests should be ensured by regular
participation in professional training events presenting the actual state-of-the-
techniques or even of the science.

10.8 Documentation and Reporting

(1) The test and its evaluation shall be completely and comprehensibly docu-
mented.

(2) The report must include information on the construction project, the place,
time and reason for the test. The transducers used, the equipment and the
names of the inspectors and evaluators shall also be documented.

(3) For the driving rig its type, manufacturer and the hammer or free-fall mass
shall be listed. The choice shall be substantiated (e.g. free-fall mass/capacity
ratio).

(4) Types and serial numbers of monitoring instruments and transducers, and
all information on calibration as mentioned in 10.6 must be provided.

(5) For each tested pile designation, location, type, length, cross-section,
construction company and time of installation shall be documented. Attaching
driving or boring records of the tested piles to the report is recommended.
During subsequent evaluation, information on the Young’s modulus, impe-
dance, unit weight and wave velocity shall be supplemented as necessary.
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(6) The location and method of transducer installation shall be documented
and photos be provided for proof where possible.

(7) All relevant monitoring parameters shall be documented for each test run.
For driving, these include the drop height, driving energy/impact force and
permanent pile penetration.

(8) Each set of raw data (recorded signals) shall be documented and stored for
subsequent evaluations.

(9) The selection of all variable parameters (e.g. damping coefficients) shall
be substantiated and all steps in the process be documented. As results of the
direct CASE and TNO methods the total resistance R, and the ultimate load
Ry shall be provided. For a rapid load test the resistance-settlement curve
calculated using the unloading point method shall be given. When using the
complete modelling method, the comparison between the measured pile
behaviour and the analysed model behaviour must be presented, and the
calculated resistance-settlement curve and skin friction distribution be given.

(10) If static load tests are adopted for evaluation or calibration as described
in Section 10.6, the method used shall be described and substantiated. This
applies to both static pile loading tests on the same site and to using the results
of comparable static pile loading tests.

(11) With regard to the provisions and notations adopted in the EC 7-1
Handbook [44] and Annex A4.2, the measured values of the pile capacity
derived from the dynamic pile load test, (R¢m)mit and (Rem)min, after
Eq. (10.14) must be given. The use of the results of static loading tests for
calibration after 10.6 when deriving R., shall be comprehensibly de-
monstrated.

(12) The report on the dynamic load testing or a rapid load test should include
the following data:

Structure: location
project designation
client
pile constuction company
type of loading test
consulting engineer
Times: pile installation
date/time of test
Pile parameters:  pile type
pile number
pile length [m]
base of pile (reference to a Principle Datum) [m]
pile cross-section [m?]
positions of transducers/sensors [m]
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Pile material: Young’s modulus [MN/m?]

material density [t/m3]

wave velocity ¢ [m/s]
Test execution:  monitoring instrument/transducer

weight of free-fall mass/hammer type [t]

drop height [m]

pile penetration [mm/impact]

driving energy (theoretical) [KNm]

driving energy (effective) [kNm]

max. impact force [kN]

max. velocity [m/s]

max. compressive stress [MN/m?]

max. tensile stress [MN/m?]

Test evaluation:  evaluation agent/company

geotechnical documents used
pile construction record

CASE/TNO:

pile capacity [kN]
skin friction, end bearing capacity (TNO) [kN]
damping factor used -]
rapid load test:

pile capacity [kN]
resistance-settlement curve -]
correction factor -]
CAPWAP/TNOWAVE:

pile capacity [kN]
skin friction, end bearing capacity [kN]
comparison of numerical and measured

results resistance-settlement curve -]

(13) The report on the dynamic load testing shall indicate which calibration
form was used for the evaluation, see 10.6 (1) a), b) or c¢). This calibration
forms the basis for deriving characteristic pile resistances according to the
EC 7-1 Handbook [44] or Annex A4.2 (specifying the correlation values &s¢)
by the geotechnical designer or the geotechnical expert, .

10.9 Testing Driving Rig Suitability

(1) The transducers used for dynamic load testing also enable analysis of
driving impact and efficiencies. The following results are acquired:

Characteristic impact-time diagrams for the hammer-pile-ground system;
Hammer output, energy loss;

Effective driving energy (single blow and complete driving process);
Identification of anomalies during driving, e.g. premature ignition of diesel
hammers, eccentricities;

236



— Behaviour of impact helmet and driving cushion (wear);

— Information on stresses in the pile;

— Hammer optimisation, optimal adaptation of hammer, driving rig, pile,
anticipated capacity and calculation of driving time for planning and
preparation of the works.

(2) The comparison of the applied driving energy to the measured energy
transferred at the pile head allows the suitability of the driving system to be
assessed, in particular the suitability of the hammer and the helmet, for each
case respectively. If very large energy losses are noted, adjustments like
technical and economical optimisation can achieve substantially improved
results.
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11 Quality Assurance during Pile Execution

11.1 Introduction

(1) With regard to quality assurance during execution, the requirements of the
European execution standards issued for the individual pile types and the
prestandards (DIN SPEC) published to facilitate their use in Germany shall be
considered, see 1.1.

(2) The information of the following sections shall provide a practice-oriented
supplement to the European execution standards and existing national techni-
cal approvals for special piles, as well as a broader basis for ensuring national
quality standards.

(3) In the context of quality assurance during pile execution, particular em-
phasis is given on the requirements for ground investigation as stipulated in the
EC 7-2 Handbook [45], see 3.2, and on the specific presuppositions for the
works as stipulated in DIN EN 1536, DIN EN 12699 and DIN EN 14199.

Note: The needs and preconditions stipulated in DIN EN 1536, DIN
EN 12699 and DIN EN 14199 should already be met during the planning
phase, because they are of fundamental importance for selecting the construc-
tion methods, the plant and machinery, the tools and materials, and the quality
assurance measures.

(4) The rules for the responsible monitoring and documentation of the pile
execution by the contractor are given in the European execution standards.
Where difficult boundary conditions prevail, independent monitoring by the
geotechnical expert is recommended and should be specified on a case-by-case
basis.

(5) The different pile systems and the most important construction methods
and combinations of methods are described in Section 2. Quality-relevant
aspects, to be observed during planning and execution, are outlined in the
subsequent chapters.

11.2 Bored Piles
11.2.1 Principles

(1) It is immanent to the system that the formation of boreholes causes in any
type of ground some stress release and some de-compaction in the immediate
vicinity of the pile. Stress release and de-compaction shall be kept as small as
possible by applying suitable support to the borehole walls and base, and by
the selection and use of boring tools.

Note: Stress release and de-compaction can increase with time. Methods
allowing expeditious execution should therefore be preferred and, the
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last excavation step in the load-bearing strata may only be carried out
if the pile can be completed during the same working day, DIN
EN 1536:2010-12, 8.2.1.7 and 8.2.1.8.

(2) The support of the borehole serves “to prevent uncontrolled inflow of
water and/or soil into the bore”, see DIN EN 1536:2010-12, 8.2.1.1. Common
measures are:

— casings, normally installed in advance of excavation;
— soil-filled auger flights in boreholes produced using a continuous auger, or;
— support fluids.

If the conditions specified in DIN EN 1536:2010-12, 8.2.6 are met, boring can
be carried out without support, either along the whole or sections of the bore.

(3) As a consequence of the type and stratification of the ground, the type of
borehole support and the type and operation of the boring tools, the pile sur-
face can become profiled, the pile cross-section can protrude outside the de-
sign cross-section and the pile base might not be strictly level. The outside
diameter of the casing is regarded as the nominal pile diameter or, in unsup-
ported, fluid- or earth-supported boreholes, the outside diameter of the boring
tool. With regard to piles installed using diaphragm wall techniques (barettes),
this should be applied to the separate excavation trenches.

(4) The construction of raking piles necessitates guidance for the excavation
tools and when installing the reinforcement. These piles should therefore not
be constructed without support or supported by fluids. Earth supported piles
(CFA-piles) may be constructed only with inclinations up to 10:1 (DIN
EN 1536).

(5) Structures similar to piles such as columns installed using jet grouting
methods, grouted or not grouted vibro-displacement columns, caisson founda-
tions or similar structures are not regarded as piles after 1.1. Whether, and to
what extent the following principles should be applied shall be decided on a
case-by-case basis.

11.2.2 Support to boreholes
11.2.2.1 Cased boreholes

(1) Rigid steel casings with appropriate connections for the individual casing
segments are required for cased excavation. Casings must be designed for all
stresses imposed during installation and withdrawal (torsion, compression,
tension and bending stresses). The casings must be absolutely circular and the
connections must be capable to withstand without deformation the high split-
ting forces building up during extraction.

(2) Casings are normally installed in advance of the excavation. Appropriate
equipment capacities are necessary (torque and extraction force of an attached
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casing oscillating or rotating machine or the power swivel (drilling head) of a
rotary piling rig). Casing installation may only follow excavation in ground
that remains stable for the duration of the excavation process.

(3) A cutting shoe with teeth or studs is normally necessary to be fitted to the
bottom of the casing. The cutting shoe serves to reduce resistances when in-
stalling and withdrawing the casing. The teeth or studs project slightly relative
to the casing and are often also fitted with cutting faces directing upwards. The
projection causes a system immanent minor de-compaction in the immediately
adjacent ground, even when the casing advance is sufficient. The projection
and the type of the teeth shall therefore be selected to suit the ground strata to
be excavated.

(4) Typical stripe or rib structures are produced on the surface of the pile
when the casing is withdrawn, caused by the teeth at the cutting shoe: spiral
structures occur when withdrawal is in one direction, zig-zag lines during
oscillating withdrawal and vertical stripes during static withdrawal. These
structures are typical for the system, see [59], for example.

(5) In ground in which the annulus caused by the projecting teeth can close
again, displacements of ground material around the teeth can occur when the
casing is withdrawn during concreting. The teeth cutting backwards during this
phase “plough” the material to some extent into the pile surface. It can be
useful to use a small tooth projection to minimize this ploughing effect.

(6) Ploughing effects with working ground material into the fresh concrete at
the surface of the pile shaft is harmless in granular soils and, together with
incrustations of ground, lead to a small increase in the pile cross-section and a
certain increase of shaft friction. In cohesive ground, however, depressions or
“blow-holes” filled with this material can occur at the surface. Normally these
“blow-holes” are also harmless, provided that the minimum concrete cover to
DIN EN 1992-1 (EC 2) is adhered to.

(7) With regard to cased boring using rotary methods with a rotary drilling
head and Kelly bar, the lengths of the individual casing sections shall be se-
lected such that, when a section is connected, the casing can be driven further
as far as necessary to allow the proper operation of the excavation tools and its
sidewise movement for emptying. In unstable ground excavation below the
bottom of the casing to ease casing installation can lead to uncontrolled soil
extraction and de-compaction in the vicinity of the pile.

11.2.2.2 Excavations supported by fluids

(1) The properties of the support fluid must correspond to the requirements of
DIN EN 1536:2010-12, 6.2 in all phases of pile construction and must be
monitored.

(2) The stability of the fluid-supported borehole must be analysed compliant
with the provisions of DIN 4126. The fluid level in the borehole must remain
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high enough in all construction phases, including when withdrawing the drill-
ing tools, and shall be maintained always within the guide tube or the guide
wall, and 1,5 m above the groundwater level.

11.2.2.3 Soil-supported boring with continuous flight augers

(1) Soil-supported boring with continuous flight augers (CFA-boring) requires
ground conditions that present no risk of uncontrolled ground extraction under
boring stresses. If unstable strata are present soil-supported boring is normally
only allowable if the strata are no thicker than one pile diameter.

(2) Support of the borehole walls is by the loosened ground accumulated on
the auger flights and of the base of the borehole by the pressure exerted
through the down thrust on the drilling tool.

(3) When CFA-boring, control and assessment of the loosened ground is only
possible after concreting and complete withdrawal of the auger, and also then
to a limited degree only.

11.2.3 Excavation
11.2.3.1 Introduction

(1) The requirement of DIN EN 1536:2010-12, 8.2.1.1, “When constructing
bored piles measures shall be taken to prevent uncontrolled inflow of water
and/or soil into the bore” has highest priority for the boring procedure. This
requires sufficient support of the borehole walls (DIN EN 1536:2010-12, 8.2.3
to 8.2.6), and appropriate selection and use of suitable drilling tools.

(2) For the selection of the method, in addition to groundwater levels, the
permeability of the ground, the stratification, and thicknesses of ground layers
and the groundwater flow conditions shall be taken into consideration.

(3) In case of discontinuous boring (e.g. grab and Kelly boring), a piston ef-
fect can occur when lifting the drilling tools from the bottom of the borehole,
which can lead to loosening and heaving at the base. The risk is particularly
high in fluid-supported boreholes. This effect shall be countered by the use of
suitable drilling tools with sufficiently large orifices to allow percolation and
appropriate operation of the tools (e.g. reduced velocity when lifting the tools
from the borehole bottom).

(4) Where discontinuous boring with fluid support is employed, the risk of a
piston effect extends over the entire length of the borehole.

(5) See 11.2.6 for details of continuous cased boring using continuous flight
auger (double rotary boring method, cased continuous flight auger boring).

11.2.3.2 Boring below the groundwater table

(1) Cased boring in permeable ground requires a hydrostatic surcharge to
generate a positive pressure in relation to the governing groundwater level
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(DIN EN 1536:2010-12, 8.2.3.6). However, the positive pressure may be
reduced if “a sufficient casing advancement is provided” (DIN EN 1536:2010-
12, 8.2.3.7).

Note: In highly permeable ground the minimum 1,0 m difference of water
heads required in DIN EN 1536:2010-12, 8.2.3.6 can mostly not be
maintained.

(2) In low-permeability soils, including those with embedded permeable
layers, boring without a hydrostatic head is only allowable if the ground
situation is well known and under the condition that water and soil ingress is
not possible due to sufficient casing advance.

(3) If dry boring is initially possible, but it can occur that water and/or soil
could ingress into the bottom of the borehole before concreting begins, fluid
support should be utilised during the phases of installation of reinforcement
and for concreting, and concrete placement be carried out in line with the pro-
visions for concreting in submerged conditions (DIN EN 1536:2010-12, 8.4.3).
If groundwater is reliably cut off and it has been demonstrated that no water is
accumulated at the bottom of the borehole, the procedures for “concreting in
dry conditions” may be applied (DIN EN 1536:2010-12, 8.4.2).

(4) With regard to confined aquifers, extreme caution and early application of
a hydrostatic head is required, unless the concerning layer can be safely cut off
by advancing the casing.

(5) When boring under a support fluid a sufficiently high fluid level, commen-
surate with the acting earth and water pressures, surcharges, e.g. imposed by
drilling rigs, and fluid fluctuations in the borehole caused by the tools, must be
maintained (DIN EN 1536:2010-12, 8.2.4). Any necessary stability analysis of
the open, fluid-supported borehole shall be calculated in line with the princi-
ples for analysis of the “open trench” and in analogy to diaphragm walls to
DIN 4126.

(6) Guidance on soil-supported boring and additional information on cased
boring using continuous flight augers (double rotary drilling method, cased
continuous flight auger boring) is provided in 11.2.6.

11.2.3.3 Drilling tool diameter and speed of operation

(1) If the area for percolation between the drilling tool and the borehole wall
or within the drilling tool is too small, and/or the drilling tool is withdrawn too
quickly, the is a risk of hydraulic heave at the bottom of the borehole and, in
uncased boreholes, collapse of the borehole wall, despite a hydrostatic head or
a fluid support.

(2) The occurrence of hydraulic heave or collapse leads to the ingress of soil
and water into the borehole. It can be recognised by the rise of the base and, in
particularly serious cases, also of a sudden increase of the water level in the
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borehole. Borehole wall collapse is mostly not immediately recognised during
excavation, but only later by the increased concrete consumption.

(3) The drilling tool must have a sufficiently large, free inner percolation area
(“’ventilation channel”) or an outer annulus, to allow the support fluid or water
to return to below the tool when the tool is withdrawn. When withdrawal be-
gins the pulling velocity should be increased slowly until flow through and
around the drilling tool has established. It can be helpful to also rotate the
drilling tool at first, until the water or support fluid has reached the underside
of the drilling tool.

(4) The depth of the borehole shall be regularly checked with the aid of the
rig’s depth meter or by manual plumbing. In addition, the depth and any neces-
sary casing advance shall be checked by comparing to the borehole depth.
Where necessary, the drilling tool withdrawal velocity must be reduced fur-
ther.

(5) The water level inside the casing should be monitored, in particular during
withdrawal of the tool. If the water level suddenly rises the withdrawal speed
must be immediately reduced. If necessary, a drilling tool with a greater perco-
lation area should be used.

(6) If hydraulic heave is suspected the geotechnical expert should be consulted
to assess the extent of ground de-compaction and the possible impact on the
pile capacity.

(7) It is not possible to produce boreholes in soils without a certain degree of
systemic ground de-compaction, see 11.2.1 (1), which can have an influence
on neighbouring structures. Major ground de-compaction in the vicinity of the
pile caused by soil extraction and/or hydraulic heave can be checked and ex-
tent determined using dynamic probing or cone penetration tests.

11.2.3.4 Cleaning the base of the borehole

(1) The requirement of DIN EN 1536:2010-12, 8.2.1.13 refers predominantly
to the pile capacity. When boring under water or support fluid in fine-grained
soils, e.g. in coarse silt or fine to medium sands, there is a further risk, that,
while boring, considerable quantities of this material is held in suspension in
the water or the support fluid. After the end of the excavation process, this
material can “precipitate” from the water or fluid and settle at the base of the
borehole. Given insufficient cleaning of the base of the borehole, desanding of
the support fluid or cleaning of the water, the settled material can be whirled
up at the start of the concreting procedure, be displaced to the sides or be
deposited within the pile shaft.

(2) The cleaning process in the soils mentioned above should be carried out
using a closely fitting reaming tool, operated especially slowly.
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Note: Excavated material remaining in the tracks formed by the boring tool at
the base of the borehole, and small quantities not removed during the
cleaning process, do not normally affect the pile quality. This material
is normally displaced to the sides of the borehole base and compacted
by the concrete surcharge.

(3) Soil material settled on at the base of the borehole can have the same ef-
fect as contaminations or soft/loose soil after insufficient cleaning.

(4) In boreholes produced with fluid support the required properties of the
support fluid must also be checked at the base of the borehole, also see
DIN EN 1536:2010-12, 8.4.1.4. Contaminated support fluid or drilling mud
might not be completely displaced by the rising concrete, such that pockets of
support fluid remain which can negatively affect:

— the integrity of the shaft;
— the embedment and;
— the bond of the reinforcement.

11.2.3.5 Enlarged bases

(1) The additional provisions to be considered for enlarged bases are included
in DIN EN 1536:2010-12, 1.5, 7.3.5 to 7.3.7, and 8.2.7.

Note: Grouting and deep soil mixing around the base of the pile are not
classed as enlarged bases.

(2) Piles with enlarged bases are especially sensitive in terms of imperfections
in the base area and any pile settlement resulting. They are often constructed
using higher strength concrete in order to optimise material usage and pile
capacity. Additional quality assurance measures can be necessary (e.g. control
of shape and size, base cleaning, filling with concrete).

(3) The shape of enlargements should be such that sufficient cleaning of the
base of the borehole is possible, concrete flow is not impaired when concreting
begins and the enlargement can be completely filled with concrete. Shapes
displaying a depression at the centre of the pile base should be preferred.

(4) The geometrical boundary conditions stipulated in DIN EN 1536:2010-12,
1.5 represent upper bounds. The base enlargement should not exceed a maxi-
mum size of 15 m?2 The respective dimensions shall be planned with respect to
the prevalent local conditions.

(5) If base enlargements are installed in non-cohesive soils, the overhanging
walls must be supported by a support fluid (possibly cement slurry). In these
cases the requirements for fluid-supported boreholes must be also be met.

11.2.4 Installation of reinforcement

(1) The provisions in DIN EN 1536:2010-12, 7.5 and 8.3 primarily serve the
purpose of ensuring correct installation, central positioning, unhindered con-
crete flow and a complete concrete embedment of the reinforcement.
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(2) The minimum concrete cover required by DIN EN 1536:2010-12, 7.7 is
understood as the nominal concrete cover ¢ = Cyi, + Ac to DIN EN 1992-1-1
(EC 2). The required concrete cover comprises the allowance value Ac, to
account for the particular installation conditions (rough surface in contact with
the ground, no internal concrete compaction, possible cement paste loss at the
pile surface, etc., see Figure 11.1). The minimum cover c,;, to DIN EN 1992-
1-1 (EC2) is the governing and sufficient value to guarantee the corrosion
protection of the reinforcement of the completed pile.

Crin to DIN EN 1992-1/DIN 1045-1

C  as the greatervalue to
« DINEN 1536 0r
+ DIN EN 1992-1/DIN 1045-1

I Dnom

Figure 11.1 Definition of the concrete cover for bored piles

(3) When using very long reinforcement cages and/or in raking pile bores
there is a risk of the reinforcement sinking as a result of cage distortions or
penetration into the base or wall of the borehole. This can be prevented by
stiffening of the reinforcement cage, installing large spacers and an enlarged
base of the cage (e.g. a steel plate or crossed flat steel bars). The free flow of
concrete must however be ensured.

(4) Because depth measurement can be uncertain and to account for the in-
stallation conditions, a height tolerance of 0,15 m was specified for the upper
end of the reinforcement cage of bored piles, see DIN EN 1536:2010-12, 8.1.2.
It can be expedient to extend the length of the connecting reinforcement by this
tolerance.

(5) If piles are reinforced only their upper section, there is a risk that rein-
forcement cages are lifted by the rising concrete column (“floating” of cages).
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Cages can be protected against uplift, e.g. by anchoring bottom extensions. In
addition, there is the risk that insufficiently supported or suspended sectional
reinforcement cages can sink in the concreted pile.

(6) If the reinforcement is installed subsequent to concrete placement, the
provisions of DIN EN 1536:2010-12, 8.3.6.4 to 8.3.6.7, apply.

(7) Additionally, the following should be considered for subsequent rein-
forcement installation

— Suitable spacers should be used to ensure that the central position of rein-
forcement cage.

— Complete installation of the reinforcement cage to the scheduled depth
must be ensured by a suitable concrete composition, a regular construction
sequence and suitable installation technique.

11.2.5 Concreting
11.2.5.1 Concrete mix

(1) The consistency ranges given in DIN EN 1536:2010-12, Table 4, refer to
the time of placement of the concrete.

(2) Stable concrete mixtures meeting the requirements of DIN EN 1536:2010-
12, 6.3.6.1, and the placement conditions should be preferred. All these mix-
tures contain excess water, which can be transferred to the ground around the
pile under the placement and pressure conditions in the fresh concrete column.
However, it can also travel vertically down through the fresh concrete column
to the pile base and/or up to the pile head and accumulate there.

Note: This water loss is normal to a certain degree and does not lead to lower
quality. We then refer to “stable concrete mixes”.

(3) Insufficiently stable mixtures are those allowing rapid and excessive loss
of excess water. This effect is referred to as concrete “bleeding”. If the flow
conditions are highly unfavourable during the loss of excess water segregation
of the concrete can occur, which can also be associated with leaching of fines
(e.g. cement paste) from the concrete.

Note: With regard to long piles (> 25 m), it can be expedient to examine the
setting and stiffening behaviour before concreting begins, e.g. using a
simple workability test (“bucket test) on site.

(4) In highly permeable soils there is a risk of premature concrete stiffening in
the lower region of the fresh concrete column as result of excess water loss
from unstable concrete mixes. As a consequence, a plug of stiffened concrete
can form. The risk is smaller in fluid-supported boreholes, because a filter cake
forms at the pile shaft-soil interface, thereby reducing the possibility of radial
water loss.
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(5) In cased piles a plug formation can lead to jamming of the reinforcement
within the casing, such that the reinforcement cage can be lifted together with
the casing. Concrete flow can also be severely hampered. In unreinforced piles
a “crust” of stiffened concrete can form on the inner face of the casing.

(6) In only slightly permeable soils it is possible that excess water is lost at the
shaft surface or vertically in the pile if insufficiently stable and/or concrete
mixes with a high w/c-ratio are used. This can lead to the formation of flow
channels, which also allow fines to be flushed out of the concrete. If the fines
flushed out are predominantly cement, zones of lesser strength can occur at the
shaft surface. In addition, the reinforcement’s corrosion protection can be
impaired.

(7) These phenomena can become even more severe in artesian conditions.

(8) To assess the risks and plan countermeasures prior to pile construction, it
is necessary to also investigate possible influencing factors during the site
investigation. Among others, these include:

— groundwater pressure in a confined aquifer;

— possibility of strong, local groundwater flow to a freshly concreted pile;

— percentage and distribution of permeable strata at the pile shaft, allowing
radial water losses from the concrete.

(9) Necessary conditions for achieving stable concrete mixes are:

— use of binders with low water secretion. Cements with large surface areas
have proven useful (Blaine value > 3800 cm?/g);

— low total water content (e.g. < 180 I/m?);

— use of water-saving admixtures (plasticisers, superplasticisers, if possible
PCE-based);

— possible use of stabilisers;

— rounded mineral aggregates (no crushed material);

— grain size distribution in the “favourable” range;

— sufficient percentage of fines below 0,125 mm (cement, admixtures such as
fly ash or pulverised limestone, fines content of aggregates).

(10) If a considerable quantity of fines has been extracted from the concrete
mixture, a concrete technologist should be consulted.

11.2.5.2 Concreting procedure

(1) If there is no water in the borehole, placement may in dry conditions and
the concrete may be allowed to fall freely if piles are vertical. It must be en-
sured that the fresh concrete can reach the base of the borehole without hitting
the borehole wall. A concreting hopper with an attached at least 2 m long con-
creting pipe must be used. If a concrete pump is used the concreting pipe must
be fixed and held stable in the centre of the casing.
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(2) When concreting under either water or a support fluid, the tremie pipe
shall initially be placed on the pile base or on the reinforcement’s bottom stiff-
ening plate/cross and a plug (e.g. a ball, plastic plug) be placed in the pipe to
separate the concrete from the water or the fluid. The tremie pipe is then com-
pletely filled with concrete and lifted only so much that concrete flow can be
initiated. The bottom of the pipe shall be enclosed by the concrete and sub-
merged within it (DIN EN 1536:2010-12, 8.4.3). Otherwise there is an in-
creased risk of segregation in the lower shaft region, which can built up to
considerable height.

(3) The immersion of the tremie pipe into the fresh concrete is only defined in
terms of minimum values or qualitatively in DIN EN 1536:2010-12, 8.4.3.16,
8.4.3.17 and 8.4.4.3. Excessively large submerged tremie pipe depths can lead
to blockages within the tremie pipe and/or can impede concrete flow.

(4) During withdrawal the immersion depth of the tremie pipe shall be con-
trolled and adapted to the level of the concrete column and the lengths of the
pipe sections remaining in the concrete .

(5) For piles constructed with casings, the level of the concrete column shall
always be sufficiently high above the bottom of the casing and exercise suffi-
cient pressure for stabilisation of the borehole walls. The positive concrete
head must be maintained also when the casing is withdrawn and the concrete
slumps for filling the annulus formed by the extracted casing.

Note: Control of the rise and slump of the concrete column during concrete
placement and during withdrawal of casings, and comparison to the
theoretical values serve to monitor concrete placement and can provide
information on possible irregularities.

(6) If the concrete column is too high before withdrawing the first casing
section, there is an enhanced risk of premature concrete set, formation of a
plug or crust in the lower pile section and jamming of the reinforcement cage
(cf. 11.2.5.1 (5)). In such cases a base plate or crossed flat steel bars might not
be sufficient to keep the reinforcement cage in position.

(7) However, stiffening of the concrete in the lower pile section also acts
favourably when withdrawing further casing sections. The reinforcement cage
is held in position if the first casing section is withdrawn as early as possible.

(8) If the reinforcement cage is lifted up together with the withdrawal of the
casing and cannot be stabilised in time, it should be withdrawn completely and
the concrete be bored out to allow the pile to be re-constructed later in the
same place. If this is not possible, remedial measures must be undertaken (e.g.
construction of a replacement pile).

(9) The rising concrete column normally carries at its top a zone of segregated
concrete and some mud from the base of the borehole. Concrete should there-
fore be cast sufficiently higher than the design pile cut-off level, see
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DIN EN 1536:2010-12, 8.4.3.20 and 8.4.11.1. The slump of the concrete col-
umn caused by casing withdrawal shall be taken into consideration when de-
fining the final concrete casting level. In case of long empty bores, the height
of the casting level above the cut-off level should be increased due to the un-
certainties of depth measurement, see DIN EN 1536:2010-12, 8.4.1.19.

(10) A segregated concrete zone can occur in the centre of the pile as a result
of the withdrawal of the tremie pipe. This “track” has normally only a short
length and usually does not affect pile integrity.

(11) If empty bores need to be filled, excessively coarse-grained material
should not be used, as this might penetrate into the fresh pile concrete, see
DIN EN 1536:2010-12, 8.4.1.21. Suitable are granular soils, which are slowly
backfilled and compacted if necessary. The backfilling of the borehole is re-
quired to the working level and before the casing is fully withdrawn.

(12) The planned final height of the pile is usually specified for embedment in
the pile head slab of around 5 cm. DIN EN 1536:2010-12, 8.4 includes rules
for cutting-off the excess concrete and DIN EN 1536:2010-12, 8.1.3 contains
the applicable height tolerances. After cutting-off, the upper surface of the pile
needs not be planar and the pile edges may be broken. The cut-off level does
not require post-treatment and edges need not be prepared by sawing. How-
ever, this assumes that the construction joint is formed according to the provi-
sions of DIN EN 1992-1-1 (EC 2) and the necessary concrete cover can be
reliably provided at all points by the concrete of the pile head slab.

11.2.6 Bored piles constructed with continuous flight augers
11.2.6.1 Introduction

(1) Bored continuous flight auger piles can be constructed using soil-support-
ed borehole walls (continuous flight auger piles — CFA-piles) or with casing
(cased continuous flight auger piles — CCFA-piles and front-of-wall piles
(VDW-piles), see Table 2.1.

(2) DIN EN 1536:2010-12, 8.2.3 (cased drilling of VDW and CCFA bored
piles), 8.2.5 (soil-supported boring of CFA-piles), 8.3.6.4 to 8.3.6.7 (rein-
forcement installation) and 8.4.6 (concreting) apply when installing bored piles
using continuous flight augers. Also see 2.2.1.4 for application limits with
regard to soil-supported bored piles construction.

11.2.6.2 Soil-supported auger boring

(1) Unavoidable wobbling of the continuous flight auger necessarily causes an
oversize borehole and, correspondingly, a higher concrete consumption.

(2) The ground volume transported while rotating the auger downwards
should generally correspond to the volume of the auger. In non-cohesive soils
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a considerably larger volume is an indication for de-compaction around the
boring string. The excavated material accumulated on the auger flights is to be
added to the total volume transported when the auger is withdrawn.

(3) In stratified ground with major strength differentials exists the risk of
excessive soil transport during boring, if intermediate, weaker layers are tem-
porarily unstable, e.g. poorly graded, non-cohesive soils below the groundwa-
ter table.

(4) Soil transport also takes place when using partial flight augers. Partial
flight augers are characterised by only possessing a helix over a few metres at
the bottom of the hollow stem. To some part, the soil transport derives from
auger boring into the load-bearing stratum and transporting soil upwards from
there into the weaker, overlying strata. The remainder consists of the soil mate-
rial accumulating on the auger flights and being extracted when the auger is
withdrawn.

11.2.6.3 Cased flight auger boring
(1) The following applies in addition to 11.2.3.1 and 11.2.3.2.

(2) The augering tool and casing are simultaneously driven, with rotation in
the same or in opposite directions, using a double-rotary head driving the auger
and the casing. The rotary drives allow some relative movement so that the
auger pilot can progress or follow slightly the casing. The augering tool serves
to continuously loosen and transport the excavation material. Air or water
flushing can be employed to ease transport.

(3) The borehole wall is supported by the casing. The borehole base is sup-
ported by the pressure exerted by the boring tool and any pressure imposed by
the flushing air or fluid.

11.2.6.4 Concreting and installation of reinforcement

(1) The concreting process corresponds to the method described in 11.2.6.2
and 11.2.6.3. Continuous flight auger and cased continuous flight auger boring
are therefore not differentiated below.

(2) During the concreting process and when withdrawing the auger, concrete
must continuously and in sufficient quantity issue from the bottom of the
hollow stem to fill the formed void completely with concrete. The auger
withdrawal rate must be adjusted to suit the pumping rate of the concrete

pump.

(3) DIN EN 1536:2010-12, 10.3 and Table 10, require that sufficient concrete
pressure is documented in the piling record. Because of the dynamic effects
and the difficulty attaching any transducers at the concrete issue point at the
lower end of the auger, it is normally only possible to qualitatively determine
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the issue pressure. The concrete pressure is normally measured at the upper
pumping hose/auger connection (rotary flushing head). Because the pressure at
the base of the auger always consists of the pressure measured at the top in
addition to the positive pressure of the concrete column in the hollow stem,
there is always a concrete pressure at the base if the hollow stem is filled. The
concrete pressure shall be reduced at the end of the concreting procedure and,
before the continuous auger leaves the ground, to prevent uncontrollable circu-
lation. As long as concrete flow is reliable and controlled, sufficient pressure
remains at the bottom of the auger, even if there is zero pressure at the flushing
head.

(4) If an auger with a small diameter hollow stem is used, the reinforcement
cage can only be installed in the concreted pile after completion. It must be
installed immediately subsequent to concrete placement. The central position
of reinforcement cage must be ensured.

Note: Vibratory aids are permitted for subsequent installation of reinforce-
ment cages. A pulling-in aid can also be employed.

(5) In particular in dry, coarse-grained soils, the fresh concrete can loose
water, leading to premature concrete stiffening. Subsequent installation of the
reinforcement cage can be impeded or even made impossible.

Note: This situation can be mitigated by saturating the ground (adding ce-
ment slurry when boring) and using adapted, specially stabilised con-
cretes.

11.2.7 Shaft and base grouting

(1) If shaft and/or base grouting using packers and tubes-a-manchette (multi-
ple systems) or grouting hoses (single systems) is carried out, the tubes-a-
manchette and grouting hoses shall be fixed to the outside of the reinforcement
cage, in the areas to be grouted.

(2) Before grouting, the concrete cover around the valves shall be fractured
with water after the concrete has set and achieved some initial hardening.

Note: Fracturing should be with relatively high pressure but little quantities of
water, in order to avoid introducing excessive amounts of water into the
pile/soil interface, which could lead to softening.

(3) Grouting should be carried out shortly after fracturing to allow the cracks
in the concrete cover zone to be sealed again.

(4) Base grouting using flexible cells at the pile base should only be carried
out once the pile concrete has achieved an initial strength and any softening of
the ground in the pile/soil interface caused during pile installation has dissi-
pated.
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11.3 Displacement Piles

11.3.1 Prefabricated concrete piles — Guidance for transport,
storage and installation

(1) The governing effects on prefabricated concrete piles are generally preva-
lent during transport, storage and installation on site.

(2) Prefabricated concrete piles are stored on site on squared timber bars or on
a flat surface.

(3) Bending stresses are caused when lifting the piles for transport or under
the driving helmet. The necessary longitudinal reinforcement is dependent
from the pile length and is usually defined in a type-structural design.

(4) The suspension points for unloading or pulling under the driving helmet
must be exactly defined (e.g. by concreted-in hooks) as the piles might other-
wise be damaged during unloading due to incorrectly placed or slipping steel
cables or chains .

(5) The use of lifting gear that might break edges of piles (e.g. sharp-edged
chains) shall be avoided. Because of its brittleness the concrete of the prefabri-
cated piles can break off during lifting.

(6) To protect the pile head, the condition of the pile cushion inside the pile
helmet must be continuously monitored. Insufficient (too hard) or worn cush-
ions can cause damage to the pile head and must be replaced in time.

(7) The driving rig and driving energy (hammer weight, drop height) shall be
selected to suit the piles (weight, slenderness) and the local ground conditions.
The use of super heavy hammers and small drop heights is normally more
efficient and less damaging than driving with relatively light hammers and
greater drop heights, even if the nominal driving energy is equal.

Exceptions:

— very slender piles;
— ground conditions with highly variable driving resistances;
— soft soils.

(8) When driving through soft or very soft soil strata with low penetration
resistances, driving should be with small energy impact. High-energy driving
leads to corresponding high penetration. The low resistances at the pile tip then
generate tensile stresses in the pile, which in turn can lead to transverse cracks
in the pile if the reinforcement is overstressed.

(9) If the ground contains large, impenetrable or immovable obstructions, a
pile can be deflected laterally and become inclined. The rig operator must
follow this inclination with the hammer and align the leader corresponding-
ly. Otherwise this can lead to bending stresses in the pile and even to pile fail-
ure.
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(10) Driving prefabricated concrete piles into hard rock or rock-like, solidified
ground is only possible with limitations. The driving process shall be sus-
pended at the latest, if no, or very little, penetration is measured at maximum
driving energy. At this phase normally also the material strength limits have
been reached. Further driving can lead to transgression of the material strength
and to damage like spalling or fractures.

(11) The effects of the strains given above on pile integrity can be checked
using integrity testing, see Section 12.

(12) See DIN EN 12699 for details of additional installation related strains.

(13) See 11.3.3 for details of displacement effects in cohesive soils.

11.3.2 Cast in place concrete displacement piles
11.3.2.1 Water/soil ingress into the drive tube

(1) When installing piles in groundwater it must be ensured that no water or
water/soil mixtures have entered the drive tube prior to concreting. In practice,
e.g. a small stone or similar object is dropped into the drive tube and the im-
pact on the pile shoe or base plate (boring tip for full displacement bored piles)
is checked acoustically. If in doubt, test for dryness using an appropriate
plumb or sounder.

(2) If water or soil has entered into the drive tube, pile installation must be
suspended. In such cases the drive tube must be withdrawn, the borehole back-
filled and the pile installed anew at the same location, relocated slightly if
necessary.

11.3.2.2 Concreting

(1) In principle, concreting is always in dry conditions, and well-graded,
cement paste-rich concrete mixtures are used, in the F4 to F5 consistency
range.

Note: No concreting or tremie pipe is required for concrete placement.

11.3.3 Displacement effect in cohesive soils

(1) While the installation of displacement piles in non cohesive soils generally
leads to soil compaction (volume reduction), cohesive soils are primarily dis-
placed (with only small change in volume) and thus moved. In addition to
horizontal soil movements, ground heave can occur.

(2) In particular from large pile foundations with small pile distances can
initiate major horizontal soil movements that can lead to unplanned strains on
neighbouring structures (e.g. shallow foundations, pile foundations, pipelines,
key walls, excavation pits).
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(3) The possible effects on neighbouring structures must be considered for the
survey of adjacent structures. If necessary piling works must be accompanied
by monitoring of adjacent structures. It has to be considered that soil move-
ments and heave can occur with some delay.

(4) Possible measures for preventing the above effects include pre-boring at
pile locations and/or de-compaction boring.

(5) In cases of major heave tensile stresses can be caused by skin friction in
the installed piles during the construction stage (i.e. before loading).

11.4  Grouted Micropiles (Composite Piles)

11.4.1 Introduction

(1) The following notes refer to common bored composite piles with a steel
bearing member and a hardened cement grout cover, in particular to monobar
piles, also see 2.2.6 (4) b), and tubular piles, also see 2.2.7 (2).

(2) For definition of quality assurance measures for grouted micropile installa-
tion the following objectives shall be differentiated:

— prevention of failures and;
— avoidance of reduction in capacity.

(3) Also quality characteristics like:

— corrosion protection;
— durability;
— resistance against chemical attack;

can be objectives of quality assurance measures.

11.4.2 Grouted monobar piles

(1) If piles are installed beneath structures sensitive to settlements, bored from
a level below the groundwater level, or if requirements on directional accuracy
are particularly high, the boring should be using double rotary drilling or the
overburden drilling method.

(2) The overburden drilling method using a double rotary head with counter-
clockwise operation of drilling rods and drilling pipes has proven effective, in
particular in cohesive soil.

(3) Particular care should be taken when coupling sectional bars. Couplings
shall be made in accordance to any technical approval regarding (direction of
rotation, locking, securing against unscrewing). Incorrectly screwed connec-
tions can lead to total pile failure, in particular of tension piles.

(4) The grouting pressure should be measured as closely to the borehole
mouth as possible as frictional pressure losses inside the grouting hoses can be
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substantial. If this is not possible, the pressure loss should be determined and
subtracted from measured pressures.

(5) For grouting a suitable rig should be used and be carried out, either con-
tinuously while withdrawing the drilling pipes, or in sections by sealing the
mouth of the drilling pipes with a grouting cap.

(6) The number of grouting hoses, and the number and position of the grout-
ing valves shall be planned to suit the length of the effective structural grout
body. With regard to possible valve failure, a configuration using two valves
per hose and section to be grouted should be preferred. Experience shows, that
more than two valves per hose offer no advantage, because normally only the
valve with the lowest resistance opens. The length of the sections to be grouted
within the whole grout body should not exceed 3 m.

(7) Contaminations of and damage to the grouting hoses and valves can lead
to the grouting pressure not being effective at the grouting valve and the valve
does not open. Grouting hoses and valves should therefore be examined for
contaminations and damage prior to installation.

(8) The diameter of the drilling pipe should be sufficiently large, to prevent
damage to hoses and valves when installing the monobars with the attached
grouting hoses into or when withdrawing the drilling pipe.

11.4.3 Tubular grouted piles

(1) Sufficient cement cover of the bearing element must be ensured at the
whole circumference and along the whole length. This is of particular impor-
tance for working piles for long term uses. Special care should therefore be
taken to install sufficient and appropriate spacers, which must be in accordance
with the technical approval.

(2) The boring rate must be controlled when drilling in the bearing member.
This is necessary to prevent stalling of the flushing medium and contamination
of the cement cover with soil. The ‘Rules for execution’ of the technical ap-
provals include detailed installation requirements; adherence to which regula-
tions must be supervised.

(3) If the structurally required pile length cannot be achieved due to obstruc-
tions or insurmountable drilling resistance, it should be examined whether the
pile performance can be demonstrated numerically or by pile load tests. Oth-
erwise, the pile must be abandoned.

(4) The as-built pile length can be verified by integrity testing (also see Sec-
tion 12).

(5) Obstacles that cannot be directly penetrated by drilling, e.g. sheet pile
walls, must be perforated in an advance process using a special drilling method
(coring, double rotary head or overburden drilling methods).
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(6) In order to ensure that the couplings are completely screwed together, the
section of the bearing member already inserted into the borehole must be held
by the rig’s breaking device and the next section be screwed on using the
rotary head of the rig and applying sufficient torque.

11.4.4 Testing grouted micropiles

(1) The high skin friction of grouted micropiles is primarily influenced by the
grouting process. This requires a high execution quality. Grouting success can
be insufficient in certain ground conditions like fine-grained soils with low
plasticity, in soils sensitive to liquefaction (quick sands), in banded soil strata
or in mixed-grained soils.

(2) Tensile tests are recommended for quality control of working micropiles.
The number of micropiles to be tested should be specified on a case-by-case
basis, depending on the ground conditions and the design.

(3) Tests are also recommended for structures and foundation systems of low
ductility, which can fail suddenly and without visible signs of the approach of
an ultimate limit state.

1 Hollow piston jack

2 Tension member extension
3 Anchor chair

4 Sleeve

5 Seal, e.g. O-ring

6 Transition tube

7 Steel tension member

8 Grout body

Figure 11.2 Example of a set-up for testing a raking, grouted micropile
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(4) The method and the extent of tests on working piles should be specified in
connection with the geotechnical design.

(5) A direct frictional connection between the reaction system and the grout
body must be avoided when testing. An example configuration is given in
Figure 11.2. After completion of the test any missing corrosion protection shall
be complemented and the pile head structure be completed.

(6) Alternatively, if no connecting pile head structure is present at the time of
testing, neighbouring piles may be employed as reaction piles via cross beams.

(7) The test load is recommended as 1,25-times the characteristic action Fy,
however not more than at maximum 90% of the internal pile capacity (95% of
the steel yield strength).

(8) If the testing force given in (7) cannot be unambiguously verified, a pile
load test after Section 9 should be performed on the respective pile.

(9) Through testing of working piles as described in (1) to (8) evidence is
gained whether comparable quality to that of load tested piles has been
achieved. However, the test is not sufficient to verify the ultimate bearing
capacity.
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12 Pile Integrity Testing

12.1 Purpose and Procedures

(1) Quality assurance of piles is regulated in DIN EN 1536 for bored piles, in
DIN EN 12699 for displacement piles and in DIN EN 14199 for micropiles.
The provisions contained are predominantly relevant to the installation pro-
cess. In contrast, integrity tests serve to control pile quality and geometry after
pile installation.

(2) Common integrity testing methods are:

— Non-destructive “low strain” test (also known as: TNO method, impulse
response method, impulse echo method): a pulse is induced to the pile head
by a blow with a hand hammer and the movement of the pile head is re-
corded and analysed, see 12.2. The term “low strain” refers to the dis-
placement of the pile head caused by the hammer blow, which is in the mi-
crometre range.

— Non-destructive ultrasonic method for testing the concrete in the pile shaft:
“cross-hole” method — measurement of transmitted waves between emitter
and receiver probes moved in parallel, access tubes in cast-in-place con-
crete piles, or “single hole” ultrasonic logging with emitter and receiver
probes in only one borehole or in a single access tube, see 12.3.

— Core drilling in the pile with core recovery and core testing and/or video
borehole surveys or “single hole” tests, see 12.4.

(3) In the non-destructive “high strain” test the pulse is applied by a driving
hammer blow to the pile head. The strains and accelerations at the pile head
are measured and analysed. High strain refers to the high strain generated in
the pile by the blow. This test can be used on all pile types. The test is particu-
larly useful on coupled, driven precast concrete piles. The test is normally only
performed in conjunction with a dynamic pile load test, see Section 10. Be-
cause this test does not represent an independent integrity testing method it
will not be dealt with further in this section. Example graphs are shown in
Annex CS5.

(4) Excavating and cleaning a section of the pile, is possible or expedient as
an integrity test in exceptional cases, as visual inspection and testing, e.g. of
the concrete cover and quality can generally only be performed in the upper
shaft region.

(5) Other specific testing methods are available for special questions, see 12.5.

(6) EC 7.9 and DIN EN 1536 use the term integrity test, without precise defi-
nitions or allocations. It can be assumed that low strain integrity testing is
always referred to.

(7) The vibration tests mentioned in EC 7 (CL 7.9 (8)) are not defined as a
method and are therefore not permitted in the scope of the EC 7-1 Handbook.
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(8) Some integrity tests only cover limited areas of the pile (e.g. ultrasonic
testing and coring). Because they are indirect methods, low strain and high
strain integrity tests can only give an indication of quality deficiencies. Sub-
stantial quality deficiencies and, in particular, differences compared to
neighbouring piles can, however, mostly be recognised.

(9) Performing and evaluating integrity tests require experience. They should
therefore only be carried out by appropriately qualified persons.
12.2 Low Strain Integrity Tests

12.2.1 Low strain integrity test principles

(1) The impact wave required for low strain testing is generated by a blow,
normally using a hand hammer. By monitoring the changes of the pile head
movements with time, and identifying changes of movements as reflections,
conclusions can be drawn about the non-visible, embedded section of the pile.

velocity at pile head

impact base reflection
/ \ time

f~ F—rT-211c —

N
I |

Figure 12.1 Monitoring of the pile head to identify reflections from depth

(2) The method is based on one-dimensional wave propagation [138], which
describes the propagation of waves in bodies definable by a single coordinate,
i.e. in which the length to thickness ratio is greater than 5. Indications of pile
quality are given by the reflections of the impact wave introduced at the pile
head from the pile base or from discontinuities and changes of the cross-
section.
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(3) If the reflections from the pile base are clear enough it is possible to state
the wave velocity or the pile length, see 12.2.6.

12.2.2 Scope, number of tested piles and limitations

(1) The preferred application of this method comprises isolated, free-standing,
cast-in-place concrete piles in loose soils and lengths between 5 m and 25 m.
Then the compression wave generated by the pulse and the tensile wave gener-
ated by reflection at the pile base can travel the entire length of the pile and a
clear signal from the base reflection can be registered at the pile head. Success-
ful testing of longer piles depends on the individual circumstances (in particu-
lar the installation method and ground conditions).

(2) In accordance with the EC 7-1 Handbook and DIN EN 1536 the method is
used to examine pile quality in cases of doubt, e.g. irregularities during pile
installation, non-conformities with requirements of quality assurance, sus-
pected deficiencies, uncertainties of existing pile foundations, etc.

(3) Integrity testing using a hand hammer allows economical and quick testing
of a large number of piles per day and comparison of the results of a great
number of piles tested in the same ground conditions. Any deviations from the
typical signals for a given site can indicate possible defects of individual piles.

(4) The method is increasingly used as an element of quality management.
The number of piles tested or the size of a random sample depends on the total
number of installed piles.

(5) Of small pile foundations with up to 20 piles, all piles should be tested,
where possible.

(6) For larger pile foundations containing 20 or more piles, at least 20 and
thereafter 10 % of the remainder, or at least 3 piles of a given pile type, should
be tested.

(7) The method should be used especially in cases where the failure of a single
pile plays a decisive role in the stability of the structure.

(8) Pile testing below an existing structure requires the pile head to be ex-
posed. It is therefore only possible on edge piles and requires a major expense.

(9) The method is only rarely successful for secant pile walls and diaphragm
walls. At best, statistical conclusions can be drawn from a large number of
measurements. Purposeful examination of an individual element is normally
not possible. For length measurement, one of the methods outlined in 12.5
must be adopted. Defect detection is barely possible.

(10) The method cannot be used on micropiles and ground anchors.

(11) For driven steel piles and sheet piles, the use of a hand held hammer is
normally not sufficient to generate a strong enough impact wave to receive a
reflection from the pile base. The test can, however, be carried out as a high
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strain test. Special methods as outlined in 12.5 can be employed to determine
the length of sheet piles and soldier piles.

12.2.3 Pile preparation

(1) For integrity testing, the pile head must be freely accessible and cut-off to
sound concrete. A smooth surface is advantageous. After cut-off, the pile head
should not display any hairline cracks and shall be cleaned of any loose mate-
rial. The surface of the pile head should be dry.

(2) At the time of the test the pile concrete must be sufficiently strong to ac-
cept the hammer blow without damage and allow the wave to propagate. A set-
up time of seven days is generally sufficient.

12.2.4 Testing procedure

(1) The transducer shall be pressed down or fixed (glued) vertically and im-
movably to the pile head and parallel to the pile axis.

(2) The hammer shall be struck loosely from the wrist. No special technique is
required. The signal on the screen must be checked after each blow in order to
determine whether an impact wave has been initiated in the pile, or only a
surface wave, or vibrations of the reinforcement have taken place.

(3) Normally, several signals per pile shall be recorded at different points on
the flat surface of the pile head and be compared with each other. The number
of recording and impact points depends on the pile diameter and the clarity of
the measurement results.

(4) By changing the transducer points, damages in the immediate pile head
area can be detected.

(5) If the piles being tested are embedded in the blinding concrete or similar,
the measurement can be disturbed. The measurements can also be disturbed by
protruding, vibrating, reinforcement.

(6) Measurement of piles below existing structures requires safe and dry ex-
cavation pits of at mans height. For reliable fixing of sensors and the hammer
stroke, recesses (approx. 5 cm deep) shall be cut into the side of the pile shaft.

(7) In piles with a very large length to diameter ratio, it is possible that the
signal from the pile base cannot be made sufficiently visible. Grinding the
contact faces of the pile, increasing the weight of the hammer, or using softer
hammers can improve the situation.

(8) When testing piles under an existing structure, reflections can come from
the superstructure, making interpretation more difficult. Multi-channel re-
cording can help in this situation (see 12.5.3).
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(9) By additionally recording of the hammer impact force time history, ex-
tended evaluations are possible, e.g. deviations in the impedance near the pile
head. Moreover, by means of a frequency transformation mobility and admit-
tance curves can be derived, and the dynamic stiffness can be determined.

12.2.5 Measurement and instrumentation

(1) Different hammer weights with varying hammer head stiffnesses (varying
pulse frequencies) can be used for the impact, to allow selecting the best suited
hammer for the given situation.

(2) When the impact is made, the acceleration (or, more rarely, the velocity) is
recorded as a function of time.

(3) The signals are digitised on a portable computer, processed and displayed
on the screen, or stored and printed for documentation (see Figure 12.2).

(4) The measuring instruments should be able to register the signals with
sufficient precision in a frequency range up to 10 000 Hz and acceleration
amplitudes up to 1 000 g.

(5) Recording several signals and determining an average is recommended to
eliminate high-frequency interferences.

logging device witl;"'stprage |
and digital processsing
Y, g,

Figure 12.2 Low-strain testing

12.2.6 Evaluation of measurements

(1) The measurements and the evaluations of the impedance profile provide
evidence on deviations from the planned pile shape, potential necking, cracks
or changes in material properties, e.g. Young’s modulus or strength.
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(2) Because the method is based on one-dimensional pulse wave propagation,
any conclusions on the location of a defect relate to the pile axis, i.e. the dis-
tance from the pile head. Statements on the extent of any defects perpendicular
to the pile axis are possible to a very limited degree for the upper zones of
large diameter piles.

(3) The recognition of the axial extent of a defect depends on the pulse dura-
tion. In order to recognise defects with a longitudinal extent of less than 50 cm
especially small, hard hammers or other pulse inducing devices must be used.

(4) Contrary to the dynamic pile load testing methods (Section 10), in which
forces and movements must be measured, the standard low strain integrity test
only requires information on pile head movements (velocities).

(5) Normally, the velocity v(t) of the pile head, calculated from a measured
acceleration, is evaluated, see Figure 12.1. It is also possible to directly evalu-
ate the acceleration signal a(t).

(6) Conclusions on pile resistances as determined in a (dynamic) pile load test
are not possible. In contrast to this, interfaces of ground layers in the ground
can be determined to a certain degree, if these influence the cross-section of
the pile.

(7) In the plot velocity vs. time, the time axis is directly linked to the pile axis
via the wave velocity. The velocity is either drawn upwards, because it is re-
garded as a positive variable representing a movement in the direction of the
hammer blow, or downwards to illustrate that the movement is downwards
(see Figure 12.3).

(8) The transit time of the impact wave can be determined from the velocity
profile, if the impact wave applied at the pile head reaches the pile base, is
reflected and results in a measurable change in velocity at the pile head.

(9) For an assumed wave velocity, the pile length or the depth of a discontinu-
ity can be directly read on the time axis at the points of reflections of the wave.

(10) The type and the extent of a discontinuity are recognisable on the ordi-
nate by the signal deflection:

— Deviations from the planned pile cross-section can be recognised from the
velocity-time history at the pile head.

— Deviations in the same direction as the input signal represent the reflection
of a tensile wave, e.g. impedance reduction, Figure 12.3 left. Deviations in
the opposite direction are reflections of a compressive wave, e.g. impe-
dance increase, Figure 12.3 right.

(11) The method assumes that the Young’s modulus and density of the con-
crete in a pile are subjected to only minor fluctuations. The changes in imped-
ance are therefore in general assigned to changes of the cross-section. Any
conclusions should be subjected to a plausibility check based on concrete qual-
ity data, pile construction documents and the results of ground investigations.
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Figure 12.3 Impedance decrease (left); Impedance increase (right);
Top: Positive velocity drawn upwards;
Bottom: Positive velocity drawn downwards

(12) A signal seen to be pronounced in the majority of piles on a site can be
regarded as characteristic for the local conditions and the prevalent pile-ground
system. Special attention should be paid to deviations from that signal.

(13) The size of any identified discontinuities can only be determined to a
limited degree. Quantitative determination of the deviation in the pile cross-
section via the difference in the amplitudes of the induced and the reflected
waves requires a realistic estimate of the damping in the ground and in the pile.

(14) Signal evaluation can be difficult or ambiguous if the reflection waves
initiated by the pile shaft are superimposed on each other and on the reflections
from the pile base.

Note: In these cases the test report shall point out that evaluation is not pos-
sible and no conclusions about quality can be drawn.

(15) The pile’s impedance profile can also be determined using a signal
matching procedure or on the basis of the wave theory by integrating the ve-
locity time history. However, direct interpretation of the velocity profile
should be given priority.
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12.2.7 Impedance and wave velocity

(1) Any conclusions about pile quality refer to changes in the dynamic stiff-
ness or impedance E - A/c,

where

E Young’s modulus of the pile material;
A cross-sectional area of the pile;

c the wave velocity of the pile material.

With E = ¢? - p the impedance implicitly includes also the density of the pile
material.

(2) An impedance reduction is normally assigned to a reduction in cross-
section or a considerable change in the structure of the concrete (honeycombed
concrete, crack formation). An explanation is often found in the specific condi-
tions of the site and by comparison to other piles (e.g. groundwater flow,
changes of ground layers, interruptions of concrete placement, structures em-
bedded in the ground). If such an explanation cannot be found, the identifica-
tion of the reason for the reduction in impedance and whether it is caused by
any defect can take time and be expensive, and requires destructive testing
methods (coring or excavation).

(3) Given a clear base reflection, the wave velocity c is determined from the
planned length Lpy,, as an evaluation criterion:
2-L

o= 2 Pian (12.1)

gemessen
where:

Lpian planned length of the pile;
Teasured  time for the reflected wave to reach the pile head.

(4) For simple, one-dimensional compression waves (also known as “waves in
arod”):

c= |- [m/s] (12.2)

where:

E4n  Young’s modulus of the pile material in kN/m?;
p density of the pile material in t/m?.

For detailed discussion of the influences on wave velocities in cast-in-place
and prefabricated concrete piles reference is made to [113] and [127].

(5) Wave velocity is therefore dependent on the curing time and concrete
quality. In addition to these material parameters it can also be influenced by
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other effects (e.g. wavelength/diameter ratio, restraint in the ground, cracks,
changes in wave characteristics caused by reflections, planned soil inclusions,
e.g. in Atlas piles).

(6) In piles using common concrete types and strengths and tested after
7 days, the wave velocity ¢ is normally between 3 500 m/s and 4 000 m/s. If
the tested piles differ considerably in age, an increase in the wave velocity
with time should be noticeable.

(7) If the wave velocity is less 3 500 m/s, it should be examined whether the
piles are longer than planned, the pile heads have not yet been cut-off to the
planned level or there are signs of reduced concrete quality.

(8) If the wave velocity is greater than 4 000 m/s, it should be examined
whether the pile head has been cut-off below the planned level, if there are
signs of enhanced concrete quality, or the piles are shorter than planned. Such
deviations should be described in the report.

(9) When testing large diameter piles where the distance between the hammer
blow and the sensor is greater than 20 cm, the time between the hammer con-
tact and triggering the sensor must be taken into consideration. The time gap
can be as long as several tenths of a millisecond. As a result, the wave velocity
calculated as outlined in 12.1 can become too high, because the determined
transit time was too short.

(10) The wave velocity limits given above should, where possible, always be
examined on the basis of site-specific statistics (mean, maximum and mini-
mum values), see Figure 12.4.

(11) Evaluation based on the criteria given above assumes that the true length
of the pile corresponds to the planned length. However, this cannot always be

wave velocity over age of concrete
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Figure 12.4 Variance in wave velocities
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taken for granted, e.g. if there are doubts about execution, or in existing build-
ings without reliable documentation. Any deviation in the transit time can then
be explained using Eq. (12.1) by either deviations in length or variations in the
wave velocity. In these cases an estimated wave velocity shall be adopted
(length error is then around 10%) or a calibration shall be performed based on
additional information, or using complementary monitoring methods, see 12.5.

12.2.8 Assessment classes

(1) Because the velocity time history is influenced by a large number of fac-
tors and one-dimensional wave propagation according to the theory can only
be recognised in very few cases, it is recommended to derive supposed pile
characteristics only from clear and substantial signal characteristics.

(2) Differentiation between four result classes is recommended for the as-
sessment:

Class Al:  Measurement indicates no change in impedance.

The signal displays a clear base echo and there are no unexpect-
ed reductions in impedance in the signal along the pile axis. The
impedance is as anticipated or reductions in impedance are
within the tolerance bandwidth.

The wave velocity lies within the empirically anticipated range.
There are no quality-relevant anomalies.
Class A2:  Measurement indicates no reduction in impedance.

Class A2 is given if the signal indicates impedance increases.
The impedance is not as anticipated, but there are no reductions.
The same applies if the signal displays pronounced deviation
from the zero line due to the damping influence of longer piles.

The wave velocity lies within the empirically anticipated band-
width.

There are no quality-reducing anomalies.

Note: Where the base reflection is entirely absorbed due to
embedment in a solid ground layer or if it cannot reach
the pile head due to high damping and great pile lengths,
Class A2 can be given. It must be noted in a remark that
any conclusions are therefore limited in validity or only
apply to a limited depth range. A wave velocity cannot be
given.

Class A3:  The signal displays incomplete wave propagation due to an
unexpectedly low reduction in impedance.

The magnitude of the reduction can be determined using a wave
equation, if a clear base reflection is recognised, or can be esti-
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Class B:

Class 0:

mated on an empirical basis, or compared to other piles at the
same site. The impedance reduction may only amount to appro-
ximately a quarter of the anticipated impedance.

The anomalies are possibly relevant to quality.

Note: A quarter in this case is a rough figure and should not be
equated with 25 %, but instead lies between 1/5 and 1/3.

Class A3 can also be allocated on the basis of a clear deviation
of 5 %, up to a maximum of 10 %, in the wave velocity from the
site mean. This shall be noted in a remark.

Measurement indicates substantial defects in pile quality.

The signal displays incomplete wave propagation due to an ir-
regular and pronounced drop in impedance or an interrupted
concrete column.

The magnitude of the reduction can be determined using a wave
equation, if a clear base echo is recognised, or shall be estimated
on the basis of experience. The reduction in the impedance is
approximately two thirds of the planned impedance.

Note: Two thirds are not equated with 67 %, but instead lies be-
tween 1/2 and 5/6.

Class B can also be allocated on the basis of a clear deviation in
wave velocity of 10 % or more from the site norm. This shall be
noted in a remark.

The signal can not be evaluated.

If it is necessary to summarise signals that cannot be evaluated
in a single class, Class 0 should be allocated. However, the
reason why evaluation is not possible should generally be given
in a remark. Frequently the cause, e.g. poor concrete at the pile
head or a crack in the first 50 cm immediately below the pile
head, can be eradicated and a new test be performed.

(3) The examples summarised in Annex C4 for each of the classes are in-
tended for clarification only and should not be adopted as “standard signals”
for assessments.

12.2.9 Documentation and reporting

(1) During the testing, the data are stored electronically for subsequent evalua-
tion and storage.

(2) The wave velocity adopted for the graphical representation of the velocity
time history must be given in the test report, together with the reason for its
adoption, if necessary.
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(3) All data required to evaluate the measurements shall be contained in the
test report:

— Site designation;

— Pile location;

— Pile number;

— Testing date;

— Pile installation date;

— Pile length;

— Installation method;

— Planned, installation-related changes in cross-section;
— Planned pile diameter;

— Ground profile;

— Concrete quality;

— Actual concrete volume for bored piles as given in piling log;
— Actual pile head diameter (if measured).

(4) If, for the purpose of evaluating the signals, a mean was formed from
several suitable signals (accumulation), smoothing or low-pass filtering was
performed, the time domain was extended or any other form of signal process-
ing was implemented, this must be clearly documented.

(5) The test report should also include the assessment classes described in
12.2.8, if necessary with reasons or comments.

12.3  Ultrasonic Integrity Testing
12.3.1 Objective and scope

(1) Ultrasonic testing is a method of determining the homogeneity of the ma-
terial of solid bodies. Any deviations in the homogeneity of the material are
determined on the basis of deviations in the propagation velocity and/or the
damping of ultrasonic waves. If a deviation in the propagation velocity is
greater than 20% of the average value, it is characterised as an anomaly.

(2) The technical requirements for performing ultrasonic integrity tests, as
well as the properties of the instrumentation, are internationally standardised,
e.g. in NF P94-160-1 (France) or ASTM D6760-02 (USA). However, these
regulations offer no guidance for evaluating results and the influence of any
identified deviations. These Recommendations include descriptions and notes
on assessing pile quality.

12.3.2 Ultrasonic integrity testing principles

(1) During an ultrasonic integrity test the transit time and signal strength of a
mechanical wave in the ultrasonic range (generally 50 000 Hz) are measured
using an emitter and a receiver. This wave generally runs horizontally through
the pile concrete between two parallel access tubes (cross hole sonic testing) or
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vertically in a single tube (single hole sonic testing). In special and rare cases
inclined logging is carried out using emitters and receivers at different heights
(fan shape testing).

(2) For cross hole sonic testing the emitter and receiver are placed in separate,
parallel measuring tubes. The emitter and receiver are only placed above each
other in the same measuring tube in the special case of single hole testing.

(3) The number of measuring tubes depends on the pile diameter. Normally,
one measuring tube is installed per 25 cm pile diameter, e.g. four tubes for a
90 cm pile.

(4) For the special single hole ultrasonic testing case a single measuring tube
is arranged centrally within the pile or the pile is cored for testing. With the aid
of core recovery the latter option allows the results to be directly allocated to
the concrete strength and quality. Supplementary borehole tests, e.g. video
surveys or cylinder compression tests, can also be carried out, see 12.4.

(5) The internal diameter of the measuring tubes shall be between 38 mm and
50 mm, depending on probe diameter. A larger diameter means less precision
for the determination of the measured length. If the diameter is too small there
is a danger that the probe will jam. If in doubt, use of a blind probe prior to
actual testing is recommended.

(6) In terms of their durability and robustness, and because of improved bond-
ing with the surrounding concrete, steel measuring tubes are preferred to plas-
tic ones. If plastic tubes are used they should be filled with water during con-
creting to prevent them losing strength as a result of the heat of hydration of
the concrete. If they are filled with water after concreting they can lose their
bond with the concrete.

(7) All connections must be watertight and without any reductions in the in-
ternal diameter

(8) Only that part of the pile cross-section located between the measuring
tubes can be tested for integrity by the ultrasonic integrity testing. This repre-
sents between 50% and 70% of the cross-section, depending on the pile diam-
eter and number of measuring tubes, their cover and their diameter. The ultra-
sonic integrity test is therefore ideally suited to large bored piles with
diameters starting from around 90 cm.

(9) The section of the pile lying outside of the area covered by the measuring
tubes is not included in the analysis. For instance, defects that can be recog-
nised by low strain integrity testing, e.g. necking or imperfections at the shaft
surface, can not necessarily be recognised by ultrasonic integrity testing.

(10) Certain types of defect, e.g. vertical cracks and defects near the pile head,
are recognised better using the ultrasonic integrity test than the low strain
method.
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(11) Recognition of the longitudinal extent of a defect depends on the sam-
pling rate (5 cm are usual distances of measurement steps) and the cross hole
sonic logging is therefore more precise than the low strain method.

(12) In contrast to the low strain integrity test, for ultrasonic integrity tests no
restricting limits exist regarding the testable pile length.

12.3.3 Measurement

(1) The measuring tubes must be filled with water to transmit the ultrasonic
signal from the emitter into the concrete. Only longitudinal waves are transmit-
ted through the water and the walls of the measuring tubes into the surrounding
concrete.

(2) Emitter and receiver are lowered in parallel and constant rate to the end of
the measuring tubes. The depth is continuously recorded via depth encoders.
The ultrasonic signals from the emitter travel through the pile concrete, are
amplified by the receiver, visualised and stored. The testing configuration and
procedure are shown in Figure 12.5.

(3) Figure 12.6 shows testing results — on the left for an intact pile with a
length of 7 m and on the right for a 32 m pile with a defect between 27 m and

Cables for depth encoder wheels
,-?? Signal display on screen of processing unit
Sgnsor cables Cross
with power directions
supply
Ring
‘ * directions
l Access
Access tubes tubes
filled with
water
Transmitter
Basatuss Plan view of pile head with

4 preinstalled access tubes

Castin place concrete pile

Tube cover
Figure 12.5 Ultrasonic integrity testing principles
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Figure 12.6 Examples of visualisation of results for an ultrasonic integrity test
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29 m. The arrival times of the ultrasonic waves are calculated by the testing
device, together with the energy of the received signal, and drawn as lines over
the depth for each measuring direction, see Figure 12.6, left sides respectively.
In addition, the respective profile of the received signal is shown on the
right, also for each measured direction over depth. The profiles are shown as
dotted lines for clarity, whereby each positive value is allocated a light dot and
each negative value a black dot. If the signals are the same with depth and
reproducible, parallel gray and black lines result (waterfall diagram or sonic
map).

(4) In homogeneous concrete the velocity of an ultrasonic wave is constant.

(5) The primary objective of ultrasonic integrity testing is not to determine the
absolute velocity of the ultrasonic wave, but instead to verify the uniformity of
the wave velocity through the entire pile. Around ground inclusions, honey-
combs or other heterogeneities in the concrete the propagation velocity falls
off compared to areas of sound pile concrete, which is expressed by longer
transit times, drop of energy and irregularities in the waterfall diagram.

12.3.4 Test preparation and testing procedure
12.3.4.1 Test piles

(1) It is not necessary to install separate test piles to perform ultrasonic integ-
rity tests. In principle, all structural piles equipped with measuring tubes can
be integrity-tested by ultrasonic methods.

(2) It is advisable to always equip a certain proportion of the piles at a given
site (e.g. 25 %) with measuring tubes if ultrasonic integrity tests are planned
for quality assurance. Whether or not all, or only some, and in that case which
of the equipped piles are subjected to ultrasonic testing, can subsequently be
specified e.g. by the client’s representative, the engineer, the geotechnical
expert or the geotechnical designer.

(3) In special cases, it can also be necessary to test piles not fitted with meas-
uring tubes. At least one borehole (single hole testing) shall then be drilled
through the pile to allow the test to be carried out, although two or three bore-
holes are better.

(4) The pile concrete should have reached a minimum strength at the time of
testing. In contrast to the low strain integrity test, however, the strength can be
relatively low. Piles can be tested in this way as early as two or three days after
installation. However, longer times should be aimed for, because the concrete
strength has then more and more evenly developed and, consequently, the
signals will be clearer.

(5) If plastic measuring tubes are used and the waiting time is more than 10
days, it is possible that the measuring tubes detach from the concrete, which
can severely impair the testing results.
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12.3.4.2 Testing procedure

(1) All possible measuring directions shall be tested, e.g. three tubes — three
measuring directions, four tubes — six measuring directions, five tubes — ten
measuring directions, etc.

(2) Before commencing the proper measurement with the ultrasound emitter
and receiver, it is advisable to check the accessibility of the measuring tubes
and their depths with a suitable blind probe, and to record the positions of the
tubes.

(3) The complete filling of the measuring tubes with water shall be ensured
before testing.

(4) Emitter and receiver are moved parallel and at a sufficiently low speed of
around 0.25 m/s within the measuring tubes. The direction of movement can
be either from top to bottom or from bottom to top.

(5) The signal density with depth is given by the speed of movement and the
frequency of the emitted ultrasonic pulses. The objective is to record a
reproducible signal for each measuring run, e.g., every 5 cm depth. The pile
can thus be considered divided accordingly into 5 cm thick test sections.

12.3.5 Evaluation

12.3.5.1 Qualitative signal evaluation

(1) Uniform concrete quality can be seen in the signal through uniform accel-
erations and identical arrival times, see Figure 12.6.

(2) Different explanations are possible for any anomalies recognised in the
signal. It is clear from the example signal profiles shown in Figure 12.7 that it
is not possible to draw an unequivocal conclusion on the type of defect from
the measured arrival times. A longer transit time of the ultrasonic wave be-
tween the measuring tubes can be caused by concrete with a minor quality
reduction along the whole measuring run or by concrete with more pronounced
quality reduction along a shorter distance of the run, or even by larger measur-
ing tube spacing. If local segregation occurs in the concrete the ultrasonic
wave can travel around the defect, which also results in delayed arrival time.

(3) Additional information, as listed below, is required to precisely identify
each individual anomaly.

— In order to rule out the existence of voids around the measuring tube
connections, which can influence the signal, detailed drawings showing the
locations of the connecting pieces must be available. The formation of such
voids around an otherwise intact measuring tube is highly improbable, but
is possible around connections.
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Figure 12.7 Examples of ultrasonic wave propagation, arrival time and wave velocity

— The pile installation records should be consulted to help delineate any pos-
sible defects.

— Complementary investigations can be performed using coring or low strain
integrity testing to provide information on the existence and extent of a
defect.

(4) Information on the shape and properties of a possible defect can be gained
by comparing the received signals and their energy level. It should be possible
to differentiate between wave passage through a measuring distance consisting
of uniform concrete and wave passage through a section containing lower
quality concrete or wave travel around a honeycomb. However, the complexity
of the phenomena of spherical propagation of mechanical waves in a solid
body, and in particular in a comparatively heterogeneous material like con-
crete, often prevents unique interpretation of the received signal. No model has
yet been developed for precise characterisation of defects identified by the
form of the ultrasonic signal. Only the energy level of the recorded signals can
be adopted as an indicator. Low transferred energy is normally associated with
low wave velocities.

(5) A defect in the pile concrete can therefore be assumed if both the energy
and the wave velocity fall off in the affected cross-section.
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12.3.5.2 Quantitative signal analysis

(1) The following procedure can be used to analyse ultrasonic integrity tests:

a) Determination of travel times (wave velocities) over depth and of the aver-
age transit time.

b) Deviations up to 20 % from the average wave velocities can normally be
ignored, because they do not indicate significant anomalies.

c¢) If a deviation in the wave velocity of more than 20 % occurs in a cross-
section, the energy and the signal shapes (waterfall diagram) must be ex-
amined in detail. If an anomaly is confirmed, all average values and maxi-
mum transit times are determined for all possible measuring runs at this
depth.

d) Calculation of a “quality indicator” nq with weighted wave velocities in
this cross-section with Eq. (12.2).

where:

aj distance between measuring tubes i and j;

i = cif/ca;j ratio of wave velocity in the defect to the mean wave velocity for
the path i—j;

Cij wave velocity for the path i—j in the anomalous cross-section;

cajj mean wave velocity in the sound concrete for the path i—j.

The quality indicator 1 can be adopted as calibration factor for the concrete
quality in the cross-section under consideration and can be used to estimate a
reduction of the internal pile capacity at this level, provided this procedure is
covered by the analysis concept.

(2) The extent and effect of a suspected defect can be estimated by adopting a
lower wave velocity bound for the defective area, e.g. the wave velocity of air.
The size of the defective area can then be determined from the magnitude of
the deviation in the wave velocities. For a measuring run a-b of length L,, with
the transit time T, the extent of the intact concrete L; or the defective area L,
is given by adopting the wave velocity c; for intact concrete determined by
ultrasonic testing and the lower wave velocity bound c;, acquired by evaluat-
ing the linear equation system:

Geometry: Li+L,=Lg (12.3)
Transit time: Li/ciy + Ly/ci, = Ty (12.4)

The possible size of the defective area also depends on the wave velocity se-
lected for the defective area.
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(3) A different evaluation approach utilises computer tomography algorithms.
The analysis is performed as the inverse of the usual flow analysis using finite
elements. With the aid of the known wave velocities, in turn, a quality indica-
tor can be determined to evaluate the pile from an engineering perspective. The
wave velocity distribution can be smoothed to help visualise the tomography
analysis results. The result is often visualised using a false colour diagram.
Further descriptions of tomography analysis are provided e.g. in [52].

(4) The determination of a quality indicator as proposed in (1) does not repre-
sent a strictly scientific derivation, but an engineering evaluation of the results
of an ultrasonic integrity test.

(5) When applying the quality indicator the complexity of the actual relation-
ships and the measuring task should be taken into consideration. The pile
evaluation should be checked in conjunction with other available data relating
to the pile condition, e.g. construction records.

12.3.5.3 Pile evaluation

(1) When evaluating the piles and when detecting anomalies, it shall be con-
sidered on how many measuring levels, where and to which extent anomalies
are detected. In particular when small measuring steps are used the extent
along the pile axis can be a governing aspect of pile evaluation.

(2) If the quality indicator is used as the reason for assuming reduced com-
pressive concrete strength, this should be checked on cores.

12.3.6 Documentation and report

(1) All details of the ultrasonic integrity test shall be compiled in a test report.
It should at least include the following data:

1. General information
— time and place of the test; location of tested piles on the site
— site peculiarities
— ground conditions
2. Information on tested piles
— pile type and number
— installation date, concrete quality
— dimensions (diameter, length), profile, reinforcement
— construction method
3. Test system
— equipment and software used
4. Test execution
— length of measuring tubes and projection
— test date and weather conditions
— Sketch of measuring tube locations with reference direction (true north
landmark) and spacing of tubes
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— test records (transit times, energy and waterfall diagram for each
measured direction)

— reasons for any deviations from standard test procedure

5. Results

— tabled summary of results for each pile

— where appropriate, information on the quality indicator ng with corre-
sponding depth

— where appropriate, information on the extent of defects

(2) Annex C6 includes an ultrasonic testing case study.

12.3.7 Special situations: testing secant pile walls
and diaphragm walls

(1) The reinforced secondary piles of a secant pile wall and individual panels
of a diaphragm wall can be tested by ultrasonic methods, analogous to the
procedures described above.

(2) In individual cases, testing can also be performed between the opposing
access tubes of neighbouring secondary piles. The test encompasses the inter-
mediate primary pile and the joints between the piles.

(3) However, conclusions on the quality and size of the joints, and the bond-
ing between the piles are only possible to a very limited degree.

12.4 Testing Piles by Core Drilling
12.4.1 Introduction

(1) Coring and tests on recovered cores, and on and within the borehole, can
be carried out for the following reasons:

a) To verify the concrete compressive strength and/or the durability in the
structure, e.g. in cases:
— where the properties required by DIN EN 206/EC2 are not achieved by
the samples taken for quality control, or;
— the number of samples is insufficient.
b) To verify the quality and continuity of the pile shaft's concrete column.
c) To wverify the quality of execution of a construction joint, see
DIN EN 1536.
d) To verify a clean contact area and/or the material of the load-bearing
stratum, e.g. for end-bearing piles on rock.
e) To provide access holes for subsequent:
— single hole ultrasonic testing of the pile shaft using a combined probe
with emitter and receiver;
— other downhole tests, e.g. impression packer test.
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12.4.2 Coring

(1) Core diameters should be as large as possible (=70 mm) and cautious
boring methods (e.g. double core barrels) should be used in order to keep core
disturbances caused by boring small and to achieve the best possible complete
core recovery.

(2) The bore should be executed using heavy equipment, stable drill rods and
long core barrels in order to achieve good directional stability. Where possible
the bore should be placed eccentrically within the pile to avoid the track of the
tremie pipe produced during the final withdrawal of the tremie from the fresh
concrete. Concrete segregation is possible within this zone.

Note: Limited segregation in the centre of the pile does not normally represent
a quality deficiency.

(3) If only certain sections of the pile shaft need testing, the use of empty
conduits (access tubes) sealed at the top and bottom is recommended. They are
installed with the reinforcement cage and end at least 1,0 m above the zone to
be investigated.

(4) The bore depth, the depth of breaking of the respective core and the length
of recovered core shall be recorded for each core run.

12.4.3 Analysis
12.4.3.1 Introduction

(1) The evaluation of recognised zones of quality deficiencies and their analy-
sis in terms of bearing capacity and durability of the pile requires specialist
knowledge and experience and should be done by an expert.

(2) If quality deficiencies are recognised at the pile head or at shallow depths,
deeper cut-off to sound concrete, formation of a construction joint to Eurocode
EC 2 and concreting back to the design pile head level is generally the most
economical solution to achieve suitable pile quality.

(3) Quality deficiencies at the pile base can normally not be rectified. Durabil-
ity and settlement considerations are generally the governing assessment fac-
tors.

Note: Accumulations of coarse aggregate and reduced cement paste in the
immediate base areas of bored piles are often unavoidable. They are
side effects of the concrete properties and the concreting method
Similar to minor inclusions of foreign matter, they are normally of little
relevance to the performance of the pile.
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12.4.3.2 Visual evaluation

(1) The cores recovered shall be laid out for analysis, fitted together at the
fractures, where possible, and shall be measured. The cored length (run) and
the core recovery shall be recorded.

Note: For depths, reference should be made to plumb measurements in the
bore.

(2) The core samples shall be assessed in terms of:

— Appearance and composition of the concrete: distribution of aggregates and
fines in the matrix;

— Porosity and density, where appropriate following prior wetting and drying;

— Apparent strength (e.g. using light hammer blows, sound and rebound);

— Honeycombing and segregations.

Note 1: Large pores in cast-in-place concrete piles are also normal and harm-
less due to the specific characteristics and concrete placement condi-
tions. Only major areas of connected pores can indicate quality
deficiencies.

Note 2: 1If the reinforcement is encountered or an interface penetrated (e.g.
pile base) core destruction is possible due to the differing material
strengths. Core assessment in these zones must be undertaken with
particular care.

(3) The evaluations shall be recorded in bore logs analogous to DIN 4022-1
(DIN EN ISO 14689-1) and the cores shall be stored in robust and permanently
labelled core boxes in accordance with the provisions of DIN 4021. Where
samples have been taken for further investigation, the appropriate lengths shall
be marked, for example by placing labelled distance pieces.

(4) Zones of lesser quality, washing out, honeycomb formation, severe segre-
gation, inclusions of foreign matter or core loss shall de delineated and as-
sessed in terms of their probable distribution across the pile cross-section.

Note: In such cases complementary investigations can be useful, e.g. dynamic
or ultrasonic integrity tests.

12.4.4 Concrete strength and durability

(1) The specimens shall be taken from core pieces characteristic of the pile
concrete and the integrity of the pile.

(2) Preparation, storage and investigation of compressive strength follow the
provisions of DIN 1048-2: Testing concrete; testing of hardened concrete
(specimens taken in situ).

(3) In further analysis regarding the internal pile capacity the partial factor yy
may be reduced, if appropriate.
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Note: The reduction should be performed by a concrete engineering expert.

(4) For the assessment of the durability and the corrosion protection of the
reinforcement the location and extent of any suspected zone of lesser quality,
the exposure class and the depth below the groundwater table must be taken
into consideration.

12.4.5 Downhole tests

(1) Ultrasonic single hole testing can help to delineate the size of zones of
recognised, lesser concrete quality or inclusions.

(2) Camera surveys or impression packer tests can be useful for assessment if
cores do not provide reliable information on the continuity of the concrete
column, zones with honeycomb formations or the quality of the concrete/
ground interface at the pile base.

12,5 Other Specific Testing Methods

12.5.1 Introduction

(1) The testing methods described below do not form part of the usual scope
of testing for quality control of piles, but can be used for special purposes.

12.5.2 Radiometric pile tests

(1) Radiometric pile testing utilises a y-y (gamma-gamma) backscatter log
with an active source to determine the density around bore holes or access
tubes embedded in the pile. It is used on bored piles.

(2) Foreign matter inclusions in the concrete around the probe can be detected
reductions in density. The measuring range is a few centimetres only (approx.
10 cm max.).

(3) Radiometric pile testing, in contrast, e.g. to the ultrasonic method (12.3),
can encompasses areas outside of the reinforcement cage.

(4) Because of the use of a radioactive source and the associated equipment
and health and safety requirements and certifications, the method is only used
in a few countries and even then not universally. No applications are known to
date in Germany.

12.5.3 Multi-channel low strain testing

(1) The multi-channel low strain test (also referred to as “ultraseismic”) is a
variant of the dynamic pile testing method described in 12.2 using several
sensors installed above each other near the head of the pile shaft.
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(2) By analysing the pulse transit time to the various sensors, the wave veloc-
ity in the pile can be determined, allowing e.g. the length measurements to be
calibrated.

(3) Where piles are parts of buildings or structures, signals from the super-
structure (above the impact point) can be differentiated from pile reflections,
based on the inverse arrival sequence at the sensors.

(4) The method requires access to the pile shaft along a length corresponding
to at least half of the wavelength of the applied pulse (guide value: 2 m).

(5) Measurement and analysis effort is greater than for the dynamic integrity
testing described in 12.2 using the low strain method.

12.5.4 Parallel seismic method

(1) The parallel seismic method is based on applying a pulse by a hammer
blow to the pile head and recording the wave transit times to sensors (geo-
phones or hydrophones) in a borehole parallel to the pile.

(2) The method allows the determination of length of all types and can also be
used on pile walls, diaphragm walls and sheet pile walls, as well as foundation
elements below existing structures.

(3) To facilitate analysis the measured transit times (first arrivals) are drawn in
a graph against sensor depth. The location of the base of the pile is conven-
tionally determined by the location of the break point in the transit time graph,
which can lead to a considerable overestimation of the pile length, depending
on the pile/borehole spacing. Accordingly, correction values or, better, model-
based adaptations of the transit time graph are necessary, in which the wave
velocities in the pile and the ground are incorporated. The method does not
require calibration.

(4) Ground stratification, changes in pile cross-section or pile/borehole incli-
nation all influence the result.

(5) The pile/borehole spacing should be 1 m maximum. When using model-
based analyses, 2 m to 3 m are also possible.

(6) The borehole must be several metres longer than the anticipated pile
length. The greater the pile/borehole spacing and the smaller the pile/ground
wave velocity contrast, the greater is the required extra depth (guide value: 3 m
to 5 m). The borehole casing must have a good bond to the ground. In satu-
rated, unconsolidated materials backfilling the annulus with free-flowing mate-
rial is sufficient (e.g. filter gravel). In dry, stable materials, grouting can be
necessary. The casing material should be PE or PVC.

(7) Studying the entire wave information in the seismogram (visualisation of
all sensor signals on top of each other) can provide additional information.

(8) The monitoring installation can be readily adopted for seismic downhole
measurement for ground investigation.
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12.5.5 Induction and mise-a-la-masse methods

(1) The induction and mise-a-la-masse methods are based on the introduction
of an alternating or direct current into the reinforcement of a bored pile (steel
pile, sheet pile) and detection of the resulting electromagnetic or electrical
field by a sensor in a parallel borehole.

(2) Analysis is performed by drawing the strength of the sensor signal over the
sensor depth. The signal strength falls off rapidly below the bottom end of the
reinforcement.

(3) The method is only suitable for reinforced piles (with access to the rein-
forcement!) or steel piles/sheet piles. The length of the reinforcement in par-
tially reinforced bored piles can be determined using this method.

(4) The pile to borehole spacing should not exceed 0,5 m. The borehole casing
must be either PE or PVC. A galvanic contact to the surrounding soil is re-
quired for the mise-a-la-masse method, e.g. a slotted casing.

(5) Ground stratification, groundwater and nearby metal objects influence the
signal.

12.5.6 Other borehole-based methods

(1) Other methods that can be used in boreholes sunk adjacent to the pile are
available for special purposes.

(2) All of these methods require a non-metallic casing and a maximum dis-
tance from the pile of less than 0,5 m.

(3) The length of steel piles and sheet piles (and sometimes the reinforcement
of concrete piles) can be determined using magnetic field probes or active
electromagnetic conductivity probes, even without access to the pile.

(4) In principle, the shape and length of piles can also be determined using
downhole radar. However, the method does not work in cohesive soils.
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13 Bearing Capacity and Analyses of Piles
under Cyclic, Dynamic and Impact Actions

13.1 Introduction

(1) Guidance on classifying pile foundations subjected to cyclic, dynamic and
impact actions in accordance with the EC 7-1 Handbook [44] is provided in
4.1 and 5.9.

(2) The “substantial” actions on piles discussed in this Section 13, refer to
cyclic, dynamic and impact actions in the sense of 13.2 and the EC 7-1 Hand-
book [44], A 2.4.2.1, A(8b).

(3) In the context of pile foundations, those actions are considered as substan-
tial and are to be dealt with after this section, which influence the pile per-
formance as a result of decrease of shear strength, deformation or porewater
accumulation.

(4) Piles subjected to substantial cyclic, dynamic and impact actions in the
sense of the EC 7-1 Handbook [44], A 2.4.2.1, A(8b) are to be classified as
Geotechnical Category 3.

(5) If piles are subjected to substantial cyclic, dynamic and impact actions,
depending on the boundary conditions heavily modified pile behaviour com-
pared to static or “common” variable actions resulting from ‘“quasi-static”
loads in the sense of the EC 7-1 Handbook [44], A 2.4.2.1, A(8a) is to be ex-
pected. The EC 7-1 Handbook [44] requires that this behaviour be taken into
consideration in the analysis and design of pile foundations.

(6) To date, knowledge about the load-bearing behaviour of piles subject to
dynamic or impact actions is still limited, in particular concerning cyclic ac-
tions. Specific literature comprises more or less well documented results of
model tests and pile load tests, with cyclic actions up to around 10° load cy-
cles. An overview of the literature can be found e.g. in [98], [59], [19], [74],
[141] and [142]. The results of axial, cyclic load tests are often visualised in
interaction diagrams, which enable to identify failure situations.

(7) In practice, it is virtually impossible to meet the EC 7-1 Handbook [44]
requirement of pile load tests for modelling realistic loading situations, in
particular regarding the number of load cycles. However, even a small number
of load cycles in a pile load test can provide valuable information on the dif-
ferent pile behaviour compared to a static load, see e.g. [53]. On the other
hand, [135] reports that during axial alternating load testing of micropiles in
non-cohesive soils, after completion of a few thousand cycles, the pile’s dis-
placement behaviour deteriorated disproportionately after only a few addi-
tional cycles.
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13.2 Cyclic, Dynamic and Impact Actions

13.2.1 Action and loading types
(1) The actions and effects on piles are in general dealt with in 4.1.
(2) For variable actions the pile loads:

— Fqrp  asrepresentative, axial actions;
Horp  as representative actions lateral to the pile axis;
— Mgqrp as moments resulting from representative actions;

shall, in accordance with the EC 7-1 Handbook [44], A 2.4.2.1, A(8Db), 4.1 (1)
and 4.2 (4),be supplemented by the “substantial” actions from:

— cyclic loads;
— dynamic loads and;
— 1impact loads;

€.8. Frepeyer FQurep.dyn OF Fo rep,imp» abbreviated to Feye, Fayn and Fiy,, . Figure 13.1
schematically demonstrates pile deflection behaviour.

(3) A clear demarcation between the terms cyclic, dynamic and impact is
difficult, because of the smooth transitions. Figure 13.2 shows examples and
categories of typical cyclic, dynamic and impact actions.

In the context of pile foundations the following definitions should be used:

— Cyclic actions: refers to repeated actions on the pile, where inertial forces
of the pile-soil system do not need to be taken into consideration, also see
13.2.2.

— Dynamic actions: refers to repeated actions on the pile, where inertial
forces of the pile-soil system need to be taken into consideration, also see
13.2.3.

]
~~_ T
[ e—>

Figure 13.1 General deflection behaviour of piles subjected to cyclic, dynamic and
impact actions
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Figure 13.2 Examples of cyclic, dynamic and impact actions on pile foundations

Note: Pile foundations subjected to seismic actions are not dealt with in
these Recommendations.

— Impact actions: refers to unique actions acting on the piles over a short
period only. It can be necessary to take the inertial forces of the pile-soil
system into consideration, also see 13.2.4.

Further definitions and relationships relating to cyclic, dynamic and impact
actions on pile foundations are given in the following sections.

13.2.2 Actions from cyclic loads

(1) With regard to cyclic loads, the mean load component F .., or Hy,,, and
the cyclic load component F . or H,,. are differentiated, see Figures 13.3 and
13.4. The cyclic load component is also referred to as the load range. Half of
the load range F(,. or Hy. defines the load amplitude.
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Figure 13.3 Load and action situations for cyclically loaded piles under cyclic loads;
example showing harmonic load cycles, after [142]

Note: It is pointed out that Feye, Heye, Féye, Héyes Fineans Fimean and Fray as shown
in Figures 13.3 and 13.4 represent characteristic or representative
actions.

(2) The load range for cyclic loading is the change between the smallest (F i,
or Hy,,) and highest (F. or Hy,y) absolute load. For an alternating load the
load range is the change between the largest tensile load and the largest com-
pressive load. For cyclically loaded piles loaded perpendicular to the pile axis,
Figures 13.3 and 13.4 apply accordingly.

(3) In cyclically, axially loaded piles, the mean load level X, .., gives the ratio
of the mean load component relative to the compressive or tensile resistance of
the pile in the ultimate limit state under permanent actions imposed by cyclic
loadingPiles loaded perpendicular to the pile axis are dealt with in (5) below.
The cyclic load level X, gives the ratio of the cyclic load amplitude relative
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Figure 13.4 Load and action situations for cyclically loaded piles under alternating loads;
example showing harmonic load cycles, after [142]

to the compressive or tensile resistance of the pile in the ultimate limit state
under permanent actions.

X /R, or X =H__ /R

mean mean mean mean ult

(13.1)

chc = Fc;c /Rult or chc = H(:yc /Rult (132)
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(4) The reference variable Ry = R, adopted in Equations (13.1) and (13.2) as
the pile resistance in the ultimate limit state or at failure under static actions
depends on the method adopted to determine the reference variable (static or
dynamic pile load tests or empirical data). This follows the provision in the
EC 7-1 handbook [44] for the use of different correlation and model factors,
and partial factors for determining Ry For use of Equations (13.1) and (13.2),
comparable reference variable R are necessary. Ry shall in approximation be
adopted as Ry = Ricmymean OF Rur = Rt mymean When the pile resistances are de-
termined from pile load tests and as Ry = Rk or Ry = Ryx when they are de-
termined from empirical data, e.g. after 5.4.

(5) For flexible, long piles, loaded cyclically and perpendicular to the axis
after EC 7-1 Handbook [44], 7.7.1 A(3a), it is still difficult to present data on
the pile's resistances in the ultimate limit state and they would not be without
ambiguity, also see 5.8. At present, equations (13.1) and (13.2) therefore only
apply to piles subjected to cyclic axial loads and to short piles, cyclically
loaded perpendicular to the pile axis.

(6) The pile load and action situations shown in Figures 13.3 and 13.4 aim to
define the principal terms and represent the ideal case in terms of a harmonic,
cyclic pile load. In practice however various cyclic load situations can act on
piles, for example differing heights and sequences for wave loads. In addition,
interruptions in the cyclic actions on a pile foundation are conceivable. It is
therefore possible, to an extent, that cyclic pile loads can be transient actions,
also see 13.2.3 (4) and (5).

(7) If different load ranges need to be taken into consideration, it may be as-
sumed in approximation that the accumulated pile displacement is independent
of the load sequence. A cyclic equivalent load, consisting of an equivalent
effect (Fimean, Feyc)eq and a corresponding equivalent number of load cycles Ngg,
may be derived. See 13.4 for details of possible procedures for calculating
equivalent load cycle numbers.

13.2.3 Actions from dynamic loads

(1) Dynamic loads can be harmonic, periodic or transient functions of time.
As such, they are deterministic, i.e. unique in physical terms.

(2) Stochastic actions on pile foundations are characterised by random fluctua-
tions with time. They can often be related to equivalent deterministic actions.

(3) Harmonic loads as shown in Figure 13.5 can be described by Eq. (13.3).
— tO

F(t)=F, -cos (2-m- 0. (13.3)

where:
T  duration of the period,;

F. amplitude.
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Figure 13.5 Harmonic load

(4) Periodic loading can be described as a Fourier series progression, i.e. as
the sum of harmonic loads of different frequencies. In practice, it is often suf-
ficient to adopt a few terms of the series. Examples of periodic loads include
mass forces imposed by machines or water pressure imposed by waves.

(5) Transient loads are non-periodic processes of limited duration, e.g. live
traffic loads. Using Fast Fourier Transformation (FFT), these can also be con-
verted to the frequency domain.

(6) Whether the load on the piles is cyclic or dynamic and inertial forces are
negligible for approximation or must be taken into consideration, can be as-
sessed e.g. using Eq. (13.4). Inertial effects may be ignored if the inertia term
in Eq. (13.4) is less than 10% of the elastic or elasto-plastic stiffness of a pile
foundation found using Eq. (13.4).

M- <0,1-K. (13.4)
ow=2-n/T. (13.5)
where:

o angular frequency of the dynamic load,;
M effective mass of the pile foundation in t;
K linear-elastic stiffness or secant stiffness of the pile foundation in kN/m.

For single piles, the pile mass over the elastic length can be adopted as the
effective mass. In pile groups the mass of the ground influenced by the piles
must be taken into consideration.

13.2.4 Actions from impact loads

(1) Impact loads refer to short-duration actions on piles, see Figure 13.6. The
action duration can be anywhere from milliseconds to a few seconds. Respec-
tive actions can be e.g. braking loads (brake jolting), collision and explosion
loads, etc., also see DIN EN 1991-1-7.

(2) The actions on the piles can be given as an impact load function with the
maximum value Fgg, or Fiyp.
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Figure 13.6 Examples of impact loads on piles; a) as result of braking loads on piled
railway bridge piers, b) load-time profile for ship impact for a plastic ship response (based
on DIN EN 1991-1-7)

13.3 Supplementary Geotechnical Investigations

(1) See EC 7-2 Handbook [45] and 3.2 for guidance on the fundamental re-
quirements of geotechnical investigations on pile foundations.

(2) The objectives of the supplementary geotechnical investigations is the
determination of the soil behaviour resulting from cyclic and dynamic loads
and the selection of suitable investigation methods capable of suitably model-
ling the variable effects, as well as to derive characteristic soil parameters.

(3) The type and extent of the supplementary investigations, the required
sample quality and the soil parameters to be derived shall be specified in each
individual case by the geotechnical expert, taking into consideration the effects
on the pile foundation and the proposed analysis model.

(4) When planning the supplementary investigations and selecting suitable
investigation methods, the anticipated load amplitudes, the mean and cyclic
load levels, the load direction, the number of cycles and the analysis methods
after 13.7 shall be considered. If insufficient information is available at the
time of the investigation, at least a sufficient number of special samples shall
be retained from the relevant soil types for the purpose of subsequent supple-
mentary laboratory testing.

(5) Common investigation methods for soils subjected to cyclic, dynamic or
impact loads, separated into field and laboratory tests, are summarised in Ta-
ble 13.1, together with guidance on the soil behaviour that can be determined
with the respective methods. In cases where normative regulations exist for
corresponding static laboratory tests, these regulations can also be transferred
to the respective cyclic tests.
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Table 13.1 Investigation methods for soils subjected to cyclic, dynamic and impact
effects

Test suitability: Investigated parameter
++ very good + good o limited
— unsuitable

Investigation methods

Porewater pressure
development
Increase/decrease
of shear strength
Volume change
Minor distortions
Material damping
Wave
velocities

Laboratory testing
Cyclic triaxial test (undrained) ++

+

]

o
|

+

++

o
(e}
|

Cyclic triaxial test (drained) -

Cyclic simple shear test ++ + — o o _
(constant volume)

Cyclic simple shear test - + ++ o) o] -
(drained)

Cyclic box shear test (drained) - + + o o] -

Cyclic box shear test (drained) under - + + o - -
CNS (constant normal stiffness)
conditions

Cyclic uniaxial compression test with - o + - o] -
lateral constraint (oedometer test)

Cyclic torsion test (undrained) +
Cyclic torsion test (drained) -

+ |+ |+
I

Resonant column test - ++ ++ ++

Bender (piezo) element test, - - - + - ++
tension-compression (piezo)
element test

Field investigations

Shallow geophysics - - - + - +
(reflection/refraction seismics,
harmonic resonator)

Downhole geophysics - - - + - +
(cross-hole, down/up-hole)

Seismic piezocone (SCPTU) + - - + - +

Cyclic dilatometer test - + - - o -

(6) An overview of general soil behaviour under cyclic and dynamic loads, as
well as explanations of the investigation methods given in Table 13.1 can be
found e.g. in [150], [140] and [126]. The DGGT’s Recommendations of the
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Ground Dynamics Committee [18] contain empirical data and correlations for
dynamic soil parameters.

13.4 Bearing Behaviour and Resistances under Cyclic Loads

13.4.1 Introduction

(1) “Substantial” cyclic pile loads in accordance with 4.1 (1) and 13.1 (2) can
lead to completely altered pile performance. It should be noted that for soils,
contrary to other materials, few major actions are more relevant than numerous
minor actions. The loading sequence may be ignored, in approximation, if
there is sufficient distance to the ultimate limit state and porewater pressure
developments are irrelevant.

(2) The different performance of cyclically loaded piles is characterised by the
increase (accumulation) of plastic axial displacements s.,(N) or horizontal
displacements y.,.(N) of the pile with the number of load cycles N and by the
different the post-cyclic pile resistance R,(N). The influences of these two
phenomena are relevant for the stability analyses after 13.7 and 13.8.

(3) The magnitude of the plastic displacements and any change of the pile
behaviour after N numbers of load cycles depend on the load parameters, soil
parameters and pile characteristics. Guidance on the general cyclic pile behav-
iour and on determining characteristic pile bearing capacity are given in 13.4.2
and 13.4.3, for the two principle load directions.

13.4.2 Axial loads

(1) A summarising evaluation of the the numerous cyclic axial pile tests
documented in the literature has shown that the pile capacity can be greatly
altered by cyclic loading, if the cyclic load range F., after EC 7-1 Hand-
book [44], A 2.4.2.1, A(8D) is greater than 20% or the cyclic load amplitude
Fiy. is greater than 10% of the characteristic static pile resistance Ry in the
ultimate limit state or the failure state. See 13.2.2 (4) for details of adopting
Rult-

Note: Previously, a somewhat more conservative boundary was considered
relevant, e.g. in DIN 1054:2005-01 or [59].

(2) If these boundary conditions are prevalent, after EC 7-1 Handbook [44]
cyclic loading must be taken into consideration in the ultimate and serviceabil-
ity limit state pile analyses, also see 13.7.

(3) The pile performance under “substantial” cyclic load components, when
comparing with the pile performance under static loads or loads treated as
“quasi-static” (curve 1 in Figure 13.7a), is generally characterised by in-
creased deflections s.,(N) in the serviceability limit state, and by decreased
(curve 2) or, where applicable, increased (curve 3) compressive or tensile
resistances of the pile in the ultimate limit state R, (N).
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Figure 13.7 a) Examples of resistance-settlement curves without cyclic loading (1) and
after cyclic loading (post-cyclic loading) (2) and (3); b) determining AR,

(4) If an increase in the post-cyclic pile behaviour resulting from cyclic ac-
tions is identified or forecast (see curve 3 of Figure 13.7), pile performance
corresponding curve 1 shall conservatively be adopted for analysis of the pile
foundation in the ultimate limit state after 13.7.1.

(5) If post-cyclic pile behaviour is identified or forecast similar to curve 2 of
Figure 13.7a and Figure 13.7b, the respective altered behaviour (AR, = cyclic
capacity reduction) can be considered to be predominantly the result of a re-
duction in shaft resistance. It can generally be assumed that the pile base resis-
tance is not changed by cyclic loading.

(6) Determination of the reduction in capacity as a result of cyclic loading and
verification of the 20% criterion for the load range or the 10% criterion for the
load amplitude after (1) may be limited to the shaft resistance component,
unless a reduction in the pile base resistance was determined by means of
suitably instrumented cyclic pile load tests.

(7) When comparing the resistance-settlement curves of statically loaded piles
to post-cyclic loaded piles, it is generally anticipated that the limit settlement s,
is different for the two load types, see Figure 13.7b. If no other criteria are
relevant, the limit settlement of cyclically loaded piles can be assessed as

Sg = Sur(N) < 0,1D + sy (13.6)

(8) Piles under symmetrical or asymmetrical alternating cyclic loads with a
low mean load level normally display smaller plastic displacements in the first
load cycles than piles subjected to cyclic (“swelling”) loads at similar cyclic
load levels. In these cases extrapolating the displacements is not permissible,
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because a disproportionate increase in plastic displacements at higher cycle
numbers can occur, in conjunction with pile failure. Piles subjected to alternat-
ing loads normally display lower post-cyclic pile capacities. Depending on the
number of load cycles and the cyclic load range, and on the drainage condi-
tions, porewater pressure can accumulate, which, in extreme cases, can lead to
a reduction in effective stresses, resulting in liquefaction of the ground.

(9) Cyclic actions can lead to changes of the density of the soil and to re-
arrangement of the soil’s grains in the vicinity of the pile, especially in non-
cohesive soils, which influence the pile performance [60]. In non-cohesive
soils normally more unfavourable cyclic pile behaviour than in overconsoli-
dated, cohesive or mixed-grained soils should be anticipated ([4] and [143]).

(10) Given the current state of knowledge, the analysis methods available for
describing pile performance under cyclic actions after (1) require that a single-
stage load spectrum is specified from Fiyeoq OF Feyeeqr Frmeaneq @and Neg that is
equivalent to the true effect, see Figure 13.8 and 13.2.2 (6). A possible method
is described in Annex D4.1.1 and a corresponding example given in An-
nex D4.2.1.

h F::yc.l; Finean,1
|1| 'l |r| W cye, 21 Fmeall,z
-'E || rl | || ‘ E ‘ ‘ ||| || F::yc‘ﬂ; Fmean.:i
- ||'|| || || " | ﬁ 4 HHH\”““W lpl—lll 7 | .Cy'c“ Frnean,s
l';'lnlﬂ ” || Il| || || h“”ll'llﬂ ﬁ'“ ‘Il IIIIIn : “| | ||I“ II IIllllllhliui||!|||I”||||III I'n'1'|||rl''“',;'“h]'l“'lI '”'.,'I &
i I cvel (1] Cycle
FI_ n":.rl:::uers L P numbers
- N, N, N; N,
‘ r “ “ ’ “ F‘cyc.eq
b=}
E | || : Fmean‘eq
NI,
1Ll cyal
—N’eq— numbers

Figure 13.8 Example for deriving an equivalent single-stage load spectrum from the true
effect history on the piles

(11) The characteristic displacement behaviour of the pile after N load cycles
in the serviceability limit state (SLS) should be derived from cyclic pile load
tests. If this is not possible, or not possible to a sufficient extent, also see 13.1
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(7), the plastic displacements s.,.(N) may be assessed based on analysis mod-
els calibrated against tests.

(12) The change in the characteristic compressive or tensile resistance of the
pile in the ultimate limit state (ULS) after N load cycles R, (N) should be
derived from post-cyclic, static pile load tests. This refers to load tests in which
the test is brought to the ultimate limit state under a static load, immediately
after the requisite number of load cycles was applied. If this is not possible,
analogous to (11), analysis models calibrated against tests may also be adopted
for the pile resistance Ry (N). The characteristic pile resistance R, (N) may be
determined independent of settlement, i.e. sy # su(N), see Figure 13.7b.

(13) A selection of analysis models used to describe pile behaviour after (11)
and (12) is provided in Annex D2, along with analysis examples.

(14) The resistance of the pile under alternating loads must be taken into con-
sideration for both directions, because R yi(N) # Ry uie(N).

13.4.3 Lateral loads

(1) Pile bearing behaviour under “substantial” cyclic load components lateral
to the pile axis after the EC 7-1 Handbook [44] is, compared to “usual” vari-
able or “quasi-static” actions, normally characterised by a change in the soil
properties or the subgrade reaction. In analogy to axially loaded piles, this
leads to the accumulation of pile deflections with load cycles, see Figure 13.9.
In addition, a reduction in pile capacity can occur, e.g. if excess porewater
pressures are generated by cyclic effects.

Rult

Resistance R

'YG+Qyrep Yges
Lateral deformation y

| .
L

Figure 13.9 Resistance-deflection curves for static lateral loads with and without cyclic
preloading
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(2) In laterally loaded piles, cyclic loads generally lead to larger accumulated
deformations than symmetrical alternating loads, assuming a similar load level.

Note: According to investigations documented in [74], an asymmetrical
alternating load can generate considerably larger cyclic deformations
than a cyclic load. After [20] considerably increased deformations can
result from a minor change in the load direction.

(3) A number of the analysis methods available for describing pile behaviour
under cyclic lateral loads require that a single-stage load spectrum is speci-
fied equivalent to the true effect history Heyeeq(Neg), analogous to Figure 13.8
and 13.2.2 (7). One possible method is described in Annex D4 together with an
analysis example.

(4) The characteristic deflection behaviour of the pile after N load cycles
should be derived from cyclic pile load tests. If this is not possible, or not
possible to a sufficient extent, also see 13.1 (7), a numerical estimate of pile
deflections can be made for cyclic loads using analysis methods allowing a
forecast of deflections based on cyclic laboratory tests. Empirical approaches
can also be adopted for the estimate, if similar boundary conditions apply for
the tests on which the approaches are based, i.e. pile properties, pile installa-
tion, soil and loading parameters.

(5) A numerical estimate of the bearing behaviour of cyclically, laterally
loaded piles can be based on p-y curves, for example, see e.g. [75]. The shape
of the p-y curves and the magnitude of the limit value of the acceptable sub-
grade stress shall be determined as function of depth and stress and in depend-
ence of the cyclic effect and the porewater pressure accumulation in the
ground. These values shall be determined by adopting the results of cyclic
element tests or shall be based on well-established empirical data acquired
under comparable conditions. The characteristic p-y curves adopted to ana-
lyse cyclically, laterally loaded piles must be confirmed by the geotechnical
expert.

(6) Guidance and approaches for reducing the subgrade stresses and passive
earth pressures resulting from cyclic loads can e.g. be found in DIN EN
ISO 19902, [2] and [19].

(7) A selection of analysis models used to describe pile bearing behaviour
under cyclic, lateral loads can be found in Annex D3, along with calculation
examples.

(8) Numerical methods may be employed for more reliable analyses if system
behaviour under cyclic loads is realistically described. These analysis models
should also be calibrated against comparable pile load tests.

(9) For an initial estimate of the pile length under cyclic loads the embedment
depth of a flexible pile can also be assessed by studying the pile deflection
curve. Stable pile behaviour under cyclic loads may be assumed if the dis-
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placement of the pile base remains small and the pile deflection curve is only
slightly influenced by a calculative increase in the pile length.

(10) Not withstanding (9), more accurate investigations of the magnitude of
the anticipated deformations shall be performed and the influences on the
action effects under cyclic loads be considered.

(11) For short, practically rigid piles in noise abatement walls along railway
lines, an indirect serviceability analysis derived from test results is described in
[119]. It bases on an analysis of increased global factors or reduced utilisation
factors.

13.5 Bearing Behaviour and Resistances under Dynamic Loads

(1) A dynamic pile load in accordance with 13.2.3 can lead to heavily changed
pile bearing behaviour, also see 13.1 (5).

(2) Inertial and damping forces become effective in the pile resistance under
dynamic loads. The resistance can either increase or reduce. This effect is
particularly pronounced in pile groups. It is caused by the dynamic pile-soil-
pile interaction between the piles and the enclosed soil mass, and by the influ-
ence of wave interferences in the ground.

(3) Guidance on the vibration behaviour and analysis methods of single piles
and pile groups can be taken from [18] and [152].

(4) The soil parameters governing the analysis (stiffness modulus, shear
modulus, material damping) depend on the magnitude of the dynamic shear
strains. They are normally small compared to the static strains. The soil stiff-
nesses adopted for dynamic analysis are therefore generally considerably lar-
ger than the static soil stiffnesses. In contrast, a fundamental differentiation
between static and dynamic parameters, often encountered in more dated lit-
erature, is not expedient.

(5) In saturated, non-cohesive soils, an increase in porewater pressure caused
by the dynamic action can lead to a decrease in the ground resistance up to
failure due to soil liquefaction.

(6) Basically, the same considerations apply with regard to bearing behaviour
as for a cyclic load. If the dynamic load range is large enough that shear effects
are produced in the ground which result in structural modifications in the soil
matrix, an accumulation of plastic displacements and a decrease in the charac-
teristic compressive or tensile pile resistance Ry must be anticipated. Guid-
ance on the limit values of shear effects (shear strains) can e.g. be taken from
[151].
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13.6 Bearing Behaviour and Resistances under Impact Loads

13.6.1 Introduction

(1) An impact pile load as described in 13.2.4 can lead to heavily modified
pile performance, also see 13.1 (5).

(2) Inertial and damping forces become effective in the pile resistance under
impact loads. In general terms, the resistance is increased compared to a static
pile load.

(3) Normally a direct dynamic analysis of the entire structure consisting of
foundation and superstructure is necessary. In certain cases also a quasi-static
investigation of the pile foundation can be performed, in which a static equiva-
lent load is determined by means of a dynamic load factor or a static equiva-
lent force to DIN EN 1991-1-7 (or @4y, to DIN 1055-9 and technical reports).

(4) Under impact loads a pile foundation can behave both elasto-dynamically
and plastically, whereby one of the two components often dominates depend-
ing on the intensity and direction of action of the load.

(5) At low intensity no significant plastic displacements are anticipated (e.g.
machine foundations with operational impact loads). The pile foundation can
be regarded as being under a high-frequency dynamic load, see 13.5. The elas-
tic soil parameters can be adopted in the same way, as function of the shear
strain.

(6) At high intensities, on the other hand, significant plastic displacements are
anticipated (e.g. vehicle collisions). Here, the strength of the ground is the
decisive factor for the magnitude of the plastic displacements.

(7) The elastic soil parameters and the material damping governing a dynamic
analysis depend on the magnitude of the dynamic shear strains. A fundamental
differentiation between static and dynamic parameters, often encountered in
more dated literature, is not expedient.

(8) In the case of saturated soils the porewater causes radiation damping,
which in turn causes an effective increase in stiffness for short-term loads.

13.6.2 Axial loads

(1) For axially loaded piles under impact loads, until further notice analogous
procedures as for laterally loaded piles may be adopted, see 13.6.3.

13.6.3 Lateral loads

(1) Previously it was common practice and permissible for bored piles to
DIN 4014:1990-03 when subject to horizontal impact actions from collision
loads, not to carry out further analyses but to increase the horizontal subgrade
moduli by up to a factor of 3. Recent investigations [73] have shown that under
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impact loads in dry, poorly-graded sand actions resulting from mass inertia
forces and effects of soil structure redistributions can occur leading to softer
pile behaviour, in particular in the pile head region.

(2) Under certain boundary conditions and impact loads the ground around the
pile reacts stiffer than under static effects, although this can be compensated
for by the increased loads imposed by the inertial forces and by soil structure
redistributions.

(3) In saturated soils the porewater causes soil damping and a numerical in-
crease in stiffness for loads of short durations.

(4) Taking these effects into consideration and in cases where static equivalent
loads after 13.6.1 (3) are adopted, the same subgrade reaction modulus may, in
simplification, be adopted for impact actions in dry and naturally moist soils as
for static actions. In saturated soils, in simplification three times the static
subgrade reaction modulus may be adopted. This approach is allowed only, if
the impact duration is short or the interval between multiple impacts is suffi-
cient to allow excess porewater pressures to dissipate.

(5) At high load intensities and therefore significant plastic effects, the maxi-
mum deformations and pile foundation action effects should be determined in
a more precise non-linear, dynamic analysis, not least for reasons of economy.
E.g. Sliding bodies can be adopted and their inertial forces taken into consid-
eration.

13.7  Stability Analyses of Cyclic, Axially Loaded Piles

13.7.1 Analysis of the bearing capacity of an isolated pile

(1) The procedure for analysing the “external” capacity (load transfer to the
ground) of a cyclically, axially loaded, single pile for the governing design
situations in the ultimate limit state based on 6.2.1 (1), is as follows:

a) The characteristic, axial actions Fy at the pile head are determined as
foundation loads imposed by the superstructure on the proposed system.
The system consists of the selected pile type and dimensions, the pile head
and superstructure and, where applicable, any geotechnical actions (e.g.
negative skin friction), distinguishing between permanent and variable
actions.

b) Taking cyclic axial actions Fiy. into consideration, the design values of the
actions are given by the characteristic actions on the piles using:

F, =F

max,d

=Fo. Yo T Fyp Yo +AEL Y, (13.7)

cyc
where:

A valued at 0, 1 or 2, such that the largest absolute action in accordance
with Figures 13.3 and 13.4 results
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and using the corresponding partial factors ys and yq in accordance with
EC 7-1 Handbook [44] or Annex A2. In approximation, it is assumed that
load situations 1 to 3 idealised in Figures 13.3 and 13.4 cause the same pile
bearing behaviour.

The design values of the pile resistances after (2) are given by the pile
resistances subjected to cyclic actions Ry and Ry, Reu(N) and Ry y(N)
determined after 13.4.2 2.

(2) When determining the design values of the pile resistances, taking the
cyclic actions into consideration, the proceeding is as follows, whereby it is
assumed that the static, dynamic or cyclic pile load tests are performed on-site
under comparable conditions, e.g. similar ground stratification, pile dimen-
sions, cyclic effects, etc.:

a)

b)

If cyclic pile load tests are performed:

Red(N) = R kN)/y, for compression pile resistance (13.8a)
and

R 4(N) = Rix(N)/ysy for tension pile resistance (13.8b)
where:

Rek(N) = Ru(N)/& = Rem(N)/&; (13.8¢)
and

Ri(N) = Rue(N)/G; = Rym(N)/E; (13.8d)

If comparable conditions for the cyclically loaded test piles and the struc-
tural piles as stated above are not prevalent or the cyclic pile load tests and
the working piles are on different sites, e.g. cyclic pile load tests onshore
and working piles offshore but in similar ground conditions, the cyclic pile
load tests may be used for site-related adjustment of the analysis method to
determine AR... Supplementary dynamic or static pile load tests are rec-
ommended, in addition to the cyclic tests on the test field.

If R it or Ry are determined from static or dynamic pile load tests:

Rc,d(N) = Rc,k/Yt ~Meye * AI{cyc (1 398.)
and

Rt,d(N) = Rt,k/Ys,t - T]cyc : AI{cyc (139b)
where:

Rex=Reu/&i = R/ (13.90)
and

Rix= Reu/&i = Rew/§; (13.94d)

where ARy is estimated with the aid of analysis methods, see e.g. An-
nex D.
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¢) IfR.y or Ry are derived from empirical data, e.g. after 5.4:

Rc,d(N) = Rc,k/Yt - ncyc : Alzc:yc (13103)
and

Rt,d(N) = Rt,k/Ys,t - ncyc : A];{cyc (139]3)
where ARy is estimated with the aid of analysis methods, see e.g. An-
nex D.

(3) The correlation factors & are determined in accordance with the EC 7-1
Handbook [44] and Annex A4. They shall be determined separately and de-
pending on the number of respective tests, i.e. for cyclic, static and dynamic
pile load tests. The same correlation factors as for static pile load tests may be
employed for cyclic pile load tests, see Annex A4.1. The provisions of 5.3 (9)
shall be observed when executing both static and dynamic pile load tests on
site. The partial factors y; or y,; are given by the EC 7-1 Handbook [44], Ta-
ble A2.3 or Annex A3.2. The partial factor for compression piles describes
both the base and the shaft resistance.

(4) If the analysis method to determine AR after Annex D is selected in
accordance with (2b)) and (2¢)) above was subjected to site-related adjustment
based on cyclic pile load tests in accordance with (2a)), a model factor 1, =1
may be adopted. This also applies if comparable cyclic pile load tests were
performed, where the comparability is confirmed by the geotechnical expert. A
model factor M, >1 shall be specified if approximation methods are used
which are not adjusted by cyclic pile loading tests, see e.g. Annex D2. When
adopting any method other than those given in Annex D2 the model factor

must be confirmed by the geotechnical designer or the geotechnical expert.

(5) Using the determined axial design actions and resistances, the limit state
condition Equation (13.11a) or (13.11b) must be fulfilled for each governing
action combination in accordance with the EC 7-1 Handbook [44] or 6.2 (2).

F.s €R(N) for compression pile resistances (13.11a)
F, <R (N) for tension pile resistances (13.11b)

For analysis, the maximum compressive force F.4 and the maximum tensile
force F 4 given by the load and action combinations in Figures 13.3 and 13.4
are the governing factors. If there is no harmonic load, the extreme values of
the effect profile F,,, and F,;, govern F.4 and F 4, see Figure 13.8. Hereby the
pile resistances R 4(N) and R;4(N) are derived regardless of this, taking an
equivalent single-stage load spectrum after 13.4.2 into consideration.

(6) If the limit state conditions are not fulfilled the pile dimensions must be
increased accordingly.

(7) Safety against structural failure (“internal” pile capacity) is analysed in
accordance with 6.3.3, taking 5.10 into consideration.
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(8) Annex D2.2 contains examples of analysis of the “external” capacity of
cyclically, axially loaded isolated piles.

13.7.2 Analysis of the serviceability of a single pile

(1) If an appropriate examination reveals that the deflections of the pile foun-
dation are relevant to the structure as a whole, an analysis of the serviceability
limit state (SLS) must be performed for the governing effect situations.

(2) Analysis may be performed using the allowable settlement allow. s or
heave allow. sy as provided by the structural designer, assuming characteristic
effects on the pile foundation in the serviceability limit state, as follows:

vorh.s, < zul.s, or vorh.s,, < zul s, (13.12)

and

vorh. s, =Sg,.qx T8 or vorh.s,; =5g; 0k TSeek (13.13)

cyc.k
where:

Sgsox  displacement from permanent and variable action;

Seyek displacement from cyclic action.

(3) Annex D2.2 contains examples of the serviceability analysis of cyclically,
axially loaded single piles.

13.8  Stability Analyses of Cyclical, Laterally Loaded Piles

13.8.1 Analysis of the bearing capacity of a single pile

(1) Limit values of the mobilisable passive earth pressure and the subgrade
reaction epp, v must first be defined to analyse the external capacity of a cy-
clically, laterally loaded pile. To what degree a reduction should be anticipated
compared to the limit values for static loads depends on the pile system and
geometry, soil type, load frequency and number of load cycles. See 13.4.3 (5)
and (6) for additional guidance.

(2) Otherwise, the bearing capacity of flexible piles can be analysed using the
cyclic passive earth pressure and adopting subgrade stiffnesses for cyclic
loads, as described in 6.3.2 (1) for static loads:

— Calculation of the characteristic normal stresses oy between the pile and
the soil, and the characteristic action effects. It shall be proved that the
characteristic normal stress o, does not exceed the limit value of the
mobilisable passive earth pressure ek cyc at any point:

Ohk < €phkcyc (13.14)
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Note: 1f a modulus of subgrade reaction method with non-linear p-y curves
(p-y method) is adopted, this condition is normally met automatically, if
the p-y curves include a strength limitation.

— Determine the characteristic support force By x to the depth of the pile pivot
point (displacement zero point) by integrating the characteristic normal
stresses over the pile skin area down to the pivot point.

— Analyse the external capacity (ground resistance):

Bh,d < Rult,d,cyc (13 15)

Where Ry qcyc is the design value of the mobilisable passive earth pressure
down to the pile pivot point, given by integrating the mobilisable passive
earth pressure stresses €pny oy divided by the partial factor yg . after EC 7-1
Handbook [44], Table A2.3, and Annex A3.2.

— Analyse the internal capacity by comparing the design values of the effects
(action effects) to the design values of the material resistance:

Eq <Ry (13.16)

(3) The bearing capacity of short, practically rigid piles can be analysed as
described in 6.3.2 (3) for static loads, adopting the cyclic limit values of the
passive earth pressure epp i cyc:

— The characteristic support forces and action effects are determined using an
estimated pile length and adopting the equilibrium conditions.

— The characteristic support forces By are converted to design forces by
multiplication with the partial factors and then compared to the design
values of the mobilisable passive earth pressures Ryjgcye as shown in
Eq. (13.15).

Analysis of internal capacity is performed by comparing the design values of
the effects (action effects) to the design values of the material resistance as
shown in Eq. (13.16), taking modified subgrade behaviour for cyclic actions
into consideration.

(4) Annex D3.2 contains an example for determining the subgrade degrada-
tion of cyclically, laterally loaded piles.

13.8.2 Analysis of the serviceability of a single pile

(1) If the deformations in the pile foundation under lateral loads are relevant
to the structure as a whole, it must be demonstrated that the horizontal deflec-
tions yy and rotations 0y of the pile after Equations (13.17) and (13.18), when
accumulating under cyclic loads during the design lifetime, remain smaller
than the project-specific established limit values.

exist. yy < allow. yy (13.17)
and
exist. By < allow. 6 (13.18)
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where exist. yi and exist. 6, represent the total horizontal deflections and rota-
tions resulting from the permanent, variable and cyclic actions.

(2) Analysis after (1) can be performed using either criteria based on experi-
ence or by numerical investigations, where necessary taking the results of
cyclic, cyclic laboratory tests into consideration. Also see 13.4.3 (4) to (8).

(3) For short, practically rigid piles, given the boundary conditions are taken
into consideration in principle investigations, an indirect serviceability limit
state analysis can be made. This analysis should prove that a project-specific,
reduced utilisation factor p is adhered to, also see 13.4.3 (11):

exist. i = By, ¢/Ryjtdepe STEQ. 1 (13.19)
where:
Big design value of the characteristic bearing force determined using the

equilibrium condition, see 13.8.1. (3), and
Ryitacye design value of the mobilisable passive earth pressure.

(4) Annex D3.2 contains examples for determining the accumulated deflection
of cyclically, laterally loaded piles.

13.9 Stability Analyses of Dynamic or Impact-loaded Piles

(1) No supplementary regulations are currently available for analysing the
stability of piles subjected to dynamic or impact loads. Piles loaded in this
manner are analysed in the context of the Eurocodes, taking national regula-
tions and literature references into consideration.
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Annex A
Terms, Partial Safety Factors
and Principles for Analysis

Al Definitions and notations
Notation Description Unit
Latin letters
A Pile cross-section m’
A, Nominal pile base area m’
a Pile centre distances in a pile group m
ap Length of the longest side of the pile base area m
a Pile width for square cross-section or
length of the shortest side of the pile base area m
Asj Nominal pile skin area in layer i m’
br Flange width of H-pile section mm—cm—m
By Horizontal ground reaction force kN - MN
c Wave propagation velocity m/s
C Attenuation coefficient (MN/m?)/(m/s)
¢’ Effective cohesion KkN/m?
Cy Pile base attenuation constant (MN/m?)/(m/s)
Cmax Maximum resistance in vane shear test kN/m?
Cp.i (spring) stiffness of pile i MN/m
Cs Pile skin attenuation constant (MN/m?)/(m/s)
Cy Shear strength of the undrained soil KN/m*
d Pile embedment depth in load-bearing ground m
D Pile diameter, general m
D Density of the non-cohesive soil -
D, External diameter of the auger for partial m
displacement bored piles
D, Pile base diameter m
Deq Equivalent pile diameter m
D; Diameter of the hollow stem of partial displace- m
ment bored piles
D; Pile shaft diameter m

Recommendations on Piling — EA Pfiihle.
Editors: German Geotechnical Society (Deutsche Gesellschaft fiir Geotechnik e.V.)
© 2014 Ernst & Sohn GmbH & Co. KG. Published 2014 by Ernst & Sohn GmbH & Co. KG.
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Notation Description Unit

E Young’s modulus MN/m*

€, Active earth pressure kN/m?

E Effect kN — MN

Eg Young’s modulus of a single pile MN/m*

Ecx Characteristic value of the effect of permanent kN — MN
actions

Eqx Characteristic value of the effect of variable kN - MN
actions

Eq.rep Representative value of the effect of variable kN — MN
actions

€p Passive earth pressure kN/m’

“oh Three-dimensional, horizontal passive earth kN/m?

pressure

E, Stiffness modulus MN/m?

E1 Flexural stiffness MNm?

F(t) Impact force at pile head as a function of time kN — MN

F, Impact force at time t, kN — MN

F, Impact force at time t, kN — MN

F.(t) Inertial force kN — MN

F Axial action on a pile kN - MN

H Action normal to the pile axis kN - MN

M Moment action kNm — MNm

Fg Vertical action on the whole pile group kN — MN

F, Action from negative skin friction kN - MN

g Gravitational acceleration m/s’

Gg Weight of the attached soil block kN - MN

Ggr Group factor in terms of pile resistance -

Gr; Resistance-related group factor (pile i in the group) —

G, Group factor in terms of pile settlements -

h Height of H-pile section M

H Horizontal load kN - MN

Hg Horizontal action on a group pile kN — MN

H; Horizontal action on a pile group kN — MN

I Moment of inertia m*

I, Consistency index -



Notation Description Unit

Ip Relative density -

I Moment of inertia in condition I (cross-section m*
uncracked)

I, Plasticity index -

Tw Effective moment of inertia in condition II m*
(cross-section cracked)

J. Attenuation coefficient -

Ko Coefficient of at-rest earth pressure -

K. Coefficient of active earth pressure -

K, Coefficient of passive earth pressure -

ks Creep

Ksx Characteristic modulus of subgrade reaction MN/m?

L Pile length m

1, The greater grid dimension m

Iy The smaller grid dimension m

Lg Elastic length

L Length of a diaphragm wall panel m

N Number of load cycles -

Nig Blow count per 10 cm penetration of the heavy —
dynamic penetration probe (DPH)

N3¢ Blow count per 30 cm penetration of the standard —
penetration probe (SPT)

ng Number of piles in a group -

pr Flow pressure kN/m

b Pile tip/base resistance KN/m* — MN/m?

Je CPT cone resistance MN/m?

Qs Pile skin friction kN/m* — MN/m?

JQu Unconfined compression strength MN/m?

R Bearing resistance of a single pile, general kN - MN

Ry Base resistance of a single pile kN — MN

R,, Bearing resistance of a compression pile in the kN - MN

R(ULS), ultimate limit state

Run

R.(SLS) Bearing resistance of a compression pile in the kN - MN

serviceability limit state
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Notation Description Unit
Remmean Compression pile resistance relative to the mean kN — MN
value acquired from a number of pile tests as a
measured or
tested value in the ultimate limit state
Remmin  Compression pile resistance relative to the kN — MN
smallest value acquired from a number of pile
tests as a measured or tested value in the ultimate
limit state
Rg Resistance of a single pile in contrast to a group kN — MN
pile
Res—0.1p Pile resistance of a single pile for a settlement kN — MN
ofs=0,1-D
Rg Overall resistance of a pile group kN — MN
RGa Group pile resistance (n" pile) kN - MN
Rimn Measured value or value acquired from testing kN — MN
of the resistance of the n™ pile
R Skin resistance of a single pile kN - MN
R, Bearing resistance of a tension pile in the kN — MN
R(ULS), ultimate limit state
1{ult
R(SLS) Bearing resistance of a tension pile in the kN - MN
serviceability limit state
Rimmen Tension pile resistance relative to the mean value kN —MN
acquired from a number of pile tests as a meas-
ured or tested value in the ultimate limit state
Rimmin  Tension pile resistance relative to the smallest kN — MN
value acquired from a number of pile tests as a
measured or tested value in the ultimate limit
state
Sg Limit settlement or settlement at failure mm — cm
Sult Settlement of pile in the ultimate limit state mm — cm
s(SLS)  Settlement of pile in the serviceability limit mm — cm
state
SE Settlement of a single pile mm — cm
SG Mean settlement of a pile group mm — cm
SpR Settlement of a (combined) piled raft foundation —mm —cm
SN Standard deviation -
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Notation Description Unit

Ssg Limit settlement for the settlement-related, mm — cm
characteristic pile skin friction

Ssg.z Limit heave mm — cm

Greek letters

OlpR Piled raft coefficient —

ol Pile head rotation

o, B Factors for specifying the value of the charac- —

teristic negative skin friction for non-cohesive
and cohesive soils

Y Partial safety factor for permanent actions —

Yo Partial safety factor for unfavourable, variable -
actions

Ye Partial safety factor for compression pile -
resistance

Vst Partial safety factor for tension pile resistance -

Y Unit weight of wet soil kN/m’

Yr Unit weight of saturated soil kN/m®

Y Buoyancy unit weight of soil kN/m’

1) Inclination angle of earth pressure °

€ Strain -

n Model factor -

n Utilisation factor -

p Density t/m’

Ch Horizontal stress in front of pile kN/m? — MN/m’

o Effective vertical stress kN/m?

Tok Characteristic negative skin friction kN/m?

o' Effective soil friction angle °

Py Friction angle of the undrained soil °

3 Pile test correlation factor

Indexes

k Characteristic values

d Design values

Further definitions and notations are provided in the EC 7-1 Handbook [44].
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A2 Partial safety factors y,” and y,” for actions and effects
from EC 7-1 Handbook [44], Table A 2.1

Action or effect Notation Design situation

DS-P | DS-T ‘ DS-A

HYD and UPL: Limit state of failure by hydraulic heave and buoyancy

Destabilising permanent actions” Yoast 1,05 1,05 1,00
Stabilising permanent actions Yost 0,95 0,95 0,95
Destabilising variable actions Yaast 1,50 1,30 1,00
Stabilising variable actions
Seepage force in favourable subsoil Yasw 0 0 0
Seepage force in unfavourable subsoil Y 1,35 1,30 1,20
Yu 1,80 1,60 1,35
EQU: Limit state of loss of static equilibrium
Unfavourable permanent actions Yot 1,10 1,05 1,00
Favourable permanent actions Yo 0,90 0,90 0,95
Unfavourable variable actions Ya 1,50 1,25 1,00

STR and GEO-2: Limit state of failure of the structure, structural elements
and the ground

Effects of permanent actions Yo 1,35 1,20 1,10
in general®

Effects of favourable permanent Yaint 1,00 1,00 1,00
actions”

Effects of permanent actions from Yoo 1,20 1,10 1,00
at-rest earth pressure

Effects of unfavourable Ya 1,50 1,30 1,10
variable actions

Effects of favourable Ya 0 0 0
variable actions

GEO-3: Limit state of failure by loss of overall stability

Permanent actions® Yo 1,00 1,00 1,00
Unfavourable variable actions Ya 1,30 1,20 1,00

SLS: Serviceability limit state

Ys = 1,00 for permanent actions or effects
Y, = 1,.00 for variable actions or effects

* Including permanent and variable water pressure

* Only in the special case dealt with in EC 7-1 Handbook [44], 7.6.3.1 A (2).

! The coefficient v, is a generic for the respective, individual cases of the partial safety
factors relative to the actions F.

® The coefficient y, is a generic for the respective, individual cases of the partial safety
factors relative to the effects E.

312



Note 1:

Note 2:

Note 3:

In contrast to DIN EN 1990 the partial safety factors yg and yq for
the effects of permanent and unfavourable, variable actions for the
DS-A design situation have been increased from yg = yo = 1,00 to
Y = Yo = 1,10 in order to retain the proven previous level of safety.

The partial safety factors yg o are reduced compared to the factors yg,
because the at-rest earth pressure already decreases to a lower value
for minor relaxing movements, and to the considerably smaller active
earth pressure in the limit case.

DIN EN 1990 prescribes no partial safety factors for the DS-E design
situation.
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A3 Partial Safety Factors for Geotechnical Parameters
and Resistances from EC 7-1 Handbook [44], Tables A 2.2
and A 2.3

A3.1 Partial safety factors y," for geotechnical parameters

Soil parameter Notation Design situation

DS-P ‘ DS-T ‘ DS-A

HYD and UPL: Limit state of failure by hydraulic heave and buoyancy

Friction coefficient tan ¢’ of the drained Yo' You 1,00 1,00 1,00
soil and friction coefficient tan ¢, of the
undrained soil

Cohesion ¢’ of the drained soil and AR 1,00 1,00 1,00
shear strength c, of the undrained soil

GEO-2: Limit state of failure of the structure, structural elements
and the ground

Friction coefficient tan ¢’ of the drained Yo' You 1,00 1,00 1,00
soil and friction coefficient tan ¢, of the
undrained soil

Cohesion ¢’ of the drained soil and shear AR 1,00 1,00 1,00
strength c, of the undrained soil

GEO-3: Limit state of failure by loss of overall stability

Friction coefficient tan ¢’ of the drained Yo's You 1,25 1,15 1,10
soil and friction coefficient tan ¢, of the
undrained soil

Cohesion ¢’ of the drained soil Yo Yeu 1,25 1,15 1,10
and shear strength c, of the undrained soil

Y The coefficient y,, is a generic for the partial safety factors relative to the respective,
individual cases.

Note: DIN EN 1990 prescribes no partial safety factors for the DS-E design
situation.
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A3.2 Partial safety factors y," for resistances

Resistance Notation Design situation

DS-P ‘ DS-T | DS-A

STR and GEO-2: Limit state of failure of the structure, structural elements
and the ground

Ground resistances

— Passive earth pressure and bearing Yre, Vaw 1,40 1,30 1,20
resistance Yan 1,10 1,10 1,10
— Sliding resistance

Pile resistances from static and dynamic pile testing

— Base resistance Yo 1,10 1,10 1,10
— Skin resistance (compression) Y, 1,10 1,10 1,10
— Overall resistance (compression) Y, 1,10 1,10 1,10
— Skin resistance (tension) Yor 1,15 1,15 1,15
Pile resistances based on empirical data

— Compression piles Yor ¥s, e 1,40 1,40 1,40
— Tension piles (in exceptional cases only) Yot 1,50 1,50 1,50

Pull-out resistances

— Soil and rock nails Y, 1,40 1,30 1,20
— Grouted body of ground anchors Y, 1,10 1,10 1,10
— Flexible reinforcement elements Ya 1,40 1,30 1,20

GEO-3: Limit state of failure by loss of overall stability
Shear Strength
— See Table A 3.1 ‘ ‘ ‘ ‘

Pull-out resistances
— See STR and GEO-2 ‘ ‘ ‘ ‘

" The coefficient y, is a generic for the partial safety factors relative to the respective,
individual resistance cases.

Note 1: The partial safety factors for the material resistance of the steel tendon
of prestressing steel and reinforcing steel is given in DIN EN 1992-1-1
for the limit states GEO-2 and GEO-3 as

= 1,15.

Note 2: The partial safety factors for the material resistance of flexible rein-
forcement elements are given in EBGEO [28] for the limit states
GEO-2 and GEO-3.

Note 3: DIN EN 1990 prescribes no partial safety factors for the DS-E design
situation.
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A4 Correlation Factors & for Determining the Characteristic
Pile Resistances for the Ultimate Limit State Acquired from
Tested or Measured Data of Static and Dynamic Pile Tests
acc. to the EC 7-1 Handbook

A4.1 Correlation factors from static pile tests

(1) The characteristic pile resistances R,y and Ry are determined from the
data tested or measured in static pile tests by dividing by the correlation factors
& given in Table A4.1 (EC 7-1 Handbook [44], Table A7.1). The following
application rules shall be observed.

(2) Eq. (A4.1) for the ultimate compressive resistance must be fulfilled for
structures incapable of redistributing loads from “flexible” to “stiff” compres-
sion piles.

(Ad.1)

R R .
Rc,k = MIN{( om )mean ( c,m )mm }

& &
&, and &, are correlation factors which depend on the number of pile tests per-

formed, and are applied to the mean (R, ) or the smallest value (R, )i
of R ..

mean

(3) If structures do possess sufficient stiffness to redistribute loads from “flex-
ible” to “stiff” compression piles, the numerical values of &; and &, may be
divided by 1,1, assuming that &; never becomes smaller than 1. “Flexible”
compression piles are anticipated e.g. in cases where single piles are acting
independently. If the structural loads can e.g. be distributed by a rigid capping
beam on several piles , the piles are considered as “rigid” compression piles.

Table A4.1 Correlation factors &; for deriving characteristic pile resistances from static
pile testing on compression and tension piles

n 1 2 3 4 25
g, 1,35 1,25 1,15 1,05 1,00
g, 1,35 1,15 1,00 1,00 1,00

n is the number of tested piles.

(4) Eq. (A4.2) applies in analogy to Eq. (A4.1) for the limit value of the pull-
out resistance of a tension pile.

(Rt,m )mcan (Rl,m )min }
& &
There is no such differentiation between “flexible” and “stiff” tension piles
like that for compression piles.

R, = MIN{ (A4.2)
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A4.1 Correlation factors from dynamic pile tests

(1) The characteristic pile resistance R is determined from the data tested or
measured in impact or dynamic pile tests by dividing by the ; correlation
factors. The base values of the &; correlation factors are used to calculate the
&; correlation factors, together with the associated surcharge factors Ag and
model factors np from Table A4.2 (EC 7-1 Handbook [44], Table A7.2) and
Figure A4.1 (EC 7-1 Handbook [44], Figure A7.1).

(2) Also see 5.3 for details of the plausibility of the test results and data ac-
quired from dynamic pile testing.

(3) Eq. (A4.3) for the ultimate compressive resistance must be fulfilled for
structures incapable of redistributing loads from “flexible” to “stiff” compres-
sion piles.

(A4.3)

R R A
Rc,k = MIN{( c,m )mean ( c,m )mm }

& &
&s and &g are correlation factors which depend on the number of pile tests per-

formed, and are applied to the mean (R or the smallest value (R, )
of R .

(4) Table A4.2 d) and Figure 4.1 apply when considering “flexible” and “stiff”
compression piles in analogy to A4.1 (3).

c,m )mean min
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Table A4.2 Base values &, with corresponding increase factors and model factors for

correlation factors &; and &, used to derive characteristic values from impact or dynamic

pile tests
g, forn= 2 5 10 15 =20
&os 1,60 1,50 1,45 1,42 1,40
oo 1,50 1,35 1,30 1,25 1,25

—n is the number of tested piles;
— Intermediate values of &, and &, for n = 2 to 20 may be linearly interpolated;

a) To calculate the correlations factors & : & = (§,; + A&)- m,, also see Figure A 4.1.

b) For the surcharge value A¢ :
— AE=0: for calibrating dynamic evaluation methods with static
pile test results on the same site;
— A£=0,10: for calibrating dynamic evaluation methods with static
pile test results on a comparable construction project;
— A§=0,40: for calibrating dynamic evaluation methods based on

documented or common empirical data for pile resistances.
Adoption of a direct method such as the Case or TNO method is
not permitted.

¢) The following apply to the model factor n, for consideration of the evaluation

method
— np=1,00: for direct evaluation methods;
— np =0,85:  For extended methods with complete modelling.

) If structures possess sufficient stiffness and strength to redistribute loads from
“flexible” to “stiff” piles, the numerical values of &, and &, may be divided by 1,1.

c) The following apply to the model factor n, for consideration of pile driving formulae:

— np=1,05: if the wave equation method is adopted;

— np=1,10: if a pile driving formula with measurement of the quasi-elastic pile
head movement under driving impact is adopted,;

— np=1.20: if a pile driving formula without measurement of the quasi-elastic

pile head movement under driving impact is adopted.

If different piles are used in the foundation, groups of similar piles should be con-
sidered separately when selecting the number n of test piles. This also applies to
areas of similar ground conditions within the same site.
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On static pile load tests

Calibration of dynamic pile load test

Based on empirical

| Performed whera? |Oncomparable
construction

Onthe project
same site
AE=0 AE=0,10
55:(5_105 ‘Hd-\‘g)'np §5=(§o§+&§)'ﬂp
Ee= (Lo TAE My &5 =(Eos +AL) Mp

= The model factoris:

- %o = 1,00 forthe direct method,
-4p = 0,85 forthe advanced method with complete modelling,
-4p = 1,05/71,10 /1,20 when adopting driving formulae corresponding Table A 4.2, Footnote e

QOrliteratura data

AE=040
Cs=(Los TAL) Mg
Es=(Eps +AE- My

- For structures able to redistribute loads from *flexible” to “stiff” piles,
&; and & may be divided by 1,10.

Figure A4.1 Procedure for deriving the correlation factors &, and & as a function of the
calibration based on Table A4.2
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A5 Procedure for Determining the Resistance
of Piles Against Buckling Failure in Soil Strata
with Low Lateral Support (informative)

A5.1 Guidance notes

(1) When adopting the following method and that outlined in [149] to deter-
mine the characteristic resistance against pile buckling in soft ground it shall
be noted that the method has only been evaluated in the context of a research
project and that no extensive project-related empirical data exist. It therefore
does not represent generally recognised best practice, which is to be observed
by the user or any respective execution project.

(2) The method presented hereafter is of informative character only, because
established and proven methods are not available at present.

A5.2 Ground support

(1) Suitable models, capable of taking the non-linear deformation resistances
into consideration, should be adopted for considering the lateral support of the
ground. In particular, the plasticisation of the surrounding ground must be taken
into account for the analysis. The adoption of a subgrade reaction with deforma-
tion-independent constant stiffness is not allowed for modelling ground support.
Time-dependent effects resulting from the viscosity of the ground and/or the
consolidation of the ground around the pile, and leading to an anticipated reduc-
tion in the support effect, must be taken into consideration. Suitable assump-
tions must be made with regard to loading velocity and the parameters govern-
ing the consolidation of the ground (compressibility, dilatancy, permeability
and drainage path). Established models confirmed by testing are not available at
present. Consequently, accurate specification of the lateral support of the
ground transferable to all common boundary conditions is not feasible. Test-
supported design using pile tests should therefore be given preference when in
doubt, see 5.10.1 (3). If buckling failure occurs during testing of trial piles the
boundary conditions should be precisely documented and be reported to facili-
tate the development of suitable, long-term models of the mobilisable in-situ
support effect.

(2) Until detailed, scientific investigations or well-documented empirical data
together with the respective boundary conditions are available from construc-
tion practice, the ground support acting against buckling should be taken into
consideration as follows:

a) Upon achieving a critical lateral deformation wy a maximum limiting stress
pr is mobilised in the ground, which cannot be increased with increasing
deformations.
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b) The deformation w¢ can be estimated after [90] for fine-grained soils with
soft or very soft consistency using the following relationship as a function
of the outside diameter of the pile shaft D;:

w,=0,1-D, (A5.1)

In firmer ground a smaller mobilisation path w; may be taken into consid-
eration in the design.

¢) The limit value of the ground support p, which acts on a pile shaft of diam-
eter D, can be calculated for piles completely enclosed in the ground and
in the undrained condition by (see also [121]):

p;=11-¢c,, - D, [KN/m*- m] (A5.2)

Equation A5.2 implies that the limit state occurs due to the ground flowing
around the pile shaft. Equation A5.2 does not describe the resistance that
occurs as a result of a shallow rupture of the corresponding soil stratum.
This resistance is normally smaller and must be determined as described in
paragraph (d) below. For use of Equation (A5.3) and undrained conditions,
the ground parameters K, = 0 and ci = ¢, apply.

d) If the velocity of load application is sufficiently gradual and/or the soil
stratum in question is sufficiently permeable, the maximum ground support
pr mobilisable in the drained case can be adopted. The models used for cal-
culating the three-dimensional earth pressure to DIN 4085 can also be
adopted to calculate pr. Simplified, pr can be calculated using:

pr =K, 0, +K, ¢ (A5.3)

as a function of the effective friction angle @y and the effective cohesion ¢y
[12]. The effective vertical stress o is determined as a function of depth,
corresponding to the soil’s self-weight. The value of the mean vertical ef-
fective stress o, may be adopted when determining the buckling resistance
at the governing buckling length L. within a soft soil stratum. The vari-
ables K, and K, can be determined as a function of the depth z/D as shown
in Figure AS.1.

(3) Saturated, loose soil strata, in particular consisting of fine sands and silt,
tend to liquefy during earthquakes or under other dynamic actions. In the limit
case the ground support pr is lost. This case is highly unfavourable with regard
to numerical resistance against buckling and must therefore be taken into con-
sideration when designing pile foundations in critical regions.

(4) Any impacts of the viscosity of the soft ground should be incorporated by
reducing the undrained shear strength ¢,y in cases of gradual load application.
Where the load is applied quickly, for example as the result of impacts, higher
undrained shear strength c, x design values can be adopted.

(5) If the soft soil stratum consists of soil types other than clays or silts, the
flow pressure ps must be determined by specific investigations.
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Figure A5.1 Parameters K_ and K_ after [12] for calculating the limit value of the ground
support p,, in the drained case and for the case of shallow ground failure (the ground
does not flow around the pile shaft)

(6) In particular, determining a characteristic undrained shear strength c, is
subject to uncertainties with regard to organic soils and other soils with struc-
tural strength. The uncertainty has a direct effect on the adopted limit stress p¢
and mobilisation path wy.

A5.3 Static system and equilibrium conditions using second-
order theory (inclusion of lateral deflections)

(1) A pile with a lateral subgrade is considered, for which bilinear, elastic-
plastic behaviour is modelled (see Figure A5.2). The maximum ground resis-
tance prin kN/m and the mobilisation path wy are calculated as described in
AS5.2. The values for the linear springs k; = pg/wy are generally in a range 40 - ¢,
<k <180 - ¢, which is compatible with literature data, cf. [156] and [157].

(2) The deformation figure of the buckling pile, unsupported along the length L,
with hinged bearings (pin ends) at the head and base, has the shape of a simple
half wave. The buckling length L., then corresponds to the length L of the un-
supported length. With regard to elastically supported piles, in contrast, buckling
modes (eigenmodes) with greater wavelengths are generally governing, depend-
ing on the soil stiffness, see [149]. The buckling loads for different wavelengths
shall be determined. The smallest value determined is the governing buckling

322



Plastic and bilinear approach

AP Pk
1 f
p
Ps

Figure A5.2 Idealised lateral soil sup-
port for pile susceptible to instability,
> after [149]

load. Conservatively, infinitely long piles are adopted for the method presented,
in which the buckling modes can freely develop as a wave line. The effective
forces and geometrical data can be visualised for a half wave cut from the wave
line, taking a sinusoidal, geometrical imperfection e, into consideration as shown
in Figure A5.3. The length of the half wave then corresponds to the buckling
length L.

(3) The possible types of buckling failure and possible equilibrium conditions
given various boundary conditions are shown Figure A5.4. The compressive
force in the pile N is drawn on the ordinate and the lateral deflection y neces-
sary for equilibrium on the abscissa. The deflection y is given for the centre of
the buckling length, The following cases are differentiated:

fal T=P
I/
Lateral z 4l
subgrade 4
support !
]'! f

-

5

Figure A5.3 Structural system after
[149] for calculating the characteristic
buckling resistance of piles

l{
I

-
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a)

b)

d)
e)

The simple “Euler” case of a perfect strut without lateral support is charac-
terised by a vertical line up to the buckling load. When the buckling load is
reached indifferent equilibrium states are possible for all deflections (hori-
zontal line).

If the free compression strut is predeformed, a moment is generated under
compressive load and thus a deflection occurs under even minor compres-
sive loads, increasing with additional loads. The equilibrium curve ap-
proaches the “Euler” load asymptotically.

The perfect elastically supported strut is characterised by “Engesser’s”
solution. The buckling load increases to a greater value than that after “Eu-
ler” as a function of the lateral support. An indifferent system exists after
reaching the bifurcation load.

An imperfect, elastically supported strut has an equilibrium curve that
asymptotically approaches the “Engesser” load.

A bilinear, elastic-plastic supported compression strut behaves identically
to an elastically supported compression strut at small deflections, both for a
perfect and an imperfect strut. However, as soon as the deformation wy is
reached, where the soil support p can no longer be increased, the curve falls
off again and converges on the “Euler” solution.

N
/Psrfect bilinearly
supported strut v
o e -
\ =~ =FPredeformed, elastically Buckling load after ENGESSER
¥ supported strut (elastically supported strut)
A
e Predeformed, bilinearly
~ supported strut
- \Y,
[T o e Buckling load after EULER

_~“Perfect free strut {unsupported strut):

/< Predeformed free Strut
W, ¥

f

Figure A5.4 Equilibrium conditions after second order theory

A5.4 Requirements for the application of the analysis method

(1) The method for calculating the characteristic buckling resistance described
below assumes that lateral soil stresses (soil resistances) initially occur when a
pile bends and that they act as a stabilising factor. It is absolutely imperative
that these resistances remain available for the lifetime of the structure. In con-
trast to this, lateral soil stresses can also be actions (lateral pressure on piles
after Section 4.5) and are to be considered as such, which then impacts ex-
tremely unfavourably on the performance and the stability.
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(2) In composite cross-sections of concrete, mortar or cement, the flexural
stiffness changes with increasing curvature of the pile axis and accompanying
crack formation. A reduction in flexural stiffness must be taken into considera-
tion in the analysis method.

(3) Effects related to the viscosity of soft soils are not covered in the method
proposed for determining the buckling resistance and must be taken into con-
sideration by a reduction in the buckling load calculated using a elastic-plastic
subgrade reaction.

(4) When taking imperfections into consideration it is assumed that the mode
of the imperfection is affine to the eigenmode of the buckling strut.

(5) Determining the ultimate load of slender piles is a complex process, be-
cause of the material and geometrical non-linearities involved. It requires dee-
per understanding of the mechanical relationships and is usually performed
electronically due to the iterative computation required. A specimen worksheet
(MS Excel) can be found at http://www.gb.bv.tum.de, for example, although
the author accepts no responsibility for correct programming or the correctness
of the calculated loads.

A5.5 Determining the characteristic resistance against pile
buckling

(1) The ideal bifurcation load N, representing the characteristic resistance
against pile buckling is calculated using:

n Y L, Y
Wf'(E'I)p'(L) +Pf'(;j

N, = A5.4
or ——y (A5.4)
Where:
Ner [kN] 1deal bifurcation load;
L [m] buckling length; if the infinitely long strut is considered,

the governing half-wave of the buckling mode for deter-
mining its ideal bifurcation load is given when N, ap-
proaches a minimum. This can be solved for L. with the
aid of the first derivative of Eq.(A5.4), which is best
achieved in practice by numerical zero finding for the de-
rived function.

(E Dy [KNm®] flexural stiffness of the pile cross-section; see Section A5.5
(6) for more information;

Wt [m] lateral pile deflection in the centre of buckling length L, at
which the soil plasticises;
€y [m] pre-deformation as a result of imperfection.
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(2) For the perfect strut where e, = 0, the solution converges on “Engesser’s”,
which in turn is reduced from “Euler’s” for p;= 0.

(3) Investigations in [149] demonstrated that the bifurcation loads of a few test
results were estimated approximately correctly using the bilinear approach and
adopting wy=0,1 - Dy and ps=6 - ¢, - Ds, as well as an imperfection e, corre-
sponding to a curvature radius relative to L., of 200 m.

(4) In addition, with regard to the capacity of an imperfect strut, it must be
examined whether the pile fails before reaching the ideal bifurcation load N,
as a result of its limited material strength. Use of the interaction diagram, in
which the combinations of M and N at which the strut material plasticises are
represented, is useful here. The following equation can be adopted to describe
the interaction curve of the maximum, simultaneously acting action effects N
and M necessary to achieve plasticisation of the cross-section:

M=M, - 1—[N] (A5.5)

pl

(5) The pile’s fully plastic action effects N,; and M, can be calculated for steel
sections or be looked up in tables. In composite cross-sections consisting of
concrete and steel computer-aided methods are recommended to determine Ny,
and M. The variable o in Equation (A5.5) is a shape coefficient depending on
the geometry of the pile cross-section. For steel sections it is calculated from
the ratio of the plastic to the elastic resistance moment. The exponent o of the
interaction relationship can be conservatively adopted at 1,0.

(6) Where piles have a composite cross-section, the flexural stiffness should
be determined on the at maximum to the middle fractured cross-section (Con-
dition II for reinforced concrete cross-sections). For piles with a single, central
bearing member with surrounding mortar or concrete cover, the flexural stiff-
ness is conservatively adopted for the central bearing member. However, the
laterally supporting soil resistance always acts on the full width of the pile.
The tests carried out to date on composite piles with cement mortar cover
could not clarify whether the use of corrugated plastic sleeves, enveloping the
bearing member and parts of the cement stone body, guarantee full bonding
and thus an increase in flexural stiffness and the fully plastic actions effects.
Nor have any tests or numerical investigations been performed to date on
grouted micropiles with several steel bars as bearing member or on micropiles
with external steel tubes.

(7) The relative deflection of monobar micropiles resulting from geometrical
and material imperfections within the buckling length to be analysed should be
calculated from a curvature radius of at least 200 m. Geometrical drilling de-
viations and the not precisely cylindrical shape of the grout body should be
taken into consideration. If the tendons are connected by threaded sleeves, the
imperfections can increase considerably.
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(8) In elastically supported slender struts comparatively small buckling
lengths L., often result due to the greater waviness of the buckling mode. Re-
gardless of other boundary conditions, determining the buckling length for an
infinitely long pile is recommended. Only if the buckling length is substan-
tially larger than given by the thickness of a soft stratum and the restraint
boundary conditions above and below this stratum, a buckling length corre-
sponding to the thickness of the soft stratum could be investigated. However,
in this case all shorter buckling lengths must still be investigated. The govern-
ing characteristic buckling load is always the smallest buckling load calculated
from the various possible buckling lengths.

(9) If settlements or horizontal deflections are anticipated in the soft stratum,
any ensuing actions must also be taken into consideration in the analysis.

327



A6 Bonding Stress in Grouted Displacement Piles
(informative)

A6.1 Guidance notes

(1) When adopting the values below (taken from [61] and [62]) for the bond-
ing stress of grouted displacement piles it should be noted that the values are
only derived from a single research project and have not yet been verified full-
scale on real construction projects. They therefore do not represent generally
recognised best practice. This fact should be noted by the user in the course of
appropriate execution projects. However, experience with grouted displace-
ment piles has now been collected over decades, e.g. in the harbours of Ham-
burg, where no damages were identified to date which could result of insuffi-
cient bonding in the pile shaft/grout interface.

(2) The method presented hereafter is of informative character only, because
established and proven methods are not available at present.

A6.2 Characteristic and design values of bonding stresses

(1) Table A6.1 contains empirical values of bonding stresses for analysing the
pile shaft/grout interface of grouted displacement piles to DIN EN 12699. The
following terms are introduced to define and describe surfaces, also see Fig-
ure A6.1:

— Braced surfaces: Braced surfaces refers to opposing section surfaces (par-
allel or rotated against each other) where the intervening space is com-
pletely filled with grout, e.g. the inner flanges of H-piles.

— Unbraced surfaces: Unbraced surfaces refers to all surfaces not defined as
braced surfaces.

Table A6.1 Empirical values for the characteristic boding stress 1., in the pile shaft/grout
body interface of grouted displacement piles

Characteristic values of bonding stress 1.,
in the pile shaft/grout body interface [N/mm?2]
Area
Grout with Grout without
swelling agent swelling agent
Braced surfaces 0,60 0,45
Unbraced surfaces 0,30 0,30

Note: The data in Table A6.1 are the result of investigations after [61] and
[62].
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(2) The prerequisite for adopting the data given in Table A6.1 is a cube com-
pressive strength f; e >25 N/mm? for the grout employed and a minimum
grout thickness of dyy = 25 mm.

(3) The developed circumference of the steel tendon is adopted as the circum-
ference of the pile shaft/grout body interface.

(4) For pressure-grouted piles the bonding stress differs between the section’s
flange and web faces. The pile skin surfaces are therefore separated into braced
and unbraced surfaces as shown in Figure A6.1

Braced Urbraced
B Grout — Section --- surfaces =~ - surfaces

Figure A6.1 Definition of terms braced and unbraced surfaces
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Annex B
Example Calculations for Pile Resistance Analysis
and Verifications

Note: Some of the following examples were taken from [58]. Further exam-
ples can be found in [64].

B1 Determining the Axial Pile Resistances from Static Pile
Load Tests, and Ultimate and Serviceability Limit State
Analyses

B1.1 Objectives

Figure Bl.1a shows a foundation situation with a pile of diameter D =1,2 m
and a permanent load Fgyx=1,5MN, in addition to a variable load
Fourepi = 1,0 MN. Two static pile load tests were executed, the results of which
are included in Figure B1.1b and Table B1.1 as Ry, and R,. The ultimate
settlement is defined as s, = sy = 0,1 - 120 cm = 12 cm using Eq. (5.1). Be-
cause the static pile load tests were only executed up to a settlement s = 10 cm,
the ultimate settlement was extrapolated.

The analysis comprises the characteristic pile resistances in the ultimate limit
state (ULS) for “flexible” and “stiff” piles after 5.2.2 and the characteristic
boundary lines in the serviceability limit state (SLS) after 5.2.3, and the exter-
nal capacity and serviceability for the specified pile load. An allowable

a) b) Resistance R, [MN]
0 1 2 3 4 5 6

Fex = 1,50 MN
l Fox= 1,00 MN

Settlement s [cm]

PileD=1,20m

Figure B1.1 a) System and effect; b) Logged R, values for both static pile load tests
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pile settlement allow. sy =2,0 cm is specified by the structural design for the
serviceability limit state (SLS).

The static pile load tests can be taken from [154].

B1.2 Deriving the characteristic pile resistances in the ultimate
and serviceability limit states

The characteristic, ultimate pile resistance Ry is given by the lesser of either
the mean value (R¢m)mean OF the minimum value (R¢m)min Of the pile load test
results using Equation (A4.1) as follows:

Rc,m )mcan . (RC,m )min }
E.n ’ &2

The correlation factors &; and &, depend on the number of static pile load tests
performed and are selected after Annex A4. The correlation factors given there
apply to “flexible” compression piles. If “stiff” compression piles are used, the
correlation factors may be divided by 1,1, assuming that &; does not become
smaller than 1,0.

R, = MIN{(

For the range of small pile settlements, after 6.4, Eq. (6.13), characteristic
boundary lines were derived for the serviceability limit state analysis using the
k values (based on [59]). For the present case k = 0,15 was adopted to relate to
the average of the measured values.

a) Resistance R [MN] b) Resistance R [MN]
0 1 2 3 4 5 6 0 1 2 3 4 5 6

0 T — 0 a : .

2+ . 2t .
T 4 T 4r i
AEN H &, E
w = . w =
E (s} b m,min \ -1 E b -1
w + Rm.mEan b
5 0 A |
= * R, (soft) T r

10 - : 1 10 - -
@ m R, (stiff) MRS 1

12 - 4 12

14 I L 1 L L 1 L M I L ] 14 I L 1 L L 1 L 1 1

Figure B1.2 a) Characteristic pile resistances in the ultimate limit state (ULS) for flexible
and stiff piles derived from the R, values recorded in static pile load tests; b) Section of
the resistance-settlement curves in the serviceability limit state (SLS) and derivation of
characteristic boundary curves
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Note: The method adopted here for the characteristic boundary lines in the
service load range represents only one possible option. Other reasoned
procedures are also possible.

Figure B1.2 and Table B1.1 show the results for the determination of Ry
(SLS) and R = R (ULS).

Table B1.1 Results of two static pile load tests and derivation of the characteristic
resistance-settlement curves for “flexible” and “stiff” piles

Settlement| R, R.. (Rem)mean | (Rem)min As, =k -8,

[CSm] [MN] | [MN] [MN] [MN] [Sér"ﬁ] [SCK%]
0 0 0 0 0 0 0

0,51 1,483 | 1,424 1,454 1,424 0,4 0,6
0,83 1,891 | 1,831 1,861 1,831 0,7 1,0
1,28 2,458 | 2,321 2,390 2,321 1,1 1,5
2,06 3,015 | 2,830 | 2,922 2,830 1,8 2,4
3,05 3,427 | 3,230 3,329 3,230 2,6 3,5
3,83 3,750 | 3,469 3,610 3,469
5,42 4,301 3,924 4,112 3,924
7,26 4,803 | 4,354 | 4,579 4,354 Flexible Stiff
9,71 5,222 | 4,881 5,051 4,881 &, g, &, &,
12,0 5,347 | 5,060 5,204 5,060 1,25 1,15 1,14 1,05

Using the results from Table B1.1, the characteristic pile resistance R in the
serviceability limit state (ULS) can be determined for “flexible” and “stiff”

piles in Table B1.2.

Table B1.2 Deriving the characteristic pile resistance R_, in the ultimate limit state for

“flexible” and “stiff” piles

(Rc,m )mean (Rcvm )min
— [MN] — [MN] R.« IMN]
& &
“flexible” piles 4,163 4,400 4,163
“stiff” piles 4,565 4,819 4,565
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B1.3 Bearing capacity analysis
The limit state condition after 6.2 and 6.3:
Fca<Regq
must be adhered to for ultimate limit state (ULS) analysis.
a) For single piles acting independently (“flexible” piles):
Fea=Fax - ¥6+ Forepx - Yo = 1,500 - 1,35+ 1,000 - 1,50 = 3,525 MN
Rea=Rex/v:=4,163/1,10 =3,785 MN
Feqa=3,525 MN <R_.4= 3,785 MN
b) For load distribution by means of a rigid capping slab (“stiff” pile):
Feq=3,525 MN
Red=Rex/1:=4,565/1,10 = 4,150 MN
Foa=3,525 MN <R_4=4,150 MN

B1.4 Serviceability analysis

When determining the pile resistances R(SLS) in the serviceability limit state,
differentiation after 6.4 is required whether minor or major (adopted here)
differential pile settlements are to be expected. To this end, the characteristic
boundary curves in the service load range were derived from the recorded pile
load test data in Table B1.1 and Figure B1.2b.

a) Resistance R [MN] b) Resistance R [MN]
0 1 2 3 4 5 6 0 1 2 3 4 5 6
0 c T AN T T o] —y T | L
zm : Foy =25 MN
2 R (SLS) 7 2 | existing S, max I
T 4+ =2.7MN z\/kmm T 4 L =1.8¢cm
8, o5 |
2 6+ 4 28t .
= i<
@ r @ r
§ 8T 1887 ]
c% 10 R c,m)mean | (‘B 10 5 (Rc,m)mean —
12 | . 12
14 I i | i | i | L | I | i ] 14 I | 1 1 L I L L |

Figure B1.3 a) Analysing serviceability via the characteristic pile forces; b) Analysing
serviceability via existing and allowable settlements
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The specified allowable settlement (e.g. specified in the structural design) in
the example is allow. sy =2 cm.

Using Figure B1.3a, serviceability is demonstrated via pile forces after 6.3,
Eq. (6.11) as:

F4 (SLS) = Fy = 2,500 MN < Ry (SLS) = R, (SLS) = 2,7 MN.

Analysis by comparing settlements in accordance with Figure B1.3b after 6.3,
Eq. (6.12) results to:

exist. Sgmax = 1,8 cm < allow. s, =2,0 cm
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B2 Characteristic Axial Pile Resistances
from Dynamic Load Tests

B2.1 Objective

Dynamic pile load tests were performed to determine the ultimate capacity of
reinforced concrete displacement piles and then calibrated against a static load
test from a different, but comparable site. Evaluation using the direct method
(CASE equation) resulted in the following measured data for the compressive
resistance of the ground against the pile in the ultimate limit state:

Rc,m,l = 0,875 MN
Remz = 0,950 MN
Rems = 1,050 MN
Rems = 1,100 MN
Rems = 1,225 MN.

The respective characteristic ultimate limit state resistances for “flexible” and
“stiff” compression piles shall be derived from the measured data of the dy-
namic pile load tests.

B2.2 Characteristic pile resistances

The characteristic pile resistance in the ultimate limit state (ULS) R, is given
by the lesser of the mean value (R¢m)mean OF the minimum value (R )min Of the
pile load test results using Equation (A4.3) as follows:

(Rt‘,m )mean . (Rc»m )min }

& &

The correlation factors &s and & to be adopted are given in Annex A4.2 and
are derived from the base values of the correlation factors &ys and &g¢, the
increased value A and the model factor np. The correlation factors &5 and &g
may be divided by 1.1 for “stiff’compression piles.

R, = MIN{

The correlation factors &s and &g are provided in Table B2.1 and the determina-
tion of the characteristic compression pile resistances R in Table B2.2.

Table B2.1 Correlation factors &, and &, derived from the five dynamic pile load tests for
“flexible” and “stiff” compression piles

flexible stiff
(R (R m)rmean Eos Eoe Ag n;
& & & &
[MN] [MN] [-] -] [-] [-] [-] [-] [-] [-]
0,875 1,040 1,50 1,35 0,10 1,00 | 1,60 | 1,45 | 1,45 | 1,32
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Table B2.2 Derivation of the characteristic pile resistances R, in the ultimate limit state

for “flexible” and “stiff” compression piles

flexible stiff
Remdmead®s | (Redds R., Rednal®s | (Rendnds R,
[MN] [MN] [MN] [MN] [MN] [MN]
0,650 0,603 0,603 0,717 0,663 0,663
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B3 Determining the Characteristic Axial Pile Resistances
from Empirical Data for a Bored Pile

B3.1 Objective

Figure B3.1 (example taken from DIN 4014:1990-03) summarises the infor-
mation on soil type, ground strength and pile geometry necessary for the de-
termination of the axial pile resistance R.x(s) based on empirical data.

The characteristic resistance-settlement curve shall be determined using the
table data after 5.4.6 (Tables 5.12 to 5.15).

Ground profile CPT cone resistance q- Pile geometry
[MN/m?]
- 0O 5 10 15 20 25 -
Fill 1
—122m 5 U
Clay |* E 3 % cok= 0,1 MN/m2
2 g 4
: £l
3 -5 -*-?) 10,2m
B8 _Pe=7Mvm
e 7 T
S > 7.7m
Z s Tges= 11 MNP
Sand 3 B? {
9
M ; i
% 10 H‘ 10 1
| 0,90 m
8 1 | *
12 c4= 17,5 MN/m? i
13 1 !
14 Ki:_i

Figure B3.1 Ground profile, penetration test diagram and dimensions for an example
calculation of the resistance-settlement curve; D=0,9m, U=2,83m, A =0,64 m’

B3.2 Analysis for lower and upper table values

Note: Reference is made to the application principles and limitations in 5.4.3,
in particular with regard to the upper table values. In the example pre-
sented here both the lower and the upper table values are used as exam-
ples (not as a rule).
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B3.2.1 Determining the pile shaft resistance R_,

The ultimate limit state skin friction values for the sand and the clay are given
in Tables 5.13 and 5.15 in 5.4.6.2. By adopting the associated pile skin areas,
the ultimate limit state pile shaft resistances R,y ; are provided in Table B3.1.

The settlement s, , in cm, is calculated as follows, adopting the ultimate limit
state pile shaft resistance Ry in MN:

Sse = 0,50 - Ryx + 0,50.
Using the figures from the example the pile head settlement is:
See =0,50-1,243+0,50=1,1 cm  for the lower table values and

Ssg = 0,50 - 1,726 + 0,50 = 1,4 cm  for the upper table values.

Table B3.1 Ultimate pile shaft resistance for the lower and upper table values

Stratum i A, C.x; OF O, Ui Rexi
[m] [m2] [MN/m?] [MN/m?] [MN]
220to 5,20 8,48 0,10 0,039-0,051 0,331-0,432
520to 7,70 7,07 7,00 0,051-0,075” 0,361-0,530
7,70to 10,20 7,07 11,00 0,078-0,108 0,551-0.764
? Extrapolated data R, =1,243-1,726 MN

B3.2.2 Determining the pile base resistance R,

A mean soil strength is adopted in a region from 1 - D (0,9 m) above and 3 - D
(3 - D =2,70 m) below the pile base to determine Ryx. For this zone a mean
cone resistance q., = 17,5 MN/m? is shown in the penetration test diagram in
Figure B3.1.

The pile base capacity can be calculated by adopting the figures from Ta-
ble 5.12 in 5.4.6.2 and taking the previously determined value of g, into
consideration. Table B3.2 reproduces the calculated figures.

Table B3.2 Pile base resistance for the lower and upper table values

Relative settlement o R..(s)
s/D [MN/m2] [MN]
0,02 1,225-1,625 0,784-1,040
0,03 1,575-2,088 1,008-1,336
0,10 3,250-4,325 2,080-2,768
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B3.2.3 Characteristic resistance-settlement curve

The pile resistances calculated from the pile base and pile shaft resistances are
listed in Tables B3.3 and B3.4 as a function of the pile head settlement and are
given for the lower and upper values. The settlement of the pile head for each
value of the pile resistance R.x is given by the characteristic resistance-
settlement curve in Figure B3.2.

Table B3.3 Pile resistance as a function of pile head settlement (lower values)

Relative settlement Pile head settlement R..(s) R,.(s) R..(s)
s/D [cm] [MN] [MN] [MN]

S 1,1 1,243 0,479 1,722

0,02 1,8 1,243 0,784 2,027

0,03 2,7 1,243 1,008 2,251

0,10 9,0 1,243 2,080 3,323

Table B3.4 Pile resistance as a function of pile head settlement (upper values)

Relative settlement Pile head settlement R,.(s) R, (s) R..(s)
s/D [cm] [MN] [MN] [MN]

S 1,4 1,726 0,809 2,535

0,02 1,8 1,726 1,040 2,766

0,03 2,7 1,726 1,336 3,062

0,10 9,0 1,726 2,768 4,494

a) Pile resistance Ry [MN] b) Pile resistance Ry [MN]
3 4 5

0 1 2 3 4 5

Figure B3.2 Resistance-settlement curve; a) Lower values, b) Upper values
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B4 Determining the Characteristic Axial Pile Resistances
from Empirical Data for a Prefabricated Driven Pile

B4.1 Objective

Figure B4.1 summarises the information on soil type, ground strength and pile
geometry required to determine the axial pile resistance R (s) based on em-
pirical data.

The characteristic resistance-settlement curve shall be determined using the
table data after 5.4.4 (Tables 5.1 to 5.4).

Ground profile CPT cone resistance Pile
Qe [MN/m?] geometry
OLS 10 15 20 25
N
j’ ===
5

j}; Marine Cuk = 0{04 MN/m7

: 10

o

14

15 L

+|f8-mS, gs qe=17,5 MN/ >

4

4 A

20 = > 203

2205 c_"=1_5 M_’_" im 'in‘ Reinforced concrete

[0 35x35 cm
L=210m
d=73m

Figure B4.1 Ground profile, penetration test diagram and dimensions for an example
calculation for the resistance-settlement curve

B4.2 Characteristic axial pile resistance from empirical data
for lower and upper table values

Note: Reference is made to the application principles and limitations in 5.4.3,
in particular with regard to the upper table values. In the example pre-
sented here both the lower and the upper table values are used as exam-
ples (not as a rule).
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B4.2.1 Determining the pile shaft resistance R_,

The empirical skin friction values in the zones of the load-bearing non-
cohesive soil and the weak cohesive soil are given by Tables 5.2 and 5.4 in
Section 5.4.4. Together with the corresponding pile skin areas, taking the cor-
relation factor for the skin area from Table 5.5 in Section 5.4.4 into considera-
tion, the pile shaft resistance upon mobilisation of the ultimate limit state state
R (ssg#) 1s given in Table B4.1 and the pile shaft resistance R (s,) at failure
in Table B4.2.

Table B4.1 Pile shaft resistance upon mobilisation of the ultimate limit state for the lower
and upper table values

Stratum i As,. Qe Qi (Ssg') N, Rs,k,i (ssg')
[m] [m?3] [MN/m2] [MN/m?2] [-] [MN]
13,0t0 20,3 | 10,22 17,50 0,070-0,098 | 1,0 0,715-1,002

R.,(s,,)=0,715-1,002 MN

Table B4.2 Shaft resistance at failure for the lower and upper table values

Stratum i A, q., Oy (Seg) n, R,y (Seg)
[m] [m3] [MN/m?] [MN/m2] [ [MN]
13,010 20,3 | 10,22 17,50 0,103-0,134 | 1,0 1,053-1,370

R, (s,) = 1,053-1,370 MN

Upon mobilisation of the failure state the settlement in cm for the skin friction
Ssg*» adopting Rgi(see+) in MN, is determined using the following equation for
the pile shaft resistance Ry (Se+):

Ssg* = 0,50 - Ry j(Ssg*).

Using the figures from the example the pile head settlement is:
Ssgx = 0,50 - 0,715 = 0,4 cm for the lower table values and
Ssg* = 0,50 - 1,002 = 0,5 cm for the upper table values.

B4.2.2 Determining the pile base resistance R,,

For determination of Ry x a mean soil strength is adopted from 4 - D¢ below to
1 - D¢q above the pile base..

The equivalent pile diameter of a square prefabricated driven pile is deter-
mined using:

D =1,13 " a,
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Using the dimensions of the example the equivalent pile diameter is:
Deq=1,13-0,35=0,40 m.

The nominal value of the square pile base area in this case is:
Ap=a=0,35"=0,123 m2.

The penetration test diagram in Figure B4.1 displays a mean characteristic
cone resistance along the respective length of:

_117,5+4-15,0

Qem s =15,5MN/m2.

Using the figures in Table 5.1 of these Recommendations and referring to the
previously determined value of g, and the correlation factor for the pile base
area in Table 5.5 (5.4.4), the pile base resistance can be calculated. Table B4.3
contains the determined numerical values.

Table B4.3 Pile base resistance for the lower and upper table values

Relative settlement o My R,.(s)
s/D [MN/m?] - [MN]

0,035 4,025-6,550 1,0 0,495-0,806

0,100 7,658-10,265 1,0 0,942-1,263

B4.2.3 Characteristic resistance-settlement curve

Tables B4.4 and B4.5 contain the pile resistances calculated for the lower and
upper values from the pile base and shaft resistances as a function of the pile
head settlement. The settlement of the pile head for each value of the pile re-
sistance R y is given by the characteristic resistance-settlement curve in Fig-

ure B4.2.

Table B4.4 Pile resistance as a function of pile head settlement (lower values)

Relative settlement Pile head settlement R..(s) R,.(s) R..(s)
s/D [cm] [MN] [MN] [MN]

S, 0,4 0,715 0,141 0,856

0,035 1,4 0,809 0,495 1,304

0,100 4,0 1,053 0,942 1,995
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Table B4.5 Pile resistance as a function of pile head settlement (upper values)

Relative settlement Pile head settlement R..(s) R, (s) R..(s)
s/D [cm] [MN] [MN] [MN]

Segr 0,5 1,002 0,288 1,290

0,035 1,4 1,097 0,806 1,903

0,100 4,0 1,370 1,263 2,633

a)

Pile head settlement s [cm]

Pile resistances R, R_, R, [MN] b)
3 4
sl,a. = IJI.4 cm
Sppoos-ngg = 14 cm| E
w
1=
= @
£
&£
]
w
7 =
o
@
\ =
R 5, = 4.0 cm 2
sk \ i T ._ =
c o
1
5 . 1 1

w

5

Pile resistances R, R, R, [MN]

0 1 2 3 4
= T T T
‘\‘ = Sy =0.5cm
* b
L N, 4
, \ \ S(0105-0eg) = 14 €M
¥ L] -
1
1
RN _
1 L]
\
\

Figure B4.2 Resistance-settlement curve; a) Lower values, b) Upper values
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B5 Determining the Characteristic Axial Pile Resistances
from Empirical Data for a Fundex Pile

B5.1 Objective

Figure B5.1 summarises the information on soil type, ground strength and pile
geometry required for determination of the axial pile resistance R x(s) based
on empirical data.

The characteristic resistance-settlement curve using the table data after 5.4.8.2
(Tables 5.24 and 5.25) shall be determined.

Ground profile CPT cone Pile
resistance geometry
qc [MN/m?]
0,0 GOK 0 5 10 15 20 25
= = TR
=
s
S—a_—
: =
118 = .
931 = Fundex pile
3 Fad Ds = 45 cm
10 = Ds =38 cm
< d=43m
14,7 z
15 ==
o G-qc ¥ 10 MN/nj?
18,0 £
B L& | w190
mS, gs 20 qc=[17.5 MN/m? -

Figure B5.1 Ground profile, penetration test diagram and dimensions for an example for
determination of the resistance-settlement curve

B5.2 Characteristic axial pile resistance from empirical lower
and upper table values

Note: Reference is made to the application principles and limitations in 5.4.3,
in particular with regard to the upper table values. In the example pre-
sented here both the lower and the upper table values are used as exam-
ples (not as a rule).

B5.2.1 Determining the pile shaft resistance R_,

The ultimate limit state skin friction values in the load-bearing, non-cohesive
soil are contained in Table 5.25 in 5.4.8.2. Adopting the associated pile skin
areas, the ultimate pile shaft resistance R,y is provided in Table B5.1.
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The settlement in cm for the skin friction s, with R, in MN is determined
using the following equation for the pile shaft resistance Rgy:

Ss¢ = 0,5 - Rk +0,5.

Using the figures from the example the pile head settlement is:
e = 0,500,316 +0,5=0,7 cm for the lower table values and
Sse = 0,50 - 0,430+ 0,5=0,7 cm for the upper table values.

Table B3.1 Ultimate pile shaft resistance for the lower and upper table values

Stratum i A, q,; Qi R,
[m] [m2] [MN/mz] [MN/mz] [MN]
14,7 t0 18,0 3,94 10,00 0,052-0,072 0,205-0,284
18,0t0 19,0 1,19 17,50 0,093-0,123 0,111-0,146
R,,= 0,316-0,430 MN

Note: Load-bearing strata with q. > 7,5 MN/m? are not considered if they are
underlain by weak strata.
B5.2.2 Determining the pile base resistance R,,

To determine Ryx a mean soil strength qem = 17,5 MN/m? is adopted from
4 - Deq below to 1 - Deq above the pile base.

The nominal value of the pile base area in this case is:
A,=Dy - /4 =045 n/4=0,159 m?.

Adopting the figures from Table 5.24 in 5.4.8.2 and taking the previously
determined value of g, into consideration, the pile base capacity can be calcu-
lated. Table B5.2 contains the determined figures.

Table B5.2 Pile base resistance for the lower and upper table values

Relative settlement Uy R,.(s)
s/D, [MN/m2] [MN]
0,02 2,788-3,413 0,443-0,543
0,03 3,600—4,350 0,572-0,692
0,10 7,475-9,100 1,189-1,447

B5.2.3 Characteristic resistance-settlement curve

The pile resistances calculated from the pile base and pile shaft resistances are
given in Tables B5.3 and B5.4 as a function of the pile head settlement for the
lower and upper values. The settlement of the pile head for each value of the
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pile resistance R.x is derived from the characteristic resistance-settlement

curve in Figure B5.2.

Table B5.3 Pile resistance as a function of pile head settlements (lower values)

Relative settlement Pile head settlement R..(s) R,.(s) R..(s)
s/D [em] [MN] [MN] [MN]

S, 0,7 0,316 0,345 0,661

0,02 0,9 0,316 0,443 0,759

0,03 1,4 0,316 0,572 0,888

0,10 4,5 0,316 1,189 1,505

Table B5.4 Pile resistance as a function of pile head settlements (upper values)

Relative settlement Pile head settlement R,.(s) R,.(s) R..(s)
s/D [cm] [MN] [MN] [MN]
Sy 0,7 0,430 0,422 0,852
0,02 0,9 0,430 0,543 0,973
0,03 1,4 0,430 0,692 1,122
0,10 4,5 0,430 1,447 1,877
a) Pile resistances R, R, R, [MN] b) Pile resistances R, R_, R, [MN]
0 1 2 3 2 3
8, =0.7cm S, =0.7 cm
i Spnz-py = 09 oM | 1 Sinaz-oy = 0.8 €M

Pile head settlement s [em]

Sipoa-oy = 14 €M

File head settlement s [cm]

5

w

Sya3-oy = 14 €M

s,=4.5¢cm

Figure B5.2 Resistance-settlement curve; a) Lower values, b) Upper values
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B6 Principle of the Evaluation of a Static Pile Load Test Using
a Prefabricated Driven Pile shown on an Example
and Comparison with Empirical Data after 5.4.4.2

B6.1 Objective

Figure B6.1 summarises the tested or measured value R.,, from a static load
test for the resistance-settlement curve of a prefabricated reinforced concrete
driven pile. It also contains the information on soil type, ground strength and
pile geometry required to determine the axial pile resistance R x(s) based on
empirical data after 5.4.4.2.

For the comparison with the results of the static load test, the characteristic
resistance-settlement curve shall be determined using the empirical data after
5.4.4.2 (Tables 5.1 to 5.4). In addition, the design resistance in the ultimate
limit state (ULS), based on both static load tests and on empirical data, is de-
termined.

Note: Comparison of the axial pile performance derived from a static pile load
test with the empirical data after 5.4 requires that the pile skin friction is
adopted over the entire length of the pile. The calculation of the resist-
ance-settlement curve after 5.4.4.2 deviates from the previous proce-
dure for determining characteristic axial pile resistance (see example
B4) inasmuch as non-load-bearing or weak strata with q. < 7,5 MN/m?
or ¢, x < 60 kN/m? (approximate extrapolation of table values) are taken
into consideration.

) 8 Ground profile CPT cone resistance Pile
Pile resistance R, [MN] Qe [MN/m?] geometry
0 1 2 3 4
T ' _ GOK D_ 5 10 15 20 25
o] [1s-ms =l

== r
—_ b gi=5 MN/m
£ 1 1
=, u
® 5 E
s oL | } cus = 0{04 MNim?
5 |
2 = | o s s
S i s =
30 1 F i
o : 15— =St
= .| FS-mS, gs g==17.5 MNIm? 1>
o : Lt
& 4 r \ i e T

2 == » 203

22,04 A:=15 M/m?® G =l Reinforced concrete
5 . i . i . L . ' []35x35 cm
L=210m
d=73m

Figure B6.1 Resistance-settlement curve from static pile load tests, ground profile,
penetration test diagram and dimensions
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B6.2 Characteristic axial pile resistance from empirical lower
and upper table values

Note: Reference is made to the application principles and limitations in 5.4.3,
in particular with regard to the upper table values (not as a rule). In this
example the upper table values are adopted to evaluate the static pile
load tests.

B6.2.1 Determining the pile shaft resistance R_,

The empirical skin friction values in the zone of the load-bearing non-cohesive
and the weak cohesive soil are given by Tables 5.2 and 5.4 in Section 5.4.4.2
and, together with the corresponding pile skin areas, taking the correlation
factor for the skin area from Table 5.5 into consideration, the pile shaft resis-
tance upon mobilisation of the ultimate limit state Rgy (ss+) is given in Ta-
ble B6.1 and the pile shaft resistance Ry (sp) at failure in Table B6.2.

Table B6.1 Pile shaft resistance upon mobilisation of the ultimate limit state for the upper
table values

Stratum i A, Cyuii OF Qg Qeri (S5 N R, (S.)
[m] [m?] [MN/m?] [MN/m?] - [MN]
0,0to 2,0 | 2,80 5,00 0,027 1,0 0,076
2,0t0 13,0 | 15,40 0,04 0,020 1,0 0,308
13,0t020,3 | 10,22 17,50 0,098 1,0 1,002
R, (s,.)= 1,386 MN

Table B6.2 Pile shaft resistance at failure for the upper table values

Stratum i A, Cyi OF Qi Qe (S,) M, R, (S,
[m] [m?3] [MN/m?2] [MN/m?2] [-] [MN]
0,0to 2,0 2,80 5,00 0,040 1,0 0,112
2,0t0 13,0 | 15,40 0,04 0,023 1,0 0,354
13,0t0 20,3 | 10,22 17,50 0,134 1,0 1,370

R,,(s,)= 1,836 MN

Upon mobilisation of the failure state the settlement in cm for the skin friction
Ssg+, adopting R (se+) in MN, is determined using the following equation for
the pile shaft resistance Ry k(Sse*):

Ssgx = 0,50 . Rs,k(ssg*)~
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Using the figures from the example analysis the pile head settlement is:

Ssg = 0,50 - 1,386 = 0,7 cm.

B6.2.2 Determining the pile base resistance R,,

For determination of Ryj a mean soil strength is adopted in a region from
4 - Deq below to 1 - Deq above the pile base..

The equivalent pile diameter of a square prefabricated driven pile is deter-
mined using the following equation:

Deq=1,13 - a,.

Using the dimensions of the example the equivalent pile diameter is:
Deq=1,13-0,35=0,40 m.

The nominal value of the square pile base area in this case is:
Ap=2a2=0,352=0,123 m>.

The penetration test diagram in Figure B6.1 displays a mean characteristic
cone resistance along the respective length of:

1-17,5+4-15,0
qc,m :f

Using the figures given in Table 5.1 of 5.4.4.2 and taking the previously de-
termined value of q.,, and the correlation factor for the pile type as given in
Table 5.5 into consideration, the pile base resistance can be calculated. Ta-
ble B6.3 contains the determined figures.

=15,5 MN/m?.

Table B6.3 Pile base resistance for the upper table values

Relative settlement Qe , R,.(s)
s/D [MN/m2] -] [MN]

0,035 6,550 1,0 0,806

0,100 10,265 1,0 1,263

B6.2.3 Characteristic resistance-settlement curve
for empirical data compared to tested or measured values

The pile resistance calculated for the upper values from empirical data of the
pile base and pile shaft resistance is given in Table B6.4 as a function of the
pile head settlement. The settlement of the pile head for each value of the pile
resistance R is derived from the characteristic resistance-settlement curve in
Figure B6.2 as an upper empirical value R.x(s) and is listed for comparison
with the tested or measured data from the load tests R (s).
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Table B6.4 Pile resistances as a function of the pile head settlement (upper empirical
values and tested or measured data)

Relative settlement | Pile head settlement | R, (s) R,.(s) R..(s) R..(8)
s/D [cm] [MN] [MN] [MN] [MN]

Sy 0,7 1,386 0,403 1,789 1,889

0,035 1,4 1,481 0,806 2,287 2,298

0,100 4,0 1,836 1,263 3,099 3,408

Pile resistances R, R, R, [MN]

3 4
T T 7
Sgq = 0.7 cm]
€ 1 .
O, $(0.035 -Deq) = 1-4 €M
(2] ]
é > R, (upper
& \ values)
@ \
%] \ '
S 3 - ' \ i
\
g I ‘| N -~ Rc‘m
°© R,' R =
= bk sk : Sq
x 4 H | ! 4.0cm
L A |
5 upper values RC,K‘(Iowe‘r valges)

Figure B6.2 Resistance-settlement curve for the upper empirical values compared to the
values measured in load tests; the RSC for the lower empirical values is included for
orientation

B6.3 Characteristic axial pile resistance from static load tests

The characteristic pile resistance R for the ultimate limit state (ULS) shall be
derived from R, using Equation (A4.1) and adopting the correlation factors
&, and &, from Table A4.1.

R, R _
Rc,k — MIN{( ¢,m )mean ’ ( c,m )mm }

Where only one pile load test is used, the correlation values are &; = &,. If the
structural system is sufficiently stiff, “stiff” compression piles can be adopted
by dividing the correlation factors by 1,1, whereby &; may never become smal-
ler than 1. The determined correlation factors are:

- §=&=135 for flexible systems;
- §=6&=1,23 for stiff systems.
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The characteristic pile resistances Ry are given by the measured pile resis-
tance in the ultimate limit state (ULS) R, ,, = 3,408 MN after Table B6.4 using:

- Rx=2,524 MN for flexible systems;
- R.x=2,771 MN for stiff systems.

B6.4 Design values of pile resistances in the ultimate limit state
a) From empirical data

The design resistances in the ultimate limit state (ULS) based on empirical
data R4 are determined by dividing the characteristic pile resistances R.x by
the partial factor vy, = 1,4 after the table in Annex A3.2.

The design values of the upper and lower table values are derived and summa-
rised in Table B6.5. The lower table values are of comparative character only.

Table B6.5 Design values in the ultimate limit state (ULS) for upper and lower table
values

R, Y, R,

[MN] [MN]
Upper table values 3,099 1,40 2,214
Lower table values 2,271 1,40 1,622

b) From the pile load test

To derive the design values of the pile resistances R.4 in the ultimate limit
state from the pile load test, the characteristic pile resistances R, after B6.3

Pile resistances R, [MN]

0 1 2 3 4
R from experienced datas:
: Sp=07cm] o R (lower values) =2.214 MN
3 1r Swmog=14cm| O Reg(upper values) = 1.622MN
0 i from pile load tests:
g ol Ry (upper | g R (stiff systems) =2.519 MN
= vaiues)
S 1 e R, (soft systems) = 2.295 MN
¥}
g 3
e ' Rem |
% . . 5,= Figure B6.3 Comparison of the
g 40cm design values in the ultimate limit
N\ 1 state (ULS) from empirical data and
5 ., Rec (lower values) those from the static pile load test
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are divided by the partial factor y,= 1,1 from Table A3.2. The design values
are given by:

- R.a=2,524 MN/1,1 =2,295 MN for flexible systems;
- Req=2,771 MN/1,1 =2,519 MN for stiff systems.

The design values in the ultimate limit state (ULS) from empirical data and
those from the static pile load test are compared in Figure B6.3.
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B7 Preliminary Design and Analysis of the Ultimate Limit State
of Franki Piles Based on Empirical Data
and Comparison to a Pile Load Test Result

B7.1 Objective

Figure B7.1 summarises the information on soil type, ground strength and pile
geometry required to determine the axial pile resistance R.(s) based on em-
pirical data after 5.4.5.3.

The pile base volume necessary to accept a characteristic action Fy based on
empirical data is required for the preliminary design of a Franki pile. In this
example, initially the lower empirical values after 5.4.5.3 are adopted, whereby
the pile base is designed for a characteristic permanent action Fgy = 1,20 MN
and a characteristic variable action Fqox = 0,40 MN.

Analysis of the ultimate limit state (ULS, GEO-2) must be performed for the
necessary pile base volume determined in the preliminary design for the char-
acteristic action, adopting the upper and lower empirical values, based on the
actual driving energy expended during pile installation as shown in Fig-
ure B7.2.

To check the pile resistance based on empirical data after 5.4.5.3 the pile resist-
ance in the ultimate limit state is compared to the static load test in Fig-

Drilling profile CPT cone resistance Pile geometry
Gy IMN/m?) J'
] +
0 5 10 15 20 25 Fic= Fox F“-"_
0.0
r =
20 —=F— 1
40 e
6.0 E:._u:a.oz-m Nfmz—
T D, = 56.0 cm
80 Lo s .mmez - d=19.0m

100 "=, =0 o MNmP

12.0 1
= 6,,[= 0.18 MN/m? 1

5
I
14.0 - ; :
F S e,k =0.11 MN/m]

160 %

[ € odipmel. | |Depthof
18.0 I r Guk = W VNS i penetraﬁon =190m U
200 “ £ :

Figure B7.1 Ground profile, penetration test diagram and dimensions
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ure B7.2. To this end, the characteristic pile resistance must be determined
using the upper table values and taking into consideration the non-load-bearing
strata, and compared to the result of the static load test.

Driving force Resistance-settlement curve
W, [MNm] Pile resistance R, [kN]
0 5 10 45 _ 0 2000 4000 6000
0

0.0
20 |
40 |
60 |
80 |
10.0 |

Settlement [mm]

Bs8 & 8 8

12.0
14.0 |
16.0 |
18.0 -

u

Figure B7.2 Driving energy and logged data from the static load test

200 -

B7.2 Determining the base volume from empirical data
B7.2.1 Determining the pile shaft resistance R_,

The empirical skin friction values in the zone of the load-bearing boulder clay
from a depth of 0,80 m above driving depth and, adopting the associated pile
skin areas, the ultimate pile shaft resistance Ry after Table B7.1, are given in
Table 5.11 in 5.4.5.3.

Table B7.1 Ultimate pile shaft resistance for the lower table values

Stratum i A, Coxi Ui R,

m] [m2] [MN/mz] [MN/m?] [MN]
10,0to 11,0 1,76 0,100 0,044 0,077
11,0 to 14,0 5,28 0,180 0,060 0,317
14,0 to 16,0 3,52 0,110 0,046 0,162
16,0 to 18,2 3,87 0,140 0,053 0,205

R,,= 0,761 MN
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Note: The non-load-bearing strata and the strata overlying them were not
taken into consideration for the preliminary design. The empirical ulti-
mate skin friction for cohesive soils after Table 5.11 can be used for the
boulder clay.

B7.2.2 Determining the pile base volume of a Franki pile
The Franki pile is designed for a characteristic action Fy = Fgx + Fqy. For
Loading Case 1 this means that a characteristic axial pile resistance of:
R., =(Fsu Y6 +Fou ¥o) v, =(1,20-1,35+0,40-1,50)-1,40
=3,108 MN

must be verified. The necessary pile base resistance is given in Table B7.2.

A mean soil strength is adopted in the zone from 3 - Dy below to 2 - D
above driving depth to determine Ryx. A mean undrained shear strength
cux = 0,140 MN/m? is given for this zone by the penetration test diagram in
Figure B7.1.

Adopting the undrained shear strength ¢, and the necessary characteristic pile
base resistance Ry from Table B7.2 gives the pile base volume for the lower
empirical values in Figure 5.10. The necessary base volume of the Franki pile
for the lower empirical values is given in Table B7.2.

Table B7.2 Necessary characteristic pile base resistance and pile base volume

Rc,k Rs,k Rb,k V [ms]
[MN] MN] [MN] (from Figure 5.9)
3,108 0,761 2,347 1,05

B7.3 Analysis of the ultimate limit state (ULS, GEO-2) by means
of the driving energy expended during pile installation

B7.3.1 Characteristic pile resistance R_, after applying the lower
empirical values

The ultimate pile shaft resistance after Table B7.1 is:
R =10,761 MN.

The driving energy for the final 2 m is given by the driving energy diagram in
Figure B7.2 as:

Y

actual

=10,410+11,183=21,593 MNm.
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The norm driving energy after 5.4.5.3, Table 5.9, for a Franki pile with
D, =56,0 cm is:

W, =30,469 MNm

and the norm driving energy ratio:

W,
W: actual :0,71

norm

The pile base resistance Ry, is given using the standard driving work ratio and
the existing pile base volume after Table B7.2 from Figure 5.10:

Rb,k = 2,675 MN.

The axial compression pile resistance in the ultimate limit state from empirical
data is given by:

Ry = Rpg + Ry = 2,675 + 0,761 = 3,436 MN.

B7.3.2 Characteristic pile resistance R_, after applying
the upper empirical values

Note: Reference is made to the application principles and limitations in 5.4.3,
in particular with regard to the upper empirical values (not as a rule).

The ultimate limit state pile shaft resistance using the upper values from Ta-
ble 5.11 is given in Table B7.3.

Using the norm driving energy ratio:

W.
W=_"=0,71
w

norm

and the existing pile base volume after Table B7.2, the pile base resistance R
is given by Figure 5.11.

Rb,k = 3,890 MN.

Table B7.3 Ultimate pile shaft resistance for the upper table values

Stratum i A, Cyi i R..:
[m] [m?] [MN/m2] [MN/m2] [MN]
10,0 to 11,0 1,76 0,100 0,056 0,099
11,0 to 14,0 5,28 0,180 0,076 0,401
14,0 to 16,0 3,52 0,110 0,059 0,208
16,0 to 18,2 3,87 0,140 0,067 0,259
R,.= 0,967 MN
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The axial compression pile resistance in the ultimate limit state from empirical

data is:

Rex =Rpx + Rk = 3,890 + 0,967 = 4,857 MN.

B7.3.3 Ultimate limit state analysis

The design value of the compressive pile resistance is given by:

Rc,d =

Rc,k
if!

and the design value of the action by:

Eo=Fu Y6 +Foux Yo-

Where

Fc,d S

1e= 1,40, y6 = 1,35 and yq = 1,50 for the DS-P design situation.
Rc,d

must be adhered to for analysis of the ultimate limit state. The utilisation fac-
tors are given in Table B7.4.

Table B7.4 Utilisation factors for upper and lower table values

R.. [MN] F.s [MN] ni-l
Lower table values 2,454 2,220 0,91
Upper table values 3,476 2,220 0,64
B7.4 Comparison of the axial pile resistance based
onh empirical data with static load tests
B7.4.1 Characteristic axial pile resistance from empirical data

The characteristic axial pile resistance based on empirical data from a static
load test is examined.

Note:

358

Comparison of the axial pile performance derived from a static pile load
test with the empirical data after 5.4.5.3 requires that the pile skin fric-
tion is adopted over the entire length of the pile. The calculation of the
pile resistance deviates from the previous procedure for determining
characteristic axial pile resistance inasmuch as non-load-bearing or
weak strata with q. < 7,5 MN/m? or ¢, x < 0,06 MN/m? are taken into
consideration. Reference is made also to the application principles and
limitations in 5.4.3, in particular with regard to the upper table values
(not as a rule). In this example the upper table values are adopted to
evaluate the static pile load tests.



The empirical skin friction values in the zone of the load-bearing boulder clay
from a depth of 0,80 m above driving depth are given in Tables 5.10 and 5.11
of these Recommendations and, adopting the associated pile skin areas, the
ultimate pile shaft resistance R,y after Table B7.5.

Table B7.5 Ultimate pile shaft resistance for the upper table values

Stratum i A, q,orc,,, Ui R..:
[m] [m2] [MN/m?] [MN/m?2] [MN]
0,0to 3,0 5,28 3,60 0,066 0,348
3,0to 5,0 3,52 11,10 0,121 0,426
50to 7,0 3,52 0,020 0,034 0,120
7,0t0 10,0 5,28 0,050 0,042 0,222
10,0 to 11,0 1,76 0,100 0,056 0,099
11,0 to 14,0 5,28 0,180 0,076 0,401
14,0 to 16,0 3,52 0,110 0,059 0,208
16,0 to 18,2 3,87 0,140 0,067 0,259
R,.=2,083 MN

Using the standard driving work ratio W = 0,71 after B7.3.2 and the pile base
volume V = 1,05 m® from Figure 5.11 the pile base resistance Ry is:

Rb,k = 3,890 MN.
The axial pile resistance based on empirical data is:

Rc,k = Rb,k + Rs,k = 3,890 + 2,083 = 5,973 MN.

B7.4.2 Comparing to the static load test

Extrapolating the resistance-settlement curve from Figure B7.2 using the hy-
perbola method gives the axial pile resistance for an ultimate settlement
Suie =S¢ = 0,1 - Dy:

Rem =5,966 MN.

The deviation in the calculated pile resistance from the measured value is
ARI = 70,1%.

In this case the upper empirical data thus correspond well to the results of the
static load test taken for reference.
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B8 Negative Skin Friction for a Displacement Pile
as a Result of Fill

B8.1 Objective

PR ima¥ s emas
sa ak A - an aa
s a wm om
Soft layer s as ma é
r s an Y r s ﬂ')-
ah aa s aa
s o - s o
A Gas i a am
i omd o . A

Load-bearing -

-—3,00m

Figure B8.1 System and boundary conditions

Table B8.1 Characteristic soil properties

Stratum Soil properties
Fill ¢, =30°
(sand) Y, = 16,0 kKN/m®
Soft stratum C, = 35,0 kN/m*

The ultimate and serviceability limit states shall be analysed for a prefabri-
cated, square, reinforced concrete pile with an edge length a;=0,35 m and a
permanent action Fgx =450 kN imposed by structural loads. The results of a
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static pile load test are available as shown in Figure B8.2 and Table B8.2. It is
known from a settlement analysis that the soft stratum will settle by 5 cm be-
low the assumed infinite fill. The settlements caused by the fill in the load-
bearing ground can be ignored. In the serviceability limit state (SLS) a maxi-
mum pile head settlement allow. s, = 0,5 cm is permitted, which in this case is
compared to a lower bound of the characteristic RSC in the serviceability limit
state. The pile is also assumed to be rigid.

B8.2 Determining the characteristic resistance-settlement curve

The characteristic pile resistance in the ultimate limit state (ULS) R is given
by the measured value for R, from the load test using Eq. (A4.1) as follows:

Rc,m
Rc,k = a
1

where the correlation factor is &, = 1,35 after Annex A.4. The correlation fac-
tors given there refer to “flexible” compression piles and are applied for single
pile behaviour, as is assumed here.

For the range of small pile settlements, after 6.4, Eq. (6.13) characteristic
boundary lines with values of k= 0,15 (based on [59]), were derived to form
the basis for the serviceability limit state analysis, here applied in approxima-
tion to the measured values in the serviceability limit state.

Note: The method adopted here for the characteristic boundary lines in the
service load range is only one possible option. Other reasoned proce-
dures are also possible.

Figure B8.2 and Table B8.2 show the results determined for R.x (SLS) and
Rc,k = Rc,k (ULS)

In the ultimate limit state (ULS), sy =s, = 0,10 - Dy, shall be adopted for the
pile head settlement, if no other criteria are selected. An equivalent pile diam-
eter Deq = 39,5 cm = 0,395 m is given for the square pile.

Sut = 8¢ =0,10-39.5=3,95cm ~ 4 cm.

The characteristic pile resistance in the ultimate limit state ULS in Table B8.2
is thus:

Rey = 1,176 kN.

The characteristic pile resistance R.x(SLS) in the serviceability limit state for
allow. s = 0,5 cm from Figure B8.2 and Table B8.2 is:

R (SLS) = 850 kN.
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Table B8.2 Pile load test results and derived characteristic pile resistances

s Rim K R..
[cm] [kN] [-] [kN]
0,0 0 - 0
0,5 978 0,15 R.(SLS) = 850
1,0 1198 0,15 1042
1,5 1320
2,0 1410
3,0 1532 g, -
s,~4,0 1587 1,35 R..=1176
Resistance R [MN] CPT cone resistance q, [MN/m?]
0 0.4 0.8 1.2 1.6 0 5 10 15 20 25
0 ‘ ‘ ‘ 0
_______________ i 2
— ~ \ Rc‘m
RIS Vg 5
E Sk,max ‘: 6
O I — §
E2r : 7 E 8
= i £ 10 =
[} | a =
7] I 73 T
° 3 : 1 o 12
8 j ] 14 — T ——
2 4 ULS-------- o 16 ?
R,(ULS) 18 2
5 L . L . L - " - 20 - . ——

Figure B8.2 Results of a pile load test and of a cone penetration test, and the derived
characteristic resistance-settlement curve

A settlement of exist. sy = 0,3 c¢cm results from the characteristic RSC for the
existing characteristic action Fgx =450 kN imposed on the pile by structural
loads in the serviceability limit state (SLS).

Note: 1t is assumed in approximation that the pile resistances in the pile load
test only result from the load-bearing soil and the strata above make no
contribution.

B8.3 Determining the characteristic actions F_,
from negative skin friction

In Figure B8.3 the pile settlements under the effect Fgx for the ultimate and
serviceability limit states are compared to the settlements of the soft stratum.
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Settlement of pile and soft layer [cm]
0 1 2 3 4 5

0 T T T
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, sm,=sg=0.1I0-Db
3;7 neutral point ULS .
£ |
C
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[a]
8 I 7
9.2
Pile (SLS) I
12t :

Figure B8.3 Determining the neutral points from the settlements of the pile and the soft
stratum for ULS and SLS

In the ultimate limit state (ULS) the neutral point is located 3,7 m below the
ground surface and within the soft stratum. The characteristic actions from
negative skin friction shown in Table B8.3 are determined using Eq. (4.1) for
the soft stratum and Eq. (4.2) for the fill.

Table B8.3 Actions from negative skin friction in the ultimate limit state

Depth di As‘\ Toki Fn,k,i
[m] [m] [m?] [KN/m?] [kN]
0,00 0,0
2,00 2,80 12,9
2,00 9,2
2,00
1,70 2,38 35,0 83,3
3,70
Focus = 96,2 kN

After determining the existing settlement s = 0,3 cm for the serviceability limit
state (SLS), the neutral point is located at a depth of 9,5 m below grade. This
deviates from Figure B8.3 where the neutral point is determined for
s = 0,5 cm; the difference is however ignored. The characteristic actions from
negative skin friction are determined in Table B8.4 for the serviceability limit
state.
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Table B8.4 Actions from negative skin friction in the serviceability limit state

Depth d A, T, Foi
[m] [m] [m?] [kN/m?] [kN]
0,00 0,0
2,00 2,80 12,9
2,00 9,2
2,00
7,50 10,50 35,0 367,5
9,50
Foss = 380,4 kN

B8.4 Bearing capacity analysis

For analysis of the ultimate limit state the limit state condition must be adhered
to:

Fc,d < Rc,d

The negative skin friction is adopted here as a permanent action analogous to
4.4.3 (1) in the DS-P design situation.

Fc,d = (FG,k + Fn,k,ULS) Y6 = 450,0 . 1,35 + 96,2 . 1,35 = 737,4 kN
Req=Reifyi=1176,0/1,10 = 1 069,1 kN
Feq=7374kN<R.q=1069,1 kN

B8.5 Serviceability analysis

In the serviceability limit state the limit state condition:
F.4(SLS) <R, 4(SLS)

must be adhered to.
F.a(SLS) =F.x=Fgx + FyxsLs =450,0 + 380,4 = 830,4 kN
R.4(SLS) = R x(SLS) = 850,0 kN
F.4(SLS) = 830,4 kN < R, 4(SLS) = 850,0 kN

Note: The adopted pile settlements s(SLS) and sy = s, resulting from struc-
tural loads are increased slightly by the characteristic pile effect from
negative skin friction, in particular in terms of s(SLS). Iteration can
normally be dispensed with, because the procedure shown here adopt-
ing s(SLS) = 0,3 cm (without negative skin friction) is conservative and
normally leads to an unfavourable characteristic pile effect F_ as a re-
sult of the large depth of the neutral point in the serviceability limit
state.
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B8.6 Analysis of internal capacity (structural failure)

For analysis of internal capacity (structural failure) the largest effect at the
depth of the neutral point in the serviceability limit state is given by:

exist. Fc’k(SLS) = FG,k + Fn,k,SLS = Fk
(for internal pile capacity design).

The internal pile design (structural failure of the pile material) in the ultimate
limit state shall be done using this effect Fy = Fgx + Fyxsis-
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B9 Determining the Effect on a Laterally Loaded Pile
(Perpendicular to the Pile Axis) and Analysis
of Structural Failure

B9.1 Objective

The internal capacity of the pile shown in Figure B9.1 is analysed. The soil
resistance and the effect on the pile must first be determined. The pile is then
designed, adhering to the corresponding internal pile capacity analyses.

The following characteristic actions are taken into consideration:

Permanent vertical action: Fox=3,333 MN
Variable vertical action: Fqrep = 2,000 MN
Permanent horizontal action: Hgx = 0,600 MN
Variable horizontal action: Hgrep = 0,400 MN.

The system comprising the characteristic actions, the ground profile and the
depth-dependent subgrade modulus distribution is shown in Figure B9.1.

Fo=Fo + Fro
Py = 10 KN/ o
-1.60m l *
P O A S P IO L L LD R
H, = Hegp + Hepp 3.0
Silt —
1 = 18 kNfm’
@ = 22,5
c' = 5kN/m
7 -7.00m Clay 3,0
f = 20KN/m® %s 0
_ 9 = 20,0°
R7A000M o o 0 ke 6.0
20,0
Marl — —]
4 = 21 kNim® E Ky o
g = 275 EMN/m*2
c' = 10kNm*
E 2-18,00 m 20,0
- |- Subgrade
D'= 1 5II'T1 reaction moduli

Figure B9.1 System and boundary conditions

According to 6.3.2 the maximum mobilisable characteristic normal stress oy,
between the pile and the soil is limited by the characteristic passive earth pres-
sure ey calculated for the plane state.

Ohx < €phk (B9.1)
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The design value of the characteristic lateral normal stress resultant, referred to
as the lateral soil resistance By, g, may not exceed the design value of the three-
dimensional passive earth pressure E , for the embedment length of the pile
as far as the pivot point (displacement zero point).

Bra< Ejq (B9.2)

Adherence to the conditions arising from Eq. (B9.1) and Eq. (B9.2) is to be
checked prior to pile design.

B9.2 Determining the characteristic action effects and stresses

Figure B9.2 b) shows the pile’s characteristic mobilised subgrade stress from
the structural analysis of an elastically supported beam, adopting the subgrade
reaction moduli from Figure B9.2 a). The distribution of the characteristic
passive earth pressure is shown in Figure B9.2 ¢). It is clear from the superim-
posed subgrade stress and passive earth pressure in Figure B9.2 d) that the
characteristic mobilised subgrade stresses oy in the upper region of the pile
exceed the characteristic passive earth pressure ep,. The approach for the
subgrade reaction modulus distribution is modified such that Eq. (B9.1) is
adhered to.

Figure B9.3 a) shows the iteratively determined subgrade reaction moduli,
reduced in the upper pile region, which are subsequently adopted for further
design. The corresponding characteristic mobilised subgrade stress is shown in
Figure B9.3 b) and the characteristic passive earth pressure in Figure B9.3 ¢).
The superimposed subgrade stress and passive earth pressure in Figure B9.3 d)
show that the values of the characteristic mobilised normal stresses oy

a)Subgrade reaction  b)Mobilised subgrade ¢) Passive earth d) Superimposed subgrade pressure/
madulus [kN/m?) stress [kNim?] pressure [kMim?] passive earth pressure
1,60 m
219 ar
Excess
255 =700 m
172 247
70 370 57 -10,00 m
20000 234 487

20000 -207 % /é 71800 m

Figure B9.2 Subgrade reaction moduli distribution (a) and characteristic mobilised sub-
grade stress from structural analysis (b), characteristic plane state passive earth pressure
(c) and superimposed subgrade stress and passive earth pressure (d)
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a}Subgrade reaction  b)Mabilised subgrade ¢)Passive earth d)Superimposed subgrade pressure/

modulus [kNim?] strass [kN/m?] pressure [kN/m?] passive earth pressure
1 60 m
320 a7 2 60 m
753 i 3 B0 m
1327 118 4 ao m
2080 158 s B0 m
3000 181 259 T0m
5180 247 a 00 m
225
6000 370 71000 m
406 [E—
; ? 571347 m
20000
244 7 -18,00 m

Figure B9.3 Adapted subgrade reaction moduli distribution (a) and characteristic
mobilised subgrade stress from structural analysis (b), characteristic plane state passive
earth pressure (c) and superimposed subgrade stress and passive earth pressure (d)

are now below the characteristic passive earth pressure ey . The condition in
Eq. B9.1 is thus met.

While determining the action effects and stresses it must also be demonstrated
that the resulting lateral soil resistance is smaller than the design value of the
passive earth pressure as far as the pile pivot (zero displacement point).

The lateral soil resistance is given by integrating the mobilised subgrade stress
from the pile head to the pivot (displacement zero point), located at an eleva-
tion of —13.47 m, using beam analysis. The characteristic soil resistance forces
given by integrating the stress areas as shown in Figure B9.3 b) are:

B,,. =1091 kN
=727 kN

hq rep
The design value of the soil resistance is therefore:
Bid =Y Bigx Yo Bhgrep =1,35-1091+1,5-727 =2 563 kN (B9.3)

The three-dimensional passive earth pressure as a result of the self-weight of
the soil is calculated to DIN 4085:2007-10 as follows:

2

Bjuy =1 Kpy, DY +e-h-DE (B9.4)

pgh
Where:
. Er _ Er __
D<0,3-z: D, =0,55-(1+2-tan@)-vD-z D, =1,1-(1+0,75-tan@)-VD-z
. Er _ Er _
D>203-z: D,,=D+0,6-z tan ¢ D, =D+0,3-(1+1,5 tan @)
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D:  Pile diameter
z:  Depth in question.

For the elevation here of —13,47 m:

D<0,3-z (1,5m<3,56m=0,3-(13,47-1,60)

Silt: D =0,55-(1+2-tan22,5°)-4/1,5-(13,47 - 1,60) = 4,24

DY =1,1-(1+0,75 - tan22,5°)-/1,5-(13,47-1,60) = 6,08

Clay: D =0,55-(1+2-tan20°)-/1,5-(13,47-1,60) = 4,01

DI =1,1-(1+0,75-tan20°)-/1,5- (13,47 - 1,60) = 5,91

Marl:  D® =0,55-(1+2-tan27,5°)-/1,5-(13,47 —1,60) = 4,74

D¥ =1,1-(1+0,75-tan27,5°)-/1,5- (13,47 -1,60) = 6,45

The three-dimensional passive earth pressure E, to the elevation of
—13.47 m is given by the passive earth pressure distribution in the planar case
as follows:

E' :%»(10+107,2)-5,40~2,240-4,24+5~5,4~6,08

phk

+%-(107,2+167,2)~3,00~2,040-4,01+10~1,92-5,91

+%(167,2+240,0)~3,47-2,716~4,74+10-1,92~6,45

=15869kN

Applying the partial factor yg . the design value of the three-dimensional pas-
sive earth pressure is:

E’ 1
phk :ifg:IIBSkN.

,YR,C 13

E:)h,d =
For analysis of the lateral soil resistance:
B, =2563 KN<I1335kN=E], ;.

The three-dimensional passive earth pressure is not exceeded.
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B9.3 Design values of the action effects

The design values of the action effects are given by adopting the partial factors
for the limit state in the structure and the ground (STR and GEO-2) after the
EC 7-1 Handbook [44], also see Annex A2. The actions are allocated to the
permanent design situation DS-P.

The design value of the normal force is:

Nig =Npg Yo + Niorp Yo =3333-1,35+2000-1,50 =7 500 kN . (B9.6)
If the changeable load acts favourably, the design value is:

Negtw = Nig Y6 T Neorp Yo =3333-1,35+2000-0=4500 kN . (B9.7)
The design value of the shear force is:

Via = Vi Yo  Viam Yo =600:1,35+400-1,50 =1410 kN . (B9.8)
The design value of the bending moment is:

My =M Yo +Mepor Yo =2 728-1,35+1819-1,50 =6 411 kNm . (B9.8)

Figure B9.4 and Figure B9.5 show the distribution of action effect design val-
ues with reduced subgrade reaction modulus adopted for structural analyses.

Eending moment Bending moment Bem:lingl moment
Mg, [kNm] M, [kMm] M. [(KNm]

A £ =

57160 m

-8.92m
3683 2728 6411 MA#n

71347 m

5/-18,00 m

Figure B9.4 Design bending moments for pile design (structural analyses)
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Shear force Shear force Shear force

Ly [kNM] Qg4 [KNM] Qg0 [KNM]
5/ -1.60m
810 600 1410
N/ -8.92m

1 S Z -13,47 m
-649 -480 -1129

/18,00 m

Figure B9.5 Design shear forces for pile design (structural analyses)

B9.4 Minimum strength class of concrete and concrete cover

The minimum concrete strength class to DIN 1045-1:2008-08 for exposure
class XC2 with regard to foundation components is C16/20. DIN
EN 1536:1999-06 envisages a concrete strength class between C20/25 and
C30/37 for bored piles.

Adopted: C25/30 XC2
The nominal concrete cover c,oy, to DIN 1045-1:2008-08 is given by:
Cnom = Cmin + AC (B99)

Where ¢, 1S the minimum concrete cover to DIN EN 1536:1999-06 as a func-
tion of D:

Cmin = 50 mm For piles where D < 0,6 m
Cmin = 60 mm For piles where D > 0,6 m, here ¢,;, = 60 mm

Ac Allowance value to DIN 1045:2008-08 as a function of the exposure

class:
Ac =10 mm For exposure class XC1
Ac=15mm In all other cases, here Ac = 15 mm
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Giving the nominal concrete cover:
Coom = 60 + 15 =75 mm.

To guarantee the bond to DIN 1045-1:2008-08 the condition:
Cnin = ds (ds = bar diameter)

must also be adhered to.

B9.5 Design values of materials

The partial factors of the materials for the ultimate limit state are adopted from
DIN 1045-1:2008-08:

Concrete < C55/67 Ye =1,50
Reinforcement steel BSt 500 Ys =L15

The design value of the concrete compressive strength is given in accordance
with DIN 1045-1:2008-08 by taking the long-term impact on the compressive
strength into consideration using the factor o (oo = 0,85 for normal weight
concrete):

Joa =0 fa e (B9.10)
Where f, =25,0 N/mm®.

f,=0,85-25,0/1,50 =14,2 N/mm’ .

The design value of the yield strength of the reinforcement steel BSt 500 S (A)
is given by:

£q=1f, /s (B9.11)
Where f,, =500,0 N/mm”.
Thus f,, =500,0/1,15=435,0 N/mm®.

yd

B9.6 Ultimate limit state design
B9.6.1 Design for bending and normal force

The circular section is designed using the ® method with dimensionless coeffi-
cients.

Assuming a diameter of 12 mm for the transverse and 32 mm for the longitu-
dinal reinforcement the centres d; of the longitudinal reinforcement are at:

d,=nomc+d +d.,../2=7,5+1,2+3,2/2=10,3 cm.

$,Cross s,long

For the purposes of analysis the bending reinforcement centres are adopted at
d,=0,1-h=15cm, i.e. di/h=0,1.
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The relative bending moment is given by:

M, 6411

= = =0,171 B9.12
Mo = A hof, ~ 1,57 /4-1,5-14 00 (89.12)
The relative normal force is given by:
N —4500
Vig B = =-0,180 (B9.13)

TA L, 1,57 /414200

The corresponding, necessary degree of mechanical reinforcement is given by
reading the diagram for di/h = 0,1 as:

®,, =0,41
The corresponding strains are:
€c, /€5 =—3,5/5,177%o

The necessary longitudinal reinforcement is given by:

o, ‘A, 0,41'71,5°-100° )
erf Ag, = £, = 4.435 000 =236,5cm (B9.14)
f, 14 200

The minimum longitudinal reinforcement to DIN EN 1536:1999-06, Table 4 is
given as a function of the nominal pile diameter by:

Ag 20,25% A, =0,0025-7-1,5> /4-100°

=442 cm® <236,5 cm® =erf A (B9.16)

S, tot
The minimum reinforcement in this case is not a governing factor.
The adopted longitudinal reinforcement is:

30 dia. 32 =241,3 cm? > 236,5 cm? = req. As

DIN EN 1536:1999-06 requires that a minimum spacing of 100 mm and a
maximum spacing of 400 mm is adhered to for the longitudinal bars.

I0cm<a=U/n=mr-(150,0-15,0-2)/30=12,6 cm < 40 cm (B9.17)

The necessary minimum spacing is therefore adhered to.

B9.6.2 Design for shear force to DIN 1045-1

The Civil Engineering Standards Committee (NABau) interpretation states that
the smaller value of the cross-sectional width between the reinforcement cen-
troid (tension flange) and the pressure resultant (corresponds to the smallest
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width normal to the inner lever arm z) is used as the effective width for shear
force design of circular cross-sections.

Bending design gives:
€., /eg, =—=3,50/5,177 .

Using the longitudinal reinforcement centres adopted in bending design the
height of the compression zone is:

x =(150,0—15,0)-3,5/(5,177+3,5) = 54,5 cm . (B9.18)

Because the zero strain line lies within the cross-section, a stress block may be
adopted in simplification for the distribution of the concrete compressive stress
to DIN 1045:2008-08. The height of the stress block is given by:

k-x=0,8-54,5=43,6cm. (B9.19)

The pressure resultant lies in the centroid of a circle segment with an opening
angle ¢, of:

o, =2-arccos (1-k-x-2/D)
=2-arccos (1-43,6-2/150,0) =130,5°. (B9.20)
The centroid distance from the circle centre is:
z¢ =2/3-D-(sin(*4))’ / (n- 0, /180° —sin v, )
=2/3-150,0-(sin (**-%))’ / (-130,5°/180° —sin130,5°)
=49,4 cm (B9.21)

In line with the interpretation of the Civil Engineering Standards Committee
the true tensile reinforcement, i.e. the reinforcement within the tension zone, is
adopted for shear force design. To determine the reinforcement centroid the
reinforcement is assumed to be uniformly distributed along its centroid axis.
The radius of the reinforcement centroid axis is:

Ry =150,0/2-15,0=60,0 cm . (B9.22)
The centroid of the ring section with an opening angle ¢ of:
o =360°—2-arccos (1-(x—d,)/Ry)
=360°—2-arccos (1-(54,5-15,0)/60,0)
=220,0° (B9.23)
lies at a distance from the centre of the circle:
zg =360°-sin (%) Rg / (1 0t °)
=360°-sin (**%)-60,0/ (n-220,0°) = 29,4 cm (B9.24)
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This approximation deviates from the true location of the centroid of the steel
tensile forces, because stress distribution in the reinforcement is not taken into
consideration. However, the approach is conservative due to the larger true
lever arm.

The smaller value of the cross-sectional width is therefore at the height of the
pressure resultant and is:

b, =2-\/(150,0/2)2—49,42 =112,9cm. (B9.25)
The structural height is given by:

d=D/2+2z,=75,0+29,4=104,4cm. (B9.26)
The inner lever arm is:

z=7.+7; =49,44+29,4=78,8cm. (B9.27)

The design value of the shear capacity without shear reinforcement in the
equivalent rectangle to DIN 1045:2008-08 is:

Vet = (0;(15 x-m, - (100-p, - £, )" —0,12-chj-bw d. (B9.28)

C

Where & =1++/200/d[mm] =1++/200/1044 =1,44<2,0 .
M, =1,0 for normal weight concrete

vorh A, ,, -“% o 241,3.220.0°7
As _ St /360° _ 460 =0,0125<0,02
b, d b, -d 112,9-104,4

w

P, =

6, =Ny /A, =—4500/(/4-1,50° ) = =2 546 kN/m’
(negative compressive force)

Giving:

V,

Rd,ct

- (01,155 1,44-1,0-(100-0,0125-25)" —0,12~(—2,546)) 1,129-1,044

=895kN <1410 kN = V,,

Shear reinforcement is therefore required.

The limitation in the compression member inclination is:

0,58 < cotB< (1,2 -1,4-6, /f,, )/(1= Vego/Vea ) < 3,0. (B9.29)
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Where:
Viae =0,24:-m, -fk”3 -(1+1,2-6,,/f,)b, 2

=0,24-1,0-25" -(1+1,2-(-2 546)/14 200) -1,129-0,788  (B9.30)
=490 kN
giving:
0,58 <cot® < (1,2—1,4-(-2546)/14 200)/(1-490/1 410)
=2,22<3,0 (for standard concrete)
The design value of the maximum shear capacity is:
Vid.mx = by -2 0t - £,y /(cot® +tan )
=1,129-0,788-0,75-14 200/(2,22+1/2,22). (B9.31)
=3548 kKN >1410kN =V,
The necessary shear reinforcement is given by:
Ag, /s, = VEd/(fyd -z-cotB)
=1.410/(435000-0,788-2,22)-100° =18,5 cm’/m.
However, this approach does not take the increased effect of the shear rein-
forcement due to radial thrust forces caused by the continuous support of the
compression strut on the circular link (boiler pressure) into consideration.
Therefore, [S] derives the shear resistances from the basic equations in
DIN 1045-1, taking the thrust forces of the circular link and the non-uniform
distribution of the shear force on the longitudinal reinforcement into considera-
tion for axis-symmetrical, longitudinally reinforced beams with shear rein-
forcement. If shear reinforcement is in helix format, the helix inclination o

must also be taken into consideration. Deriving the tension strut strength for
circular links leads to the design value given in DIN 1045-1:2008-08:

Viay = O - Ag, /8, - f,4 -2 cotB-sina (B9.33)

(B9.32)

supplemented by a factor o, known as a the effectiveness factor, dependent
only on dimensionless geometry parameters and a term for the helix inclination
o . Due to the small range of values of 0,715< 0, <m/4=0,785 for practi-
cal applications, [5] proposes a simplified estimate of o, =0,75.

The shear force component Vi, . to DIN 1045-1:2008-08 is adopted to deter-
mine the compression strut inclination, whereby the effective width can be
estimatedas b, = A_;/z=0,9-D=0,9-1,5=1,35m. Using Eq. (B9.30):

Vege =0,24-m, £, -(1+1,2-0,4 /f4) b, -z

=0,24-1,0-25" - (1+1,2- (-2 546) /14 200) -1,35-0,788
=586 kN
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Using Eq. (B9.29) the limitation in the compression strut inclination is:
0,58 <cot® <(1,2—-1,4-(-2546)/14 200)/(1-0,586/1,410)
=2,48<3,0 (for standard concrete)

The capacity of the compression strut is limited in accordance with DIN 1045-
1:2008-08, whereby the effective width may be adopted as b, =2-Rg
= D =1,5 m using the approach after [5]. Given an angle of inclination of the
helix of o0 =85° (¢f. adopted reinforcement) the capacity of the compression
strut is limited to:

Vrdmax =04 b, ~Z-0r, - £, - cot 9/((cot9 +cotar)’ +1)
=0,75-1,5-0,788-0,75-14 200-2,48/((2,48 +cot 85°)° +1) (B9.34)
=3084 kN >1410kN =V,

The necessary shear reinforcement is given by Eq. (B9.33):

Agy /5y = Vg (0 £y -z-cotB-sin ax)
=1410/(0,75-435000-0,788-2,48-sin 85°)-100> = 22,2 cm’/m

B9.6.3 Design for shear force after [5]

In order to take into consideration the favourable impact of central normal
compression forces, [5] divides the bearing resistance into individual compo-
nents in a truss model with an additive concrete contribution, whereby the
shear force transfer as a result of crack formation is ignored, such that by adop-
ting Vi, =0
0,58<cot0=1,2-1,4-0, /f,
(B9.35)
=1,2-1,4-(-2,546)/14,2=1,45<3,0

In addition to the effect of the truss model, the resistance in the compression
and failure process zone is adopted:

VRd,sy = VRd,sy (VRd,c = 0) + VRd‘ct (B936)
The semi-empirical approach was adopted by [5] for shear force resistance:
Viga = 0,216/7, -1 (100-p, )" - £, by -z = ANy (B9.37)

where the term AN, considers the favourable influence of central normal
compression forces via a strutted frame. The inclination of the strutted frame
A =1z./a corresponds to the change in the distance z, between the centroid
axis and the centroid of the compression zone over the length a. In simplifica-
tion, the length a may be estimated as the distance between the point of
acting of the shear force and the location of the maximum moment where
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a=892-160=732cm. Hence: A=z./a=49,4/732=0,067. A normal
compression force is adopted by applying the appropriate partial factor for
favourable actions.

In contrast to the NABau interpretation, [5] adopts the reinforcement of the
half cross-section in the tension zone in simplification for the degree of longi-
tudinal reinforcement.

1
p=7-A

ot A zl-241,3/ 7-150° /4) = 10,0068 < 0,02 (B9.38)
2 s, tot C 2

Using b,y =0,9-D=1,35m and the values previously determined in Equa-

tion (B9.37):

Via o =0,216/1,5-1,44-(100-0,0068)"* - 25" 1,35.0,788 — 0,067 - (-3,333)
=772 kN

The required reinforcement in accordance with Equation (B9.36) is therefore:

Ag, /s, = (VEd — Vi )/(ock £, -z cot®-sin oc)
= (1410—-772)/(0,75-435 000-0,788-1,45-sin 85°)-100% =17,2cm?/m

In contrast to the NABau interpretation, the approach in accordance with [5]
gives an approx. 16% lower shear force reinforcement. This is caused by the
increase in shear capacity due to the strutted frame approach for the normal
forces. If no, or only minor, compressive forces act on the structural element,
the design approach in accordance with [5] returns more shear reinforcement
than the NABau interpretation, because in this case the additional effect im-
posed by the circular reinforcement's boiler pressure not covered by the
DIN 1045-1:2008-08 design concept becomes governing. The approach after
[5] is therefore recommended for design.

B9.6.4 Minimum reinforcement for shear force to DIN 1045-1

The minimum reinforcement to DIN 1045-1 is given by the base value for
determining the minimum reinforcement p = 0,068% as:

Ag, /s, =p, b, -sina=0,068-135,0-sin90,0°=9,2 cm’/m.  (B9.39)

The minimum diameter of the transverse reinforcement in accordance with
DIN EN 1536:1999-06 is:

{6mm
Ay min 2 (B9.40)
Vdy=1,32,0=8mm
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The minimum clear bar spacing in accordance with DIN EN 1536:1999-06
may not be smaller than for longitudinal bars at:

s, =210cm.

The minimum longitudinal spacing in accordance with DIN 1045-1:2008-08
for

0530’de,max < VEd <0a60'VRd,maX

(B9.41)
0,30-2899 =870kN < 1410 kN <0,60-2899 =1739kN

is:
Smax <0,5-h=0,5-150,0=75,0 cm. (B9.42)
The following shear reinforcement is used:

Helix 2-core dia. 14/15 cm = 20,5 cm?> 17,2 cm? = req. Agy.
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B10

Laterally Loaded Piles

B10.1 Obijective and systems

Figure B10.1 shows a bridge abutment founded on 8 tubular steel piles. The
lateral pressure on the piles as a result of the backfill must be determined,
based on [35].

Tubular sieel piles E
@ 609,6mm 2
o ~{

g

&

| Symmoetry axis

§,00m

Figure B10.1 System sketch and soil properties
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16,40m

Tubular steel piles:
A =0,018837 m?

1 =847-10*m*
E =210 000 N/mm?

Soil properties:
Backfill:

(p’k — 300

¢’y =0 kN/m?

vy =19 kN/m?

Sand:

@'k =30° = Kgen =0.33
¢’y =0kN/m?

v =19/11 kN/m?
Tidal mud:

0’k = 15°= Ky = 0,59
¢t =10 kN/m?

Cux =25 kN/m?

Y =6,5kN/m?

Boundary conditions:

— Surcharge from sand layer in
tidal mud, consolidated

— Surcharge from backfill in
tidal mud, unconsolidated
(initial state) (— U = 0)



B10.2 Determining the characteristic actions and effects

The characteristic actions from lateral pressure are determined in line with 4.5,
whereby the characteristic flow pressure pgy is determined using Eq. (4.5) and
adopting the geometry of the pile group as shown in Figure 4.7.

Py =M, -7-¢y -D, =1,20-7-25-0,61=128,1 kKN/m .

The characteristic effect of the flow pressure Py on the individual group pile is
calculated for the entire action height h,, as:

P, =py -h, =128,1-16,40 = 2100,8 kN .

w

The flow pressure Pgy is compared to the resultant earth pressure AE, over the
entire action height. For partial consolidation Eq. (4.9) gives for e,x

ea,k:(Y.Z+Uc'Apk).K +(1_U(,)Apk_zcl: K

agh agh
and for the passive earth pressure e, using Eq. (4.10):
e =Yz K, where Kpyi;=1,0

The resultant earth pressure Aey using Eq. (4.6) is determined in Table B10.1.

Table B10.1 Determining AE, for partial consolidation in tidal mud (surcharge as a result
of consolidated sand layer; as a result of unconsolidated backfill)

Depth z €4 €, Ae, AE,
[m] [kN/m?] [kN/m?] [kN/m2] | [kN]
3,65 (1,95-19+1,70-11) - 0,59 1,95-19+1,70 - 11 67,1
+555-19-2-10.0,77=1229 | =55,8
20,05 (1,95-19+1,70-11+16,4-6,5) | 1,95-19+1,70-11 | 23,4 742,1
0,59 +5,55-19-2-10-0,77 +16,4-6,5=162,4
=185,8

The resultant undrained earth pressure is calculated for comparison. For the
active earth pressure using Eq. (4.7):

€ =Y Z+Ap, _Z‘Cu,k

The governing resultant earth pressure determined from the partially consoli-
dated and undrained condition is given by a comparison of the resultant earth
pressures AE,. In this case the resultant earth pressure in the undrained condi-
tion is higher. The governing resultant earth pressure Aey. is therefore that in
the undrained condition.
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Table B10.2 Determining AE, in the undrained condition

Depth z €., €, Ae, AE,

[m] [kN/m2] [kN/m?] [kN/m?] | [kN]

3,65 1,95-19+1,70-11 + 5,55 - 19 1,95-19+1,70-11 | 55,4
-2-25=111,20 =55,8

20,05 1,95-19+1,70-11+16,4-6,5 1,95-19+1,70-11 | 554 908,6
+5,55-19-2.25 =217,8 +16,4-6,5=162,4

Analysis of the characteristic action from earth pressure on the individual pile
Pek, taking the group effect into consideration, is based on Section 4.5.4 (6) for
each elevation for the governing resultant earth pressure Aey. The minimum of
the following conditions a) to d) is governing.

a) Mean pile centres perpendicular to the direction of force:
Pex =b-Ae, =4,10-55,4=227,1 kN/m

b) Triple pile diameter Ds:
P, =b-D,-Ae, =3-0,61-55,4=101,4 kN/m

¢) Thickness of the stratum generating the lateral pressure:
p. =b-Ae, =16,4-55,4=908,6 kN/m

d) Overall width of the pile group divided by the total number of piles:
P =b-Ae, =1/8-12,3-55,4=285,2 kN/m .

The provision of Section 4.5.4 (8) is not governing. Taking the pile centres and
pile diameter into consideration (pile centres >4 - D), investigation of the
approach after Section 4.5.4 (7) can also be dispensed with.

The governing resultant earth pressure AE is calculated for the entire action
height hy, as:

AE, =p, -h, =85,2:16,40=1397,3 kN.

w

The governing lateral pressure is given by the smaller action resulting from
flow pressure Pgy and the resultant earth pressure AEy. In this case, the charac-
teristic earth pressure is therefore adopted as an action from lateral pressure. A
linear load of p,, =85,2 kN/m acts on the individual pile perpendicular to
the pile axis over the entire action height of the soft stratum.
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B11 Pillar Foundation on 9 Piles — Ultimate and Serviceability
Limit State Analyses Taking the Group Effect
into Consideration

B11.1 Objective and system

The following example is taken from [125]. The geometry of a pillar founda-
tion on 9 piles, the soil parameters and the resistance-settlement curve acquired
in a pile load test on a similar individual pile are given in Figure B11.1. A
maximum settlement s =0,03 - D=0,03 - 130 =3,9 cm is defined for the ser-
viceability limit state.

Load test evaluation returned a mean qsx = 28 kN/m? and qpx = 692 kN/m*.

a) 12— b) | T
@ O @ -
7 o
RS 2N wn
& @
o™
o
O @ @
For=80MN - : .
Fa =40 MN 13 52 52 13
l GwW
% | ; Soft layer
L d) ,
‘ Cohesive )
1.3, |] soil i
- - - | i
+—5,2——5.2—+ !
- e
c) Properties of cohesive soil: E: -8 !
ok =25° = ; !
Cle =10 KN/m? 5 -0 Pile load test :
¥ =10 kN/m? D=130m !
Esx = 9 MN/m? 12 [ =165m 5, =8, =0,10D |
""""""""""""""" ok
14

Figure B11.1 Pillar foundation on 9 piles, a) elevation, b) plan, c) soil parameters, d)
characteristic resistance-settlement curve for a similar individual pile from a pile load test;
lengths in [m]
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All serviceability and ultimate limit state analyses must be performed for the
pile group, and the characteristic bending moments in the pile capping slab
must be determined.

a) Serviceability limit state analysis

A maximum settlement s = 0,03 - D is defined for the serviceability limit state.
The nomogram reproduced in Figure 8.8 b is used to determine the pile resis-
tances.

The input variable is the pile centre-embedment depth ratio:
a/d=5,2/14,5=0,359

Using these variables the first influence factor A, is given from Figure 8.8 b as
a function of the pile position at A; = 0,76 (corner pile), A; = 0,59 (edge pile)
and A; = 0,35 (internal pile).

From Figure 8.11 a the second influence factor A, used to consider the group
size for the internal piles is A, = 1,0. Additional influence factors need not be
taken into consideration for this example.

Using the characteristic pile resistance of an individual pile Rgx = 2,21 MN for
a settlement of s = 0,03 - D in accordance with Figure B11.1 d, and the previ-
ously determined influence factors, the following pile resistances in the group
are given:

R $=0,03-D)=2,21-0,76 =1,68 MN

comer,k(
R e (5=0,03-D)=2,21-0,59 =1,30 MN
R, emax (5 =0,03-D) =2,21-0,35-1,00 = 0,77 MN

Given a settlement of s = 0,03 - D the characteristic total resistance of the pile
group is:

R;, (s=0,03-D)=4-1,68+4-1,30+0,77=12,69 MN .
The limit state condition for the serviceability limit state demands that the

effects remain smaller than the resistances. All partial safety factors are adop-
ted at yp =yg = 1,0.

F,, (SLS)=F, (SLS)<R,, (SLS)=R_, (SLS)
— 12,0 MN <12,69 MN

Under d) the true characteristic group settlements anticipated under the charac-
teristic action are determined in an additional iteration.
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b) Ultimate limit state analysis after 8.3.1 (2) to (4)

In the ultimate limit state the characteristic total resistance of the group is
given analogous to the procedure under a), but using a settlement of s, = sy
=0,1 - D. With the characteristic ultimate resistance of the individual pile
R.x =2,57 MN from Figure B11.1d and the influence factors from Figure 8.8d
and Figure 8.11a, the characteristic pile resistances are:

R s=0,1-D)=2,57-1,0=2,57 MN

corner, k (

R (s=0,1-D)=2,57-0,99 = 2,54 MN

edge, k
Riemax (5=0,1-D)=2,57-0,97-1,0 = 2,49 MN

This gives the characteristic total resistance of the pile group in the ultimate
limit state as:

R, (s=0,1-D)=4-2,57+4-2,54+2,49 = 22,93 MN

The characteristic values of the actions and resistances are converted to design
values using the appropriate partial factors given in the EC 7-1 Handbook [44],
see Annexes A2 and A3. The limit state equation is therefore:

Fa=Fx Yo +Fu Yo SRy =Rc,k/Y1
F,,=8135+4-1,50=16,8 MN <R, =22,93/1,10=20,85 MN .

Stability is therefore given for both the serviceability limit state after a) and the

ultimate limit state after b).

¢) Ultimate limit state analysis after 8.3.1.1 (5) and (6) — Pile group as large
equivalent pile

Individual pile base area

.D? 1.3%

A, = T _T ,3

’ 4 4

Equivalent shaft area

Ay =4-(2-5,2+1,3)-(16,5-2) = 678,60m’

=1,33m’

*

R 6 = Qox 'ZAb,i +quyk,j ~AS’j
=(692-9-1,33 +28-678,60)/1000
=27,28 MN

F.a=16,8 MN <27,28/1,10=24,80 MN =R 4

This alternative bearing capacity analysis for the pile group is also adhered to.
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d) Mean characteristic settlements of the pile group
and corresponding pile resistances

The serviceability limit state analysis can also be performed indirectly by
comparing the forecast mean settlement to the specified maximum settlement.
The mean settlement is estimated using the nomograms in 8.2.1.2. Input vari-
ables are the pile centre-embedment depth ratio a/d and the relative action,
giving:

a/d=5,2/14,5=0,359
Fy . /(ng Re o1 ) =12/(9-2,57)=0,52

The first influence factor is given by Figure 8.2a as S; =2,2. The second influ-
ence factor for taking the group size into consideration is given as S, =0,8 in
Figure 8.4e. With a mean action on the group pile of Fg/ng=12 MN/9
=1,33 MN, a settlement sg = 1,5 cm is acquired from Figure B11.1d for a
similar isolated pile.

The mean settlement sg of the pile group can be determined thus:
Sg =S¢ 3,-S, =1,5-2,2-0,8§=2,6 cm

The settlement of the group relative to the pile diameter is:
sq/D =2,6/130=0,020

The following characteristic pile resistances are acquired from Figure B11.1d,
Figure 8.8a and Figure 8.11a for the determined settlement of s=2,6 cm
=0,02-D:

R $=0,02-D)=2,05-0,64=1,31 MN

comer & (
R e (5=0,02-D)=2,05-0,46 = 0,94 MN
Ripemax (8=0,02-D)=2,05-0,30-1,0 = 0,62 MN

The characteristic total resistance of the pile group is therefore:
R;, (s=0,02-D)=4-1,31+4-0,94+0,62=9,62 MN.

With the calculated settlement sg = 2,6 cm the required total resistance of the
pile group is fallen short of by 20%. The settlement is therefore corrected.
With an assumed settlement of sg = 3,6 cm the pile resistances correspond to
the existing total action. This leads to the following pile resistances, whereby
the influence factors are interpolated between Figures 8.8a and b or are taken
from Figure 8.11a:

R $=0,028-D)=2,18-0,73=1,59 MN

corner, k (
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R e i (5=0,028-D) =2,18-0,56 = 1,22 MN

R $=0,028-D)=2,18-0,34-1,0 = 0,74 MN

internal, k (

The characteristic total resistance of the pile group is therefore:
R, (=0,028-D)=4-1,59+4-1,22+0,74 =11,98 MN .

The settlement sg = 3,6 cm is smaller than the maximum proposed settlement
of SG.max = 3,9 cm (0,03 - D). This also meets the serviceability limit state con-
ditions.

e) Effect on the rising structure as a result of group effect

Under d) the characteristic pile resistances and the mean settlement of the pile
group under the given action were determined. Spring stiffnesses for the gov-
erning section of the characteristic resistance-settlement curve are derived
from these values in order to determine the effects resulting from the group
effect in a structural analysis. A structural model is used for this purpose, in
which the piles are modelled as linear springs.

With a mean settlement of s = 0,028 - D = 0,036 m the following spring stift-
nesses are adopted:

R (ymer 1 /8 =1,59/0,036 =44 MN/m
R e 1 /8 = 1,22/0,036 = 34 MN/m
R oot /5 = 0,74/0,036 =21 MN/m.

All piles were modelled with a uniform stiffness without taking the group
effect into consideration. As stated in d) the settlement of the isolated pile is
sg = 0,015 m for an isolated pile resistance Rgy = 1,33 MN.

R, /s =1,33/0,015 =89 MN/m

To evaluate the influence of the group effect on the rising structure, the charac-
teristic action effects in the pile capping slab from the structural analyses are
compared to the equivalent spring stiffnesses. Figure B11.2 shows the charac-
teristic bending moments M, . By way of symmetry these bending moments
also correspond to Myy. The maximum value of the moment effect in-
creases under the group effect by 9% from M,,=1728 kNm/m to
M, x =1 880 kNm/m.

The characteristic shear forces in the pile capping slab Qyy are shown in Fig-
ure 11.3. Because of the symmetry of the pile group they also correspond to
the shear forces Qy . Taking the group effect into consideration, the maximum
shear force effect increases by 4 % from Qxy = 562 kN/m to Qy = 587 kN/m.
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Figure B11.2 Characteristic bending moments M,, [KNm/m] in the pile capping slab
a) without group effect; b) with group effect
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Figure B11.3 Characteristic shear forces Q,, [kN/m] in the pile capping slab a) without
group effect; b) with group effect

388



B12 Tension Pile Group Analyses in the Ultimate Limit State

B12.1 Obijective

A square pile group containing four piles serves to anchor the suspension cable
of a suspension bridge. The pile diameter is D = 0,90 m. The pile length neces-
sary to comply with the analysis of the ultimate limit state of the pile founda-
tion with regard to the vertical component of the suspension cable anchor is
determined. The horizontal component is accepted through pile subgrade and
passive earth pressure and does not form part of the analysis.

A mean characteristic pile skin friction qsx = 60 kN/m? was derived from a
similar tension pile load test, confirmed for this case as an empirical value by
the geotechnical expert.

Cone penetration tests in the cohesionless soil returned a mean cone resistance
qe = 7,5 MN/m?. The following soil parameters were determined from this:

0'x=32,5% ¢ =0; Yk = 18 kN/m?3; Yk = 10,5 kN/m?

Resultant
vertical aclions:

Eer = 2900 kN
Eor= 750N
ow " S A Em ™

non-cohesive
soil

120m
46m
e Borad pile
O O D=089m
£ ET ] |-
@ @
== 09m — e
{ o —egt 36m

(28m

Figure B12.1 a) Suspension bridge, b) suspension cable anchored to a pile foundation,
c) plan view

B12.2 Isolated pile analysis

In order to guarantee sufficient safety against pull-out of a foundation structure
anchored using tension piles, the following limit state condition must be met
for an individual pile within a group in the ultimate limit state (ULS, GEO-2)
in accordance with the EC 7-1 Handbook [44]:

Fl,d < Rl,d
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The characteristic value R of the pull-out resistance of an individual pile with
the dimensions given in Figure B12.1 and qsx = 60 kN/m? is given by:

Rt,k = As 'qs,k = 7ll:'D.L'qs,k
=7-0,9-L-60= 169,6 - L [kN]
The design value R, 4 of the pull-out resistance of a pile is then:

R, 169,6-L
Ve 1,50

R, = =113,I-'L  [KN]

The design value of the tensile effect is obtained from:

F . =Fcx Vs +F1,Q,rep Yo —F.ax Yot
The self-weight of the pile capping slab is adopted as a favourable permanent
action at 4,62 - 1,5-24 =762 kN and the self-weight of the piles (Yeoncrete =
24 kN/m®) at 4 -7 -0,45%*-L-(24-10) =35,6 - L [kN]. For four piles the
tensile effect per pile is:

’YCO]’ICFCIE = 24 kN/m3

F,, = 1(2900-1,35+750-1,50 - (762 +L-35,6)-1,00)
=(1069,5-8,9-L) [kN].

The limit state equation gives:

Fl,d S Rt.d

1069,5-89-L=113,1-L

1069,5

=———=87Tm
113,1+8,9

B12.3 Analysis of the pile group effect
(attached soil monolith)

The UPL limit case is analysed using the following equation for the group
effect in closely spaced piles:

Gdst,k 'YG,dst +stt,rep "YQ,dst < Gstb,k 'YG,stb +GE,k "YG,stb
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The characteristic value Ggy of the self-weight of the attached soil is given by
the formula:

GE,k :nZ .|:la .1b (L_% Vlaz +1b2 'C0t¢):|'nz .’Y,
= 4~[3,6-3,6(L—%-\/3,62 +3,6 ~Cot32,5ﬂ-0,8~10,5

=4355-L-1160,0 [kN].

If this is adopted in the limit state equation with the partial factors yg 4¢ = 1,05
and yq 45 = 1,50 the necessary pile length is:

2900-1,05+750-1,50 <762-0,95+(435,5-L-1160,0)-0,95

L= 2900-1,05+750-1,50-762-0,95+1160,0-0,95

=10,99 m.
435,5-0,95

The group effect analysis is governing here and numerically the piles must be
at least 10,99 m long (rounded to 11 m).
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B13 Laterally Loaded Pile Groups: Determining the Distribution
of Horizontal Subgrade Moduli

Employing the procedure described in 8.2.3 for laterally loaded pile groups,
the horizontal subgrade modulus distributions in the pile group are derived for
the generalised task shown in Figure B13.1 (from DIN 4014:1990-03).

& -

S

9 G b O

&4

PSS I R
w | o |

Figure B13.1 Pile group geometry

Reduction factors:

From Figure 8.12: a, /D=3,5 o, =0,69
From Figure 8.13: a,/D=2,5 Ogr =0,95
Oy, =0,88
From Figure 8.14: a;=1-095 =095
o,=1-0,88 =0,88

o3 =0,69-0,95 =0,66
oy =0,69-0,88 =0,61

Subgrade reaction moduli of the piles in the group 1/L =3 by interpolation
between /L =4 and 1/L=2:

a) For linearly increasing subgrade reaction moduli:

n,, :%.(0,95‘” +0,95)-n,; =0,93n,
n,, =%~(0,88“’7 +0,88)-n,; =0,84-n,;
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b)

ny; =

ny,

%-(0,66"67 +0,66)-n,; =0,58 n,;

=%~(0,61“‘7 +0,61)-n,; =0,52-n,;

For constant subgrade reaction moduli:

k

k

k

k

sl

s2

s3

s4

- %.(0,95"33 +0,95)-k, =0,94 -k,

5 (0,88 +0,88) -k, =0,86-k
% (0,66 +0,66) -k, =0,62-k
_ L

5 -(0,61"* +0,61)-k, =0,56-k
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Annex C
Examples of Dynamic Pile Load Testing
and Integrity Testing

C1 Dynamic Pile Load Test Evaluation: Example using the
Direct Method

C 1.1 Objectives and test data

o000 kN Frsastom = Force measurad
vl = 4,06mfs o
W1=4978kN Velocity measured
3750
207 F3=1.676kN Y2 =0.89mss
= V2 =1.091kN
1260 G
17
D T
-1250
-2500 -

Figure C1.1 Measured force and velocity time history and individual values for the direct
method

The following measurement plots and pile data are available:

Steel tube cross-section D = 762 mm (30”), t = 12,7 mm (1/2"):
Area A = 298,96 cm?

Length below transducer: 56,5 m
Soil: Sandy silt, sand along the lower shaft area,

Impedance

_E-A_210000-0,0299
e 5123

(Z=F/v=4873/4,06=1200) [kN/(m/s)]

z =1,226 [MN/(m/s)]

Recommendations on Piling — EA Pfiihle. 395
Editors: German Geotechnical Society (Deutsche Gesellschaft fiir Geotechnik e.V.)
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Using the data (taken from the time history):
= %(F1 +Z-v1)+%(F2 —Z-v,) :%(4 873+4 978)+%(—777—1 091)

R, =3991 [kN].

For evaluation both the Case and the TNO method are used.

C 1.2 Case method
Equations (10.5) and (10.6) and J. = 0,3 for sand/silt from Table 10.1 give:

-R 4873-3991
R :JC-Z-(V1 (& “")) 0,3-1226- 4,06+M
" Z 1225

R,, =0,3-1226-4,78=1758 [kN].

And using Eq. (10.12)
R,,=R, =R

m,1 stat

R,, =3991-1758=2233 [kN] (C1.4)

tot

C1.3 TNO method

Eq. (10.8) and C, = 1,0 [MN/m?%(m/s)] for sand in the area of the pile base
embedment give:
Rpgyn = 0,0299 - 1,0 - 4,78 = 143 [kN]. (CL.5)

Eq.(10.9) and F; v; from the time history, as well as C;=0,006
[MN/m*(m/s)] from Table 10.2 for sandy silt in the embedment zone over
30 m give:

1 4873 1 1676
— 2 (4,06+ 2200 L0.33)) =3.17 [/ Cl6
2 122602226 ¢ ) [m/s] (CL6)
Ry, =0,006-(30-0,762*3,14)-3,17 = 1366 [KN] (C1.7)
Rm,i = Rstat = Rtot _Rbdyn _deyn
=3991-143—1366 = 2 482 [KN]. (C1.8)
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Cc2 Dynamic Pile Load Test Evaluation Example Using
the Extended Method with Complete Modelling

C2.1 Obijectives and test data

An open steel tube was driven using a Menck MHF3-10 hydraulic hammer.
Toward the end of the driving process (blow 847) the graph shown in Fig-
ure C1.1 was recorded and is subsequently evaluated using the extended me-
thod.

o000 kN Frsastom — Force measured
v1 = 4,06m/s =
V1=4978kN Velocity measured
3750
2500 | .
F3=1.676kN Y2 =0.89mss
& V2 =1.091kN
1250 |
17
0 T
-1250
-25800 -

Figure C1.1 Recorded force and velocity histories and individual values for the direct
method

The following pile data are available:

Steel tube cross-section D = 762 mm (36"), t = 12 mm (5/8"):
Area A = 298,96 cm?

Length below transducer: 56,5 m
Soil: Sandy silt, sand along the lower shaft area,
Impedance

_E-A_210000-0,0299
e 5123

zZ

=1,226 [MN/(m/s)]

(Z=F/v=4873/4,06=1200) [KN/(m/s)]
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The result of the extended method is a resistance-settlement curve from a dy-
namic pile load test. Because it is computed from the complete model of the
pile in the ground, the resistance-settlement behaviour can also be calculated
and plotted for the pile base resistance, see Figure C2.1.

Pile resistance R (kN)

0.0 625.0 1250.0 1875.0 250

0.00 p
total resistance

base resistance

9.00 Ru

2155.0 kN
Rs 1574.7 kN
Rb 580.4 kN
Dy = 311 mm

Dmx = 34.8 mm

18.00

Displacement (mm)

27.00

Ry

36.00

Figure C2.1 Resistance-settlement curve from a dynamic load tests using complete
modelling

The static component of the activated resistance is given as R, (ultimate resis-
tance), the corresponding shaft resistance as R, and the base resistance as Ry,

It can be seen from the resistance-settlement curve that, after exceeding the
skin friction, further forces are taken by increasing base resistances only. Due
to the bilinear approximation of the base resistance, the load-settlement curve
ends as a vertical line. Normally, for an unlimited load, a small increase would
be anticipated for increasing settlements.

The static resistance R, = 2 155 kN achieved is the recorded or test value Ry
forming the basis for deriving the characteristic pile resistance.

The analysis using complete modelling and explicit determination of the dy-
namic components of the total resistance displays a slightly lower limit load
than the direct method (CASE, TNOWAVE) using empirical damping coeffi-
cients.

Another result of complete modelling is the distribution of skin friction over
depth. This corresponds to the deviations between the velocity and the force
curves. The force and velocity curves are proportional along pile lengths in
water or in very soft soils at shallow depth, as there will be no action of skin
friction.
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5000.0 —kN

For. Msd
— — Vel. Msd
\
\
2500.0 —
N ~
AN /A
~ / \
17 N R 57 ms
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v’ AN 3 L/c
N -
-2500.0
60
| .
\ resistance
g 45 | SN
= | distribution
z 30 |
|
15 }
|
0 | [
force in the
625 pile
z
21250
1875
2500

Figure C2.2 Relationship between the recorded time history and the skin friction from
dynamic load tests with complete modelling

The accuracy of a CAPWAP solution can be controlled by comparing the
recorded curve to the curves calculated using the model. Modelling should not
only be performed using the velocity as input variable and the force at the pile
head as the controlling variable (Figure C2.3), but also vice versa using the
force as the input variable and the velocity as the controlling variable (Fig-
ure C2.4).
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5000.0 —kN

——— Force Msd
— — Force Cpt

2500.0 -

-2500.0 -

Figure C2.3 Force-time history— comparison of the recorded curve and the curve calcu-
lated using the model

5.0 —m/s

——— Velocity Msd
— — Velocity Cpt

2.5

Figure C2.4 Velocity-time history— comparison of recorded curve and the curve calcu-
lated using the model

400



C3 Rapid Load Tests Evaluation Example Using the Unloading
Point Method

Step A: Apply the load and record the resulting settlements as an initial indica-
tion of system stiffness. Perform the rapid load test and record the force, dis-
placement and acceleration data, see Figures C3.1 and C3.2.

RLT - Cyclic, Load Displacement Diagram

~ StepD

Displaceme

- ]

\\_ Step C Step B L

= 20 \
\\
—

0.5 1.0 2.0 25

1.5
Load [MN]

Figure C3.1 Rapid load test data and results using the unloading point method

Step B: Analyse the mobilised capacity (UP+) derived from the measurement
and determine the corresponding displacement, see Figure C3.2.

(B1): Calculate the pile mass based on the installation data.
Example:
A = pile cross-section = 0,126 m?
L = pile length =12,0m
p = density =2 400 kg/m?
m=mass=A-L-p =3619kg.

(B2): Determine the force, displacement, velocity and acceleration time histo-
ries from the rapid load test measurement data.

(B3): Determine the time ty., of maximum displacement and the velocity
zero point.

(B4): Determine the force F(ty.nax) at the time ty,_pax.
(B5): Determine the acceleration a(ty.max) at the time ty,_max.

(B6): Adopt the determined value in the UPM analysis and calculate the de-
rived mobilised resistance Fyqer (tw-max):

Fitatder (tw-max) = F(tw-max) = M * @(ty.max)
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Example: (cf. Figure C 3.2):

tw-max =112 ms
F(ty-max) =1083-10°N
m=3619 kg

a(ty-max) =-70,3 m/s?

Fstatder (tw—max) = 15083 : 106— (—70,3 -3 619)
Fstalder (tw-max) = 1’34 ' 106 N= 1,34 MN.

Step B3

Step B5

Figure C3.2 Data recorded at time t

w-max

Step C: Adapt the calculated unloading point (UP+) using the correction factor
n (UPx) to take the dynamic soil response into consideration (loading rate
effect).

Example:
Correction factor Mgsiven pite for sand =0,94
Fitatder (Mariven pite * Fstatder (tw-max)) =0,94 - 1,34 MN
Fitatder =1,260 MN

Maximum displacement W(ty.max) at tymax = 43,0 mm.
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Step D: Determine the initial system stiffness from the measured force-
displacement data when applying the reaction mass, and the analysis result (cf.
Step B) at time F(t.), when the measured force corresponds to the characteristic
value of the action F, of the pile.

Step E: Draft the resistance-settlement curve based on the initial system stiff-
ness and the mobilised capacity with the aid of a hyperbolic approximation,
see Figure C3.3.

Step F: Draft the resistance-settlement curve based on the hyperbolic approxi-
mation for the mobilised static capacity modified by the load duration-
dependent effects, see Figure C3.3.

[ - Static Load Displ. Diagram (Hyp.)

=== Hyp. Appr. Static Quick
= Appr. Hyperbolic

Figure C3.3 Resistance-settlement curve evaluation using the unloading point method
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C4 Low Strain Integrity Test Case Studies

C4.1 Example: pile in accordance with specification — Class A1

The base signal in the form of a tension wave (a compression wave occurs
only in piles standing directly on rock) is pronounced and the depth corre-
sponds to the specified pile length. Reflections between the input and the base
signal cannot be recognised, see Figure C4.1.

A clear base signal (depending on pile length, diameter, concrete age) is nor-
mally received in uncoupled, short, prefabricated concrete piles and bored
piles with lengths between 5 m and 25 m in non-cohesive soils.

1.pa_CM/s Pile: Class A1 - 1: # 130 M 3.50
MD: 171
LE: 855
WS 3864
0.04~ Lo: 0.0
I 00
Py 12

0.00 T 60

™ Toe

Rl s —] — vl

0123 456 7 &m

Figure C4.1 Pile without change in impedance — Class A1

C4.2 Example: pile in accordance with specification — Class A2

A pile displays a planned or unplanned change in impedance (increased cross-
section).

010 “TPile: class AZ-impedance increase - 1. # 188 MA:_15.00
M 361
LE: 18.05
WS 3800
0.05 LO:  0.00
HI: 00,0
P o
0.00 T 65 -

Vel

005 j

Figure C4.2 Pile with increased impedance — Class A2

A pile embeds in very firm soil (rock) or very dense sand (glacially com-
pacted), such that no base reflection occurs, see Figure C4.3.
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cmis Class A2: 3
Embedment into rock MD: 2.60

0.15 LO:  0.00

0.00

T Toe

-0.15- :I el

0 2 4 6 B 10 1Zm

Figure C4.3 Pile showing no base reflection due to rock embedment — Class A2; no
conclusion on wave velocity or pile length

Because of the large pile length the introduced wave does not reach the pile
base or the reflected wave does not reach the pile head. In long, small diameter
piles (around L/D > 30) and/or piles with high skin friction values, irregular
cross-section or higher internal damping, the impact wave energy can be too
small and the reflected wave signal very weak. Conclusions on the integrity of
the lower section of the pile are therefore only possible if a reflection can be
clearly identified.

If in doubt Class 0 should be assigned.

0.02.CM/S Pile:P1 L=60m - Class A2 - 1: # 285 MA: 20.00
MD: 12.00
LE: 60.07
WS: 4400

0.01 LO: 0.50
HI: 100.0
PV: 0

_— T 32

T Toe
0.01- | T i

0 10 20 30 40 50 60m

Figure C4.4 Long pile with no reduction in impedance to a determinable depth —
Class A2

C4.3 Example: pile with minor deviations — Class A3

A wave reflection can be identified in the pile shaft region, and can be clearly
interpreted as a deviation from the normal cross-section or the planned mate-
rial quality, see Figure C4.5.
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01058 Class A3 MA:  8.00
MD: 1.34
LE: 670
WS: 4200
0.05 L0 000
HI: 500

.00 T B0

™ Toa

.05 j —_— e

001 2 3 4 5 Bm

Figure C4.5 Class A3 — initial increase of impedance, thereafter decrease to 81% resid-
ual impedance

An impedance decrease to 81% was determined using a analysis with the wave
equation method. A clear base signal can be recognised, so the pile is classified
as Class A3.

C4.4 Example: pile with substantial impedance reduction —
Class B

Pile with clear impedance reduction, see Figure C4.6.

[ =
0.20.5M"® Class B MA 10.00
MD: 2,60

LE: 13.20
WS 4000
010 Lo 0.00
HI:  100.0
Py 1
T 4

T Toe

010 ﬂ — Vel

0 2 4 & & 10 12m

Figure C4.6 Substantial impedance reduction or even interruption in the concrete
column at approx. 4 m — Class B

If a pile displays multiple changes in impedance, the lower deviations can
often not be clearly determined, or can even not be determined at all, due to the
wave reflection caused by the upper defect. If in doubt, assessment remains
limited to the uppermost impedance reduction.
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C4.5 Example: measurement can not be-evaluated — Class 0

If a defect near the pile head — thinning/necking — is indicated, the following
changes in impedance shall not be evaluated.

cm/s VA 1000
175 Class 0 MA: 10.00
MD:_3.00
LE: 10.00
WS: 3800
0.88 L0 0.00
m Al 50.0
PV: 0
0.00 W/\A /\'\ T 64
™ W Toe
0.88 L Vel
0 2 4 6 8 10m
0.40.CM/S Class A2 Y
’ MD:_2.00
LE:_10.00
WS: 4137
0.20 LO:_ 050
HI:_ 50.0
PV. 0
0.00 W T 65
‘ ™ Toe
0.20 vl
L_L_ﬁﬁﬂ‘

Figure C4.7 Because of the defect near the pile head, the pile cannot be evaluated —

Class 0
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C5 Integrity Tests during Driving and/or High Strain Integrity
Tests

C5.1 Introduction

Dynamic pile load test with impact application after Section 10 can be used for
integrity testing. Rapid load test can however not be used for this purpose. If
the measured force and velocity show a deviation which obviously does not
correspond to a change in skin friction caused by known stratification of the
ground, a conclusion with regard to the pile material and cross section can be
drawn.

This test using a driving rig produces a signal as shown in Figure C5.1.

When carrying out high strain integrity tests, the test report shall contain the
basis on which the tested piles were assessed. This applies to both, piles judged
serviceable and deficient.

5.000

4.000

3.000

2.000

1.000

force at pile head in KN

-1.000

time in ms

-2.000

8.000

6.000

4.000

2.000

14,1 24 339 498 538
-2.000 e

force at nile head in kN

time in ms

-4.000

Figure C5.1 Pile without impedance reduction
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C5.2 Example: pile in accordance with the specification

The results of two “high strain” tests are shown in Figure C5.1. For pile a),
which is standing in water (three-quarters of its length) and where skin friction
resistance is low, a clear reflection from the pile base (like in a “low strain”
test) can be seen in the velocity profile (lower curve).. For pile b) the pile base
reflection is not much distinct due to high skin friction.

C5.3 Example: defective pile

Figure C5.2 shows the development of pile failure on a 70 m long steel pile.
The measuring results shown are for the still intact pile during driving (blow
403) and after an impedance decrease occurred approx. 10 m above the pile
base (blow 863). The yield stress in a part of the cross-section is obviously
exceeded, such that the Young’s modulus for the plasticised zone wanes. It
should be noted that the tension wave caused by the impedance reduction vir-

5.000
4.000
3.000
2.000

1.00040 239 338 436 5354 634"

time in ms

force at pile head in kN

-2.000

5.000

4.000
3.000

2.000

Fo

1.000 :
L 1 time in ms

O ol i v
0 239 338 436 535 634

force at pile head in kN

14
1.000 |

Figure C5.2 Pile damaged during driving
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tually pulls the pile from below the hammer, such that the defect is recognised
by a kink in the force profile.

C5.4 Example: coupled pile

Figure C5.3 shows measurements taken at the beginning and at the end of
restriking. While coupling is barely noticeable when restriking begins because
of the high skin friction of the consolidated pile, it can be easily recognised
after approx. 200 blows. In both cases the coupling must be taken into consid-
eration in the CAPWAP model.

2500.0 kN
—  For. Msd = Force
— — Vel. Msd = Velocity

! e

Vi

v\
1333.3 \

\
\
\
\‘
\
\
166.7 14 \ 60 ms
| ‘-\_\ r———
Ao >4 6 L
~ ~
AN ~
g - =

2500.0 kN

Far. Msd = Force
— — Vel Msd = Velacity

1500.0

500.0
60 ms

p—
—_—— 6 Lic

-500.0

Figure C5.3 Coupled prefabricated concrete pile
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C6 Example: Ultrasonic Integrity Testing

In a cast-in-place concrete pile, diagonal and perimeter cross-hole surveys
were performed for an ultrasonic investigation on all installed measuring tubes
and in all ten orientations, see Figures C6.1 C6.2. The length of the pile was
checked and the measured length compared to the target length of 35 m. At
depths of 24 m to 25 m and 32 m to 33 m the ultrasonic signal displayed both a
delay in arrival time and an energy loss in all ten measured orientations. These
signal deviations are accounted for by Osterberg cells and their steel frames
installed at the corresponding depths and do not represent an anomaly in the
concrete.

The pile was constructed with an empty bore; wave propagation in the con-
crete therefore starts approximately 1 m below the reference level.

At a depth of 14 m the signal displays a delay in arrival time between measur-
ing tubes 4-5, 1-5, 3-5, 2-5 and 24 and a drop in energy, see Table C6.2.
This is the result of a minor anomaly in the region of measuring tube 5. Be-
cause the anomaly was only found in a single cross-section it is approximately

Table C6.1 Arrival time and wave velocity in sound pile concrete and at the height of the
anomaly

Orientation | Measuring | Mean arri- | Maximum | Deviation| Wave velocity | Wave
between tube di- val time in | arrival time in zones velocity at
measuring | stances zones with | at a depth with sound anomaly
tube sound pile |of 14 m pile concrete | depth
concrete
nos. [m] [ms] [ms] [%] [m/s] [m/s]
1-2 0,96 0,22 0,22 0% 4 364 4 364
1-3 1,36 0,34 0,34 0% 4 000 4 000
1-4 1,26 0,30 0,30 0% 4200 4200
1-5 0,54 0,15 0,22 47% 3 600 2455
4-5 0,89 0,22 0,25 14% 4 045 3560
3-4 0,79 0,23 0,23 0% 3435 3435
2-3 0,92 0,22 0,22 0% 4182 4182
3-5 1,32 0,35 0,45 29% 3771 2933
2-5 1,29 0,32 0,44 38% 4 031 2932
4-2 1,38 0.35 0.48 37% 3943 2875
Mean
wave 3957 3493
velocity:
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10 cm high. Table C6.1 shows the mean arrival time in zones with sound pile
concrete, the maximum arrival time at a depth of the 14 m, the deviation in
arrival time at a depth of 14 m, the corresponding wave velocity in zones with
sound concrete and the minimum wave velocity at a depth of 14 m between the
measuring tubes.

The possible causes for the defect are summarised below:

a)

b)

An air-filled void is located at 14 m depth in the zone of the threaded sleeve
on measuring tube 5. The air layer is approximately 0,5 cm to 1 cm thick.
Sound concrete is located around this air layer.

Located at 14 m depth and around measuring tube 5 lies a zone with inclu-
sions, segregated concrete or with insufficient cement paste. The extent of
this encountered defect depends on the deviation of the concrete quality
from the sound concrete. A smaller extent results for a large deviation, for
a small deviation the extent is correspondingly larger. The exact wave ve-
locity in the zone of the anomaly is unknown, any prediction of the extent
of the defect is therefore always an estimate, see Figure C6.2.

An alternative option for estimating the extent and influence of a defect
consists of adopting a lower bound of the wave velocity in the defective
zone. For example, this can be the wave propagation velocity in air. How-
ever, it must be assumed that wave propagation in this zone is still possible
(in fact, only very little energy is transported in air and the wave is com-
pletely reflected at the concrete surface). The size of the defective zone can
then be determined directly from the magnitude of the deviation in the
wave velocity.

For example, measurement run 3-5:

— Extent of sound concrete: L; [m];

— Extent of air L, [m] where c,;; = 340 m/s;

— Geometry: Li+L,=1,32 m;

— Travel time: L,/3 957 +L,/340 =0,45 s;

— Solution: Concrete thickness L; = 1,28 m, air thickness L, = 0,04 m.

The air thicknesses for the remaining measurement runs (tube pairs) are cal-
culated accordingly. If the air thicknesses are drawn along straight lines be-
tween the tubes, emanating from pipe 5, the geometry of the defect can be
seen. If it is also assumed that the defect extends outside of the reinforce-
ment, the total defective area within the cross-section is 0,01 m* as shown in
Figure C6.3.

Even if the defect is limited to the inner pile area — within the reinforce-
ment — the reduction is far less than 1%. If, on the other hand, qualita-
tively poor concrete with a wave velocity of 2 000 m/s is assumed instead
of air, the extent of the defective zone can be very much larger, at
L2 = 0,53 m.
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d) If the zone of reduced quality is calculated directly from the ratio of true to
average wave velocity, a greater total reduction of 12,1% results for the
cross-section, see Table C6.2.

Table C6.2 Determining a quality indicator using Eq. (12.2) for the cross-section in the
example in Figure C6.2 and Table C6.1 — the measuring runs with anomalies are indi-
cated by bold/italic type

Figure C6.1 Measuring tubes and measuring runs

Measur- | Length | Average | Arrival time | Wave ve- | Wave Ratio Relative
ing runs | of arrival in cross- | locity velocity x;=¢/ca,| to
measur- | time in section in sound in cross- measur-
ing runs | sound at depth concrete section ing run
a, concrete |14 m C,= at depth 1idy
AT o AT, omay AT /3, 14 m
ml [ims]  |Ims] [ms] AT
[m/s]
1-2 0,96 0,22 0,22 4 364 4 364 1,00 0,96
1-3 1,36 0,34 0,34 4 000 4 000 1,00 1,36
1-4 1,26 0,30 0,30 4200 4200 1,00 1,26
1-5 0,54 0,15 0,22 3 600 2 455 0,68 0,37
4-5 0,89 0,22 0,25 4 045 3560 0,88 0,78
3-4 0,79 0,23 0,23 3435 3435 1,00 0,79
2-3 0,92 0,22 0,22 4182 4182 1,00 0,92
3-5 1,32 0,35 0,45 3771 2933 0,78 1,03
2-5 1,29 0,32 0,44 4 031 2932 0,73 0,94
4-2 1,38 0,35 0,48 3943 2875 0,73 1,01
Mean: 3957 3493
z 10,71 z 9,42
Reduction:| 1-m, | 12,1%
1-2 096m 1-4 1,26 m
2-3 092m 1-3  136m
3-4 079m 2-5  129m
4-5 089m 3-5 132m
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Testpile Testpile Testpile Testpile
2-5(F3,3) 2-5 1-3(F3,3) 1-3
L=35,00 meters L=35.00 meters L=35,00 meters L=35,00 meters
Sphadng=1,290 m Spacdng=1,290 m Spacing=1,360 m Spadng=1,360 m
Gain=200000 Gain=200000 (x10) Gain=502377 Gain=502377 (x10)
12.10.2002 18:52 12.10.2002 18:52 12.10.2002 18:22 12.10.2002 18:22
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Figure C6.2 Measuring results; only two of ten measuring runs are shown as examples
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Agie= T 1% = 2,45 m?

Adefect = ~ 0,010 m?

Figure C6.3 Direct defect identification
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Annex D
Analysis Methods and Examples
for Cyclically Loaded Piles (Informative)

D1 Guidance notes

(1) When using the methods described below to determine pile bearing behav-
iour under cyclic loads it should be noted that they have only been tested in
research projects. Partially, the methods were calibrated against model tests
and large-scale tests, but that extensive, project-specific experience is not avail-
able at present. The methods therefore do not represent generally recognised
best practice, which should be noted by the user in the course of appropriate
construction projects. This also applies to the model factors below. Other
analysis approaches suited to specific applications can be employed. The ap-
plicability of the methods must be confirmed by a geotechnical expert.

(2) The methods are presented here for information only.

(3) The following calculation methods and examples frequently refer to the
pile resistance in the ultimate limit state or the failure state under static actions
Ru: =R, Hereby, the pile resistance is to be understood as outlined in
13.2.2 (4) and taking the EC 7-1 Handbook [44] into consideration as follows:

a) If based on static or dynamic pile load tests, then Ry = (R¢m)mean and
Ruit = (Rem)mean » respectively, or, if the minimum value is governing in line
with the provisions of the EC 7-1 Handbook [44] and Appendix A4, then
1{ult = (Rc,m)min and Rult = (Rt,m)mim

b) If determining from empirical data, e.g. after 5.4, then Ry = R,k and
Ruit = R

(4) Determination of the design values of the static pile resistances R 4 and
R;q4 in Eq. (13.9a) and (13.9b), as well as Eq. (13.10a) and (13.10b) is carried
out in line with the provisions of the EC 7-1 Handbook [44] and 6.3.1 (1),
Eq. (6.5) with Appendices A3.2 and A4.

(5) In the following calculation examples for cyclically loaded piles the partial
factors from the EC 7-1 Handbook [44] are adopted. However, other partial
factors can apply for offshore applications.
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D2 Piles Subjected to Cyclic Axial Loads

D2.1 Analysis methods

D2.1.1 Pile resistance in the ultimate limit state based
on interaction diagrams

(1) Bearing capacity analysis can be performed in approximation with the aid
of interaction diagrams, see Figures D2.1 and D2.2. By use of a utilisation
factor U, a reduced pile capacity is determined.

(2) The following procedure can be followed: the load levels X and X,
are marked in an interaction diagram and, by modifying the pile resistance in
the ultimate limit state R, the point is found at which the existing action
from F, ., and E/ reaches the corresponding boundary line for the existing
load cycles. This then gives the corresponding value R ;. The system’s utilisa-

tion factor is then defined as follows:

Ry (D2.1)

ult*

u=R;

ult
where:

R Elt
R

ult

R, and R, or Ri¢mymean a0d R mymean after 13.2.2 (4) and D1 (3);
static pile resistance leading to failure under the same action after N
load cycles.

In practice, this means that | is determined using the following equation adopt-
ing the terms in Figure D2.1:

_11
L+l

M (D2.2)

In cases where p = 1,0, the considered point lies on the boundary line for the
considered number of load cycles (then I, = 0) and the maximum cyclic capac-
ity reduction (cases where p>1 are not allowed), relative to the static pile
resistance represented by the total length 1; + 1, + 15, is given by the following
equation:

13

AR =
L+ +1

cyc ,max

(D2.3)

ult -

where:
1y, I, 15 lengths derived from the interaction diagram in Figure D2.1.

In cases where p < 1,0 the cyclic capacity reduction is smaller. No reduction
occurs for p=0. In a first approximation it is assumed that AR, develops
linearly with p. The cyclic capacity reduction is then given by Eq. (D2.4).

L

AR, = —= .
o TR L

(D2.4)

ult *
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A stability analysis for the ultimate limit state (ULS) in accordance with 13.7.1
must therefore be performed. A model factor 1. = 1,2 may be adopted for the
interaction diagram in Figure D2.2.

(3) Interaction diagrams compiled on the basis of model and field tests, and
cyclic pile load tests, can be found in several literature sources, see e.g. [98],
[56], [59] and [67].

1,0
0,8
8 . 06 &
w :xs /
J g /
L - static
5 0,44
. = N
02 \/f"
1 ! Figure D2.1 Evaluation of an interac-
0 / tion diagram
0~/02 04 06 08 10
Fmean
Xinoan = R“_It_'

(4) The interaction diagram in Figure D2.2 is recommended for non-cohesive
soils.

1,0-

Analytical description of
interaction curves:

Xeyo= & [1- 1,115 -XEXP] +0,1235- XEE,

where k = 0,5 + 0,67[log(N+1)-1,0746 log(N)]
EXP = 2 - 1,5[log(N+1) - log(N}]

0 U U T T L T T U T
0 02 04 0,6 0,8 1,0
X

mean

Figure D2.2 Interaction diagram, from [67]
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(5) For cohesive soils, the value k in Figure D2.2 may be increased by the
factor 1,3 for N > 10. For N = 1 the increase factor is 1,0. Values of N between
1 and 10 may be linearly interpolated.

D2.1.2 Displacement accumulation using an empirical approach

(1) Cyclic pile settlement and heave behaviour as a result of characteristic
cyclic actions can be described in approximation by Eq. (D2.5), e.g. see [135],.
The displacement and the displacement rate after the first load cycle, and the
inclination coefficient, should be determined in a cyclic pile load test using at
least a few load cycles. The further course of cyclic displacement can then be
estimated using Eq. (D2.5).

(2) The inclination coefficient A in Eq. (D2.5) depends on the soil, the load and
the pile type. Corresponding values basing on model and field tests, and cyclic
pile load tests are given e.g. in [59]. It should be noted that these values are
subjected to strong scatter as a result of the different boundary conditions. For
a ratio of cyclic to mean load X ye/Xmean between 0,15 and 0,40, a value for A
of 0,7 to 0,9 can be used as a first approximation for piles in non-cohesiove
soils under pulsating loads. However, the inclination coefficient should pref-
erably be determined on a project-specific basis in a static pile load test with
unloading and reloading stages.

o1

1 Spi 1-2
Sepek =8 +1_7L-(N —1) for A#1. (D2.5)
where:
Sqcx  axial displacement after N load cycles;
s' displacement after the first load cycle;
éLl plastic displacement rate after the first load cycle;
A inclination coefficient.

(3) The serviceability limit state (SLS) analysis in accordance with 13.7.2 can
be approximately performed using Equations (13.12) and (13.13) in conjunc-
tion with Equation (D2.5).

D2.1.3 Approximation methods for calculating pile bearing
behaviour under cyclic loads after [66]

D2.1.3.1 Introduction

(1) The method presented hereafter for determining the bearing capacity and
deformations of piles subjected to cyclic axial loads is described in detail in
[66]. Comparisons of this method with in-situ test results are provided in
[122].

(2) Based on a simple engineering model, the method returns the value of the
cyclic bearing capacity reduction AR, and the axial displacements exist. s, of
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cyclically axially loaded piles in non-cohesive soils above and below the
groundwater table and in overconsolidated, cohesive soils.

(3) The method takes into consideration the decrease of the soil’s shear
strength at the pile shaft as a result of compaction of the soil surrounding the
pile under cyclic shear loading.

(4) Accumulated displacements, consisting of a displacement component
resulting from cyclic compaction and an additional component resulting from
cyclic creep, occur as a result of the cyclic load amplitude F. of the axial
cyclic load.

(5) It is assumed that the pile is subjected to a load from an equivalent, single-
stage load spectrum as outlined in D4.1.1, whereby the mean action may not
be zero.

(6) Shear strains y on the pile shaft as a result of the mean load F,_  and the

ean
’

cyclic load amplitude F;_ are added to calculate the total displacements.

(7) The pile displacements are calculated from the total shear strains 7,
adopting the range estimate in accordance with [15].

(8) The distribution of pile resistance resulting from cyclic effects to different
sections of the pile shaft and of the pile base is iteratively carried out via the
condition of equal, separately determined displacements, by initially estimat-
ing the respective components and calculating the displacements in accordance
with D2.1.3.3. The distribution of the actions is iteratively adapted until all
shaft elements and the pile base element experience the same displacement
after the cyclic loading.

D2.1.3.2 Pile resistance in the ultimate limit state

(1) The reduction in the pile’s ultimate skin friction as a result of cyclic com-
paction of non-cohesive soils can be determined using the following equation:

2
Yult 2 Yull

(D2.6)
where:
Vese = Teye /Gy
and
AD" = AD-log(N+1)=0,5-1,2% -log(N +1) (D2.7)
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N number of cycles;

Gy shear modulus on reloading;

) activated wall friction angle;

I initial density of the soil;

Y eye cyclic shear strain;

Teye cyclic shear stress;

G shear modulus for cyclic loading, depending on Y eye> S€€ [18];
" ultimate shear strain;

o dilatation parameter.

(2) Either empirical data or the results of laboratory tests can be adopted for
the individual parameters, see D2.2.3, for example.

(3) The cyclic capacity reduction is given by the reduction in the ultimate skin
friction AT(N) multiplied by the pile shaft area A, as:

AR, =AT(N)-A, (D2.8)

(4) For analysing the bearing capacity using Eq. (13.8) or (13.9), in line with
current knowledge, the model factor ., =1,20 shall be used.

D2.1.3.3 Displacement accumulation in the serviceability limit state

(1) The shear strain resulting from cyclic compaction, i.e. from the reduction
in the ultimate shear stress and thus the increase in the utilisation factor, is
given by:

AY =7, -, (D2.9)
where:
Vo= .y, (D2.10)
1-x,/c
Y=y, (D2.11)
1-x,/c

and the load levels k; and x,

K = (Tean T Teye )/ T (D2.12)

mean

K2 = (Tmem +Tcyc )/Tult (N) = (Tmean +Tcyc )/(Tult _AT(N)) (D213)
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and

Toan Mean shear stress;

T,.  cyclic shear stress amplitude;

T,  ultimate shear stress (corresponds to g, );
c curvature of the hysteresis loop.

The meaning of indeces 1 and 2 are described in the Example D2.2.3.

(2) The shear strain from cyclic creep is given by:

Ay =, Ay, -(1+&-In (N)) (D2.14)
where:

A% = 7{1 —KIKI/C - 1+11<<]1/c}
and

Ve = Tu /G
where:

{ abatement constant.

(3) The pile displacements resulting from characteristic cyclic actions are
therefore given by:

Seyex = (LAY +, AY) 1, - In (1, /1) (D2.15)
where:

r,=2,5-L-(1I-v) (D2.16)
where:

1, pile radius;
L embedded length;
v Poisson’s ratio of the soil.

(4) Using Eq. (D2.17) the total displacements are given by:

exist. s, =S5, +Sq, +5 (D2.17)

cye.k

Analysis of the serviceability limit state can then be performed using

Eq. (13.12).

D2.1.4 Approximation method for analysing pile bearing
behaviour under cyclic loads after [142]

(1) The ZYKLAX [142], [144] analysis model described below serves to
approximately determine the static, cyclic and post-cyclic pile bearing behav-
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iour. The calculation model returns both the value of the change (increase or
decrease) in pile capacity AR, and the plastic deflection s, =, after N load
cycles, as well as a complete static and cyclic resistance-settlement curve analo-
gous to Figure 13.7 or a resistance-heave curve. These can then be used to ana-
lyse the ultimate and serviceability limit states in accordance with 13.7.1 and

13.7.2.

(2) It is assumed that the pile is subjected to a load from an equivalent, single-
stage load spectrum as explained in D4.1.1.

(3) The adopted calculation approaches initially consider the pile shaft and the
pile base separately. Static load-bearing behaviour is modelled using analytical
approaches after [32] and [71]. The cyclic calculation approaches extend the
static approaches by using modified Masing rules [89]. A calculation program
based on the load transfer approach [16] was developed to allow several soil
strata to be taken into consideration. The procedure described below can be
adopted for calculation of pile load-bearing behaviour in homogeneous soil.
Otherwise, the source code described in [142], where the calculation model is
also dealt with in more detail, can be used.

(4) The approach after [32] is used to model the displacement of the pile shaft
s, on initial loading and for post-cyclic loading:

o]
Ty T
= fo_pp| Ao u (D2.18)

"8s T |

)
ult

where
T, shear stress at the pile shaft;
Tut pile skin friction in the failure state (q,);
G, shear modulus for small strains;
I, pile radius;
I, influence radius after Eq. (D2.20);
R empirical model parameter;
g, empirical model parameter.

(5) The displacement of the pile base under static, cyclic and post-cyclic loads
is modelled on the basis of the approach after [71], whereby the approach is
extended by the parameter g, :

Rb '(I_V)

R Lo
4-G0-r0-[1—Rﬂ,(R b ] ]
b ,ult

s, = (D2.19)
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R,  pile base resistance;
R,  empirical model parameter;

g, empirical model parameter;
R, .. pile base resistance in the failure state;
v Poisson’s ratio.

(6) The following approach is adopted for the influence radius r, on initial
loading, in deviation from the proposal in [120]:

r,=D (D2.20)
where:
D pile diameter.

(7) Cyclic loading is described by an initial and reloading curve, which are
modelled on the basis of the rules in [89]. The rules are extended by the model
parameters K, Oy, By and r,. The pile shaft load-displacement relationship
when the pile is unloaded can then be described by:

&s s
rm |TO _Tmax ‘ ¢
o _Rfs ’
(TO_Tmax).rO.ln I.O K'Bl\llﬁcult

s,g (N)=s_, + (D2.21)
. GO'gs |TO _Tmax | “
1-R | ——™—
K- BN : Tult
where:
s, (N) pile shaft displacement at unloading in load cycle N;
S max pile shaft displacement at the beginning of unloading at F=F___;
T shear stress at the beginning of unloading at F=F__;
K model parameter describing the form of the hysteresis;
By model parameter describing the change in pile capacity;
and on pile reloading by:
fs
S, (N) =5, + (Ty = Toin ) To | Mo K-8y By 'TL:
GO'gs 1 R ( |T0_Tmin| js
" K.6N .BN .Tult
(D2.22)

where:

s, w (N)  pile shaft displacement at reloading in load cycle N;

S i pile element displacement at the beginning of reloading at F=F,_;
T nin Shear stress at the beginning of reloading at F=F, ;
Sy model parameter describing the accumulation of plastic displacement.

425



The decrease or increase in pile capacity is assessed with the aid of the
parameter B in Eq. (D2.22), which modifies the shear strength failure value
of the soil or the pile skin friction. This parameter is determined on the basis of
the approach in [91] as follows:

By =(1=B) By —Bin)+Bym for N>1 (D2.23)
By =1,0 for N=1 (D2.24)
where:

By., modification factor in the previous load cycle;

Bim  upper or lower bound for the modification factor;

B reduction rate.

The change in the shear strength failure value or the pile skin friction failure

value during cyclic loading is specified by the parameter f3,,. The parameter 3
determines within how many load cycles the limit value 3, is reached.

The accumulation of the plastic pile shaft displacement for a decreasing dis-
placement rate is described in Eq. (D2.22) by the parameter J,,, which modi-
fies the secant modulus on pile reloading curve as follows:

1

oy =1-
N a-N°

(D2.25)

where:
a,b  empirical model parameters.

If a progressive increase in the displacement rate is to be modelled, this behav-
iour can be taken into consideration using the following approach:

N
8y =8y, -(1+1) for N>1 (D2.26)
C

where:

Oy, value of &, in previous load cycle;
c empirical model parameter.

(8) A reversal in the displacement rate after N load cycles can be taken into

consideration by the limit criterion for the maximum load level X, in accor-
dance with Eq. (D2.27).
X (N) = Fon >X (D2.27)
max BN . Ruh ult .
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where:
By model parameter after eq. (D2.23)

(9) The calculation model also allows modelling of a load cycle-dependent
influence radius. This can be useful in non-cohesive soils, as demonstrated by
the soil behaviour model tests in [142].

I-m,N = (1 - I..m ) (rm,Nfl - Ilm,lim ) + I‘m.lim for N > 1 (D228)
L,ny=D for N=1 (D2.29)
where:
r,no influence radius in the previous load cycle;
L.un  upper bound of influence radius;
T increase rate.

m

The static approach using Eq. (D2.20) can be used for the influence rate in the
first load cycle. The static approach should also be adopted for cohesive and
mixed-grained soils.

(10) Optimally, the model parameters required for the approaches are derived
from static and cyclic pile load tests. The static model parameters should be
calibrated against static pile load tests and then be adopted unaltered in the
cyclic calculation.

Table D2.1 provides guide values for the cyclic model parameters. Static
model parameter guide values derived from model tests and pile load tests are
given below: In the investigations in [142] values between 0,97 and 1,00 have
proven suitable for the parameters R and R,,. The parameters g, and g, were
adopted in the range 0,01 to 0,30. Further guidance on determining the model
parameter can be found in [142].

(11) It is anticipated that, given increasing experience from applications, it
will be possible to drive the model parameters in approximation also from
suitable cyclic shear tests.

Table D2.1 Guidance values for the cyclic model parameters, derived from model tests
in [142]

a b c K B B :

m,lim m

-] -] -] -] -] -] [m] -]

1,40 to 0,40 to 500 to 0,70 to 0,50to | 0,001 to D to 0,001 to
15 2,00 5000 2,00 1,30 0,010 3D 0,010
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D2.2 Calculation examples

D2.2.1 Ultimate limit state analysis based on interaction diagrams
after D2.1.1

A reinforced concrete driven pile (& 0,46 m) with a length of 19,0 m subjected
to cyclic tensile loads serves as example. Based on load tests the static ulti-
mate capacity of the pile embedded in non-cohesive soil can be adopted
as Ryt = (Rem)mean=2 500 kKN. Three static pile load tests were performed,
such that the characteristic tension pile resistance is Rix = (Rim)mean/E1
=2500/1,15=2 174 kN in accordance with the EC 7-1 Handbook [44].
(R¢m)min 1s not governing here.

A pulsating tensile load is applied to the pile. This load is Fyen = 700 kKN

(mean action adopted as a permanent action) and Fg,. =700 kN (cyclic load
amplitude). The pile is loaded with N =200 load cycles.

It must first be examined whether the prevalent cyclic load necessitates a spe-
cial investigation:

F/,
e 700 5 9850.10
R, 2500

ult

It is therefore necessary to take the cyclic action into consideration after 13.4.2
(.

In this example the ultimate limit state analysis is based on the interaction
diagram in Figure D2.2, which was introduced by [67]. With the aid of
Eq. (D2.2) and Figure D2.1 a utilisation factor n=0,81 is given for
Xinean = Xeye = 0,28. The maximum capacity reduction associated with u=1,0
is given by Eq (D2.3) as 0,31 Ry The true capacity reduction AR in accor-
dance with Eq. (D2.4) is thus 628 kN.

The limit state condition (ULS) is as follows in accordance with 13.7.1:

t.k

Ft,d = Fmin .'YG +F, 'YQ S Rt,d(N) = Rt,d _ncyc .ARcyc =

cyc

- ncyc ! AI{cyc

s.t

Adopting the partial factors v = 1,35, yq = 1,50, ys, = 1,15 and neye = 1,20
returns the following results:

F,, =700-1,35+700-1,50 =1995,0 kN
2174
R4 =m—1,20~628=1136,8 KN.

The design value of the resistance is smaller than the design value of the ac-
tions of 1 995 kN, the effect is therefore classified as not allowable.
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D2.2.2 Serviceability limit state analysis with an empirical
displacement approach after D2.1.2

In this example the stability in the serviceability limit state of a reinforced
concrete driven pile (diameter: 0,66 m, length: 15,0 m) in non-cohesive soil
and subjected to tensile pulsating loads is analysed. It is assumed that the equi-
valent, single-stage load spectrum as discussed in D4.1.1 has already been
determined. The pile is thus subjected to a mean action Fp,,, = 800 kN and a
cyclic load amplitude F¢, =300 kN, with an equivalent load cycle number
N¢q = 1 000. The allowable pile displacement is allow. s, = 3 cm.

For the serviceability limit state analysis in accordance with Eq. (13.12) the
pile deflection after N load cycles must be known and can be determined
using Eq. (D2.5). The displacement and the displacement rate after the first
load cycle and the inclination coefficient A are required. These values can
either be determined from a cyclic pile load test with only a few load cycles or,
alternatively, can be estimated from a static pile load test, in which the pile is
unloaded at F,,,, and reloaded at F .

In this example a tensile static pile load test was performed, in which the pile
was unloaded, then reloaded (Figure D2.3). The inclination coefficient A was
adopted in accordance with D2.1.2 (2) at 0,75. The cyclic pile heave after
1 000 load cycles was estimated in accordance with Eq. (D2.5) with the aid of
the pile's resistance-heave curve (Figure D2.3) as follows:

0,10 .
Scyck =0745+ (1 0001 0.75 _1)=2,30 cm.
’ 1-0,75
-8
Ryt = 2000 kN
-6 Foroan = 800 kN
F'ope. =300 kN
E Frax = 1100 kN
g Fon = 500 kN
w
Sg*Sqep = 0,35 cm
=2 s;=045cm
§, = (0,45-0,35)/1 = 0,10 cm/N
0 1

0 400 800 1200 1600 2000 2400
R [kN]

Figure D2.3 Determining parameters from the resistance-heave curve with an unloading
cycle in a static pile load test
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The total pile heave is given from Eq. (13.13) by the heave components from
permanent and usual variable actions as:

exist. s, | =Sg +8g p T Sepex =0,35+2,30=2,65cm .
Stability in the serviceability limit state can now be analysed using

Eq. (13.12):
exist.s, =2,65cm< 3,00 cm=allow.s, .

Stability in the serviceability limit state after 1 000 load cycles has thus been
demonstrated.

D2.2.3 Calculation example for the ultimate and the
serviceability limit states using the method after D.2.1.3

D2.2.3.1 Objective

A 20 m long pile is investigated with regard to its tensile capacity and dis-
placements under asymmetric, tensile alternating load using the analytical
approach after [66]. In simplification and preliminary calculation, a single soil
layer is adopted for the entire length of the pile. For practical purposes the
ground is to be divided into several strata and the capacity reduction to be
determined per stratum applying the condition of equal displacement under the
cyclic load. The allowable displacement is allow. s, = 2 cm.

D2.2.3.2 Ultimate limit state analysis

The table below contains the input values for the calculation.

Table D2.2 Adopted and derived input values

Pile length L=20 [m]
Pile radius r,=0,4 [m]
Axial pile resistance at the shaft from empirical data, R,.= 4 500 [kN]
suchthat R, =R,

Axial pile resistance at the base R,,=0 [kN]
Wall-ground interface friction angle ¢=29 [°]
Relative soil density l,=0,75 -1
Soil void ratio e=0,45 -]
Ratio of reloading stiffness to maximum stiffness of the soil Gy -]
(from laboratory tests, e.g. ResCol test) G 0,2
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Stiffness ratio for associated y_and maximum shear (CH [-1

modulus of soil (from Iaborator? tests, e.g. ResCol test) G =04
Poisson’s ratio of soil v=0,35 !
Ultimate shear strain at which no further change in volume Yu=2-10" -]
occurs (from laboratory tests, e.g. ResCol test)

Cyclic dilatation parameter a=0,5 -]

(from laboratory tests, e.g. simple shear test)

Constant used to describe the hysteresis curvature for initial c,=1,0 -]
loading (from laboratory tests, e.g. simple shear tests or
¢, = 1,0 after [25])

Constant used to describe the hysteresis curvature c,=2,0 [-]
in the following load cycles (from laboratory tests, e.g. simple
shear tests or ¢, = 2,0 after [150])

Reference shear strain y=1-10" -]
(from laboratory tests, e.g. simple shear tests)

Factor for cyclic creep =20 [-]
(from laboratory tests, e.g. simple shear tests)

Mean axial tensile load, assumed here: F,on= 600 [kN]
permanent actions only

Cyclic load amplitude Fi..=1200 [kN]
Cycle number N =1 000 [-]

Analysis of the capacity reduction at the pile shaft resulting from the cyclic
load is performed by first separating the total skin friction into a cyclic and a
static component.

E 1200
Ty =— > —= =23,9kN/m? and
* 2omer L (2-m-0,4-20)

F s
Tmin — mean ,s — 600 — 1 1,9 kN/m2
2-n-r,-L (2-m-0,4-20)
The ultimate skin friction is given by:
R, 4500
= =89,5 kN/m?2,

T = =
KT 2omer L (2-m-0,4-20)
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Determining a normal stress state on the pile shaft representative of the cyclic
load:

_ Tak T (N)  89,5+(89,5-6,8)

0= =155,4 kN/m’
2-tan @ 2-tan29°

Determining the maximum shear modulus Gy, (formula from [18] — not true
in dimensions):

2,17 -¢)’ 2,17 -0,45)
G, =69 270 o5 _ g o2IT=0.45) 155 s
: I+e 1+0,45
=175 494 KN/m?

Calculating the cyclic shear strain from:

Toe 239
G, (0,4-175494)

cyc

=3,4-10

chc =

Calculating the activated wall-ground friction from:

(Fmean + Féyc )

tand = tan Q-
(Rgx —At(N)-7-D-L)

(600+1200)

=tan29°- =
4500-6,8-1-0,8-20

Calculating the cyclic reduction in the ultimate skin friction:

2
* YCC YCC
At (N)=2-G,-tan8-AD"-|y_ - ———1 —i~a~yuh -1
R 2 Y

3,4:10° _1)
2-107

_4 \2
s [[BH100)
2 2-10°

3,4-10‘4(
=|2-(0,2-175494)-0,24-2,92 -

=6,8kN/m?
where:

AD" = AD-log(N+1)=0,5-1;""-log(N+1)=0,5-0,757"*-log 1001=2,92
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The characteristic utilisation factor is given by:

(Fge * Fean) _ (1200+600)
(R, —At,(N)-m-D-L)  (4500-6,8-7-0,8-20)

w, = 0,43

The design value of the pile resistance is given by Eq. (13.9b)
R a(N) = Rg — Neye - ARgye
=RiiYst—Neye " AT(N)m-D-L
=4500/1,50-1,20-6,8 - - 0,8-20=2 590 kN
where v = 1,50, Neye = 1,20
The design value of the action is:
Fg=Fumean " YT Feye - Yo =600 -1,35+1200-1,50=2 610 kN
where g =1,35,79=1,50
The load is just no more allowable and a small extension of the pile would be
necessary.
D2.2.3.3 Serviceability limit state analysis

The displacements at the pile shaft are calculated. To keep the example simple

it is not divided into individual sections. The displacements comprise cyclic

compaction and cyclic creep components. The shear strains as a result of cyclic

compaction are calculated by first determining the reduced ultimate capacity:
T, (N)=1, —AT(N)=89,5-6,8=282,7kN/m?

where:

Ty, characteristic failure shear stress at the pile shaft (corresponds to qs = qsx,
here from empirical data).

The load level k; and «, before or after cyclic loading is calculated using:

(Toe +Toe ) (23,9+11,9)

K, = = =0,4
T 89,5
Teye T Tinean 23,9+11,9
K2=( Y )=( )=0,433
T, (N) 82,7
where:
Toen Mean shear load;
T cyclic shear load.

cyc

Calculating the shear strain from compaction:

JAY = v, -y, =(7,64-6,67)-10* =9,7-107°
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where:

K, 0,433 | .
= = 107 =7,64-10
TGk T 0,43
1
and
Kl 0’4 -3 —4
=Ny = 107 =6,67-10
O R Y
1

Calculating the shear strains resulting from cyclic creep is performed sepa-
rately for the first and the following cycles.

Cyclic creep in the first cycle:

K 0,4 0,4
Ay = - =10~ > =1,7-10"
2 81 Y{I—K/cz 1+1</c2} 0,4 . 0,4
1- 1+
2 2
where:
o (Fown +F5)  (6004+1200)
R, 4500 ’

Cyclic creep in the following cycles:
2 AY =AY (148 In N)=1,7-10" (1+2,0-In 1 000) = 2,5-10

In order to calculate the total displacements the shear strains under the total
static load are also calculated. Alternatively, the results of load tests can also
be adopted here to determine sg,.

ch+Tmean 2339+11,9 -
’Yslat:( - ):( ):1,7103
G 21057

stat

Where:

Gitatic = 21 057 kN/m? from the hyperbolic function
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and
m=25-L(1-v)=25-20(1-0,35)=32,5m

The total displacements result when adding the individual displacement com-
ponents:

I'm
Sges = (1 AY +2 A’chc + Ystat ).rO : ln (rj
0

=(9,7-10° +2,5-107 +1,7-107)-0,4 In (302’45)

B

S =7,5-10° m=7,5mm
The serviceability limit state is analysed using Eq. (13.12).

exist.s, =0,8cm<2,0cm=allow.s, .

Stability in the serviceability limit state after 1 000 load cycles has therefore
been demonstrated.

D2.2.4 Calculation example for the ultimate and the
serviceability limit states using the method after D.2.1.4

D2.2.4.1 Obijective

The subsequent examples serve the analysis after [142] of the stability in the
ultimate and serviceability limit states of a bored pile subjected to cyclic axial
loads (diameter: 1,20 m, length: 8,50 m) in non-cohesive soil.

It is assumed that the equivalent, single-stage load spectrum as discussed in
D4.1.1 has already been determined and the maximum action F,, is not grea-
ter than (Fiean + Fiyc)eq- The following load situations are considered:

a) The pile is subjected to a basic static compressive load of Fg =400 kN and
a cyclic load range of Foyc.q=1 200 kN corresponding to load situation 3 in
Figure 13.3, but without representative variable actions. The equivalent
load cycle number is N¢q = 500.

a) The pile is subjected to a basic static tensile load of Fg =200 kN and a
cyclic load range of Fey.q= 600 kKN corresponding to load situation 1 in
Figure 13.3, also without representative variable actions. The equivalent
load cycle number is Neq = 100.

The allowable displacement of the pile is 3 cm in both load situations.

D2.2.4.2 Calculating subtask a) (compressive pulsating load)

Static pile behaviour was determined in a static pile load test [154] (Fig-
ure D2.4). The ultimate capacity determined is around Ry=R.n
=4 600 kN. For the static analysis using ZYKLAX the model parameter q,
was determined from the pile shaft resistance and the parameter q, , using
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the hyperbolic method [123]. The shear modulus G, was estimated based on
information in [154]. The parameters g, and g, are calibrated against the
static pile load test, i.e. adopted such that the calculated and measured resis-
tance-settlement curves approximately coincide.

Cyclic model parameters, preferably determined from cyclic pile load tests, are
required to determine cyclic pile bearing behaviour using the ZYKLAX model.
The static model parameters are adopted unaltered from the static analysis.
Because no cyclic pile load test results are available for this example, the re-
quired model parameters are estimated. The values given in Table D2.1, de-
termined in [142], are adopted as guide values. Tables D2.3 and D2.4 contain
the model parameters adopted for use in this example.

Table D2.3 Model parameters for static analysis

Qs o G, g % fo L
[kN/m?] [kN/m?] [kN/m?] [~ [-] [m] [m]
62,4 7 500 120 000 0,020 0,058 0,60 8,5
Table D2.4 Model parameters for cyclic analysis
b K Biim B
- -] - - -
1,4 0,75 1,5 0,86 0,010

The plastic displacement after 500 load cycles calculated using ZYKLAX is
s =2,1 cm (Figure D2.4a). The ultimate capacity after cyclic loading is
R, (N)=4.470 kN (Figure D2.4b). The reduction in pile capacity as a result

of cyclic loading is therefore AR, =130 kN.

a) b)
0 0¢
ZYKLAX |
5~ S 30 1
Spi L
60 I
TW} S %
E E 90 | Weiss/
M m | Hanack (1983)
120 © ..0. R(static)
20 s, (N =500) = 150 | ZYKLAX
2,1¢cm - —o— R (post-cyclic) :
s 180 e o
10° 10 10° 10° 0 1000 2000 3000 4000 5000
N [] R [kN]

Figure D2.4 Pile bearing behaviour determined using ZYKLAX, a) plastic pile deflection,

b) post-cyclic pile bearing behaviour
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Stability analyses in accordance with 13.7.1 and 13.7.2 can be performed using
these values (D2.2.4.4 and D2.2.4.5).

D2.2.4.3 Calculating subtask b) (tensile pulsating load)

The static ultimate capacity was determined at R, = Ry, = 1 800kN in a
tensile pile load test, corresponding to a skin friction failure value of t, =

56,2 kN/m”. Cyclic pile bearing behaviour is now determined with the aid of
the formulas in D2.1.4.

The static model parameters in Table D2.4 are adopted for this purpose. The
pile displacement as a result of the static load (F; =200kN, ie. 1, =
6,2 kN/m?) is calculated using Eq. (D2.18):

0,02 0,02
(1,2) _0,99.( 6,2)
6,2-0,6 In 0,6 56,2

* 7120 000-0,02 6,2 )"*02
56,2

=0,00036 m

1—0,99(

Parameter &, determined using Eq. (D2.25) and parameter B, determined
using Eq. (D2.24) are adopted to analyse the first load cycle. The required
cyclic model parameters can be adopted from Table D2.4. The displacement
for F_ =800kN, ie. T, = 250kN/m’ is then calculated by applying

max

Eq. (D2.22):
(25,0-6,2)-0,6
120 000-0,02

(1,2]""’2_099_( 125,0-6,2 )0"”
0,6 " \1,5-0,29-1,0-56,2

125,0-6,2 ] j‘””
1,5-0,29-1,0-56,2

s, (1) =0,00036 +

XIn

1—0,99-(

5,y (1)=0,0034 m.

By applying Eq. (D2.21) the pile displacement (pile shaft) after the first load
cycleat F; =F; =200 kN can then be determined:

(6,2-25,0)-0,6
120 000-0,02

0,02 0,02
(1,2) _0799.( 16,2-25,0] )
| 106 1,5:1,0-56,2
16,2 —25,0| )‘”’2
1,5:1,0-56,2

s, ¢ (1)=0,0034+

1—0,99-(

5,5 (1)=0,0020m .

437



The pile displacement after the first load cycle is therefore 2,0 mm.

By repeatedly applying Eq.(D2.21) and Eq. (D2.22) in conjunction with
Eq (D2.23) and Eq. (D2.25), the pile displacement can be determined in anal-
ogy for each additional load cycle. A displacement of around 5,0 mm after 100
load cycles was determined in this way.

The reduction in the pile capacity after 100 load cycles is calculated using the
parameter B, and Eq. (D2.23):

B =(1-0,010)-(0,912-0,860)+0,860 = 0,91 .

The pile skin friction failure values reduced as a result of cyclic loading is
then:

7, (100) =T, -Byop = 56,2-0,91=51,1 kN/m>.

This gives a pile resistance after 100 load cycles of R, (100)=1.637,5 kN

and thus a reduction in pile capacity of:

ult

AR, =R, —R,, (100)=1800-1637,5=162,5 kN.

Knowing the reduction in pile capacity and the pile deflection after 100 load
cycles, the stability analyses in accordance with 13.7.1 and 13.7.2 can subse-
quently be performed.

D2.2.4.4 Ultimate limit state analysis

The design value of the actions is calculated by applying the partial factors v
and vy, from the EC 7-1 Handbook [44] using Eq. (13.7) for subtask a) (com-
pressive pulsating load) as:

F, =F; -y; +A-E;

ye

Yo =400-1,35+2-600-1,50 =2 340,0 kN

and for subtask b) (tensile pulsating load) as:

F =F; - vs +AEl -y, =200-1,35+2-300-1,50 =1170,0 kN.

cyc

The characteristic pile resistance R, or R, , under static load can be deter-
mined using the correlation factor &, in accordance with EC 7-1 Hand-
book [44]:

R,, =R, /&, =R, /&, =4600/1,35=3407,4 kN

c,m
or

R, =R, /& =R, /&, =1800/1,35=1333,3kN.

438



The design value of the pile resistance in the ultimate limit state R, ,(N) or
R, 4 (N) can thus be calculated using Eq. (13.9a) or Eq. (13.9b) and the partial
factors v, and vy, ,, and the adopted model factor . =1,20:

3407,4

R
R, (N)=—%_mq__ - ~1,20-130 =2 941,6 kN
c,d Y cyc cyc

t s
or

R,, 13333
 Meye ” cyc
s,t >

R, (N)= ~1,20-162,5=964,4 kN .

Analysis of stability in the ultimate limit state can now be performed in accor-
dance with Eq. (13.11a) or Eq. (13.11b) using the design values of the action
and the pile resistance:

F,, =2340,0 kN <2941,6 kN =R_, (N)

or

F

t

. =1170,0 kKN >964,4 kN =R, ,(N).

Stability is therefore adhered to for the ultimate limit state for the load situa-
tion in subtask a). In addition to the analysis using an equivalent, single-stage
load spectrum, analysis of the capacity under the maximum load is required.
The ultimate limit state for the load in subtask b), on the other hand, is not
adhered to. In order to demonstrate stability in this case, either the pile length
or the pile diameter could be increased.

D2.2.4.5 Serviceability limit state analysis

In D2.2.4.2 and D2.2.4.3 the plastic pile displacement after 500 and 100 load
cycles was determined as s, =s;, =2,1cm and s, =s,, =0,5 cm. The
allowable displacement in accordance with the specified objective was
allow.s, =3,0 cm respectively.

Stability in the serviceability limit state can now be calculated using
Eq. (13.12):

exist.s, =2,1 cm <3,0 cm=allow.s, for subtask a)

or

exist.s; , =0,5 cm <3,0 cm=allow.s, , for subtask b).

Stability in the serviceability limit state for the two load situations has there-
fore been demonstrated.
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D3 Piles Subjected to Cyclic Lateral Loads

D3.1 Calculation methods

D3.1.1 Empirical method for estimating the accumulated
deflections

(1) The horizontal pile head deflections under the cycle number resulting from
a pulsating load can be approximately estimated by applying the logarithmic
approach:

Yege = Yna - (1+t-InN) (D3.1)

where:

Yoe  Dile head deflection after N load cycles;
Vno  Pile head deflection after the first load cycle (N = 1);
t parameter for system behaviour as a result of cyclic loads;

Or an exponential approach:
YCyc = yN:l ' Nm (D32)

where:
m  parameter for system behaviour as a result of cyclic loads;
See e.g. [47], [74] and [114].

(2) In line with test results for piles in sand under a pulsating load, the pa-
rameter t lies in the range 0,16 <t < 0,22 [47], [1] and [114]. According to [78]
the parameter depends on the relative pile stiffness, the pile construction me-
thod and the kind of the load. An approach taking these influencing factos into
consideration was proposed.

(3) Alternatively, the decrease in the subgrade stiffness using the modulus of
subgrade reaction method can be described as a function of the load cycle
number using an exponential approach via a factor N, see e.g. [82] and [84].
The parameters t and m or a are generally dependent on the pile system, the
pile geometry, the soil properties and the load level.

(4) An analysis approach was proposed for the factor o by [84]. According to
this it is dependent on the pile construction method, the kind of the load (pul-
sating or alternating loads) and the density of the sand. For pulsating loads it
has an order of magnitude between 0,10 and 0,25.

(5) For short, practically rigid piles in sand the parameter m is identical to the
parameter a.. For non-rigid piles it is smaller. Theoretically, for very long,
flexible piles m = 0,6 - o for pure horizontal loading and m = 0,4 - a for pure
moment actions on the pile. Values for m between around 0,04 and 0,09 were
derived in [82] from pile tests on relatively long piles under pulsating loads.
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D3.1.2 Calculation approaches for estimating deflection
accumulation taking to consideration non-linear
soil behaviour

(1) The calculation methods discussed e.g. in [48], [76] and [141], can be
adopted to forecast the deflection accumulation using element tests. The meth-
ods in [48] and [76] are based on the strain wedge model after [104] and [3],
and on finite element analyses. The calculation method after [141] describes
the deflection accumulation using a modification of the strain wedge model.
The method is described in summary below using an example.

(2) The analysis method proposed in [141] for forecasting the deflection ac-
cumulation in piles subjected to cyclic lateral loads using static and cyclic
element tests is a modification and extension of the strain wedge model after
[104]. The relationship between the subgrade stress and the pile deflection is
derived from the three-dimensional stress-strain behaviour of the soil.

(3) The approach described in [25] is adopted to describe the non-linear stress-
strain behaviour of the soil, taking loading and unloading processes into con-
sideration.

(4) The input parameters required to describe the analysis model's soil proper-
ties are determined from static and cyclic triaxial tests.

(5) The pile deflections and action effects for pulsating loads with variable
load amplitudes are calculated in several iterative calculation steps using the
solution for an elastically supported beam.

(6) In the proposed model the calculation result are p-y curves, in contrast to
the p-y method described in [2]. The curves are not only dependent on the
prevalent soil, but also on the pile properties. The p-y curves are therefore not
of a generally applicable character for the same soil type.

D3.1.3 Calculation approach with subgrade reaction reduction
using the p-y method

(1) The approach using non-linear subgrade springs (p-y curves) to analyse
laterally loaded piles is often used in practice. The characteristic spring curves
are generally described on the basis of the relationships described in [2]. The
curves are defined for static and cyclic loading in the API Recommendations.
The p-y curves were derived from field tests using approximately 100 load
cycles.

(2) The reduction in the subgrade reaction using the p-y method is demon-
strated below in an example for sand. The ultimate resistance p, is determined
as a function of depth as follows:

o, =m1n{( | é}_Y%Z_D) Yz (D3.3)
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where:

Cy, C,, C;  dimensionless factors in accordance with Figure D3.1 (left);
D pile diameter;

Y unit weight;

z depth below grade.

The resistance-deflection relationship is defined as follows:
p=A-p,  tan h(:z yj (D3.4)

u

where:

k initial stiffness in accordance with Figure D3.1 (right);
A empirical factor, where:

A=(3,0-0,8-2/D)>0,9 for a static load;

A=09 for a cyclic load.
.G, C,
6 120
28 29 30 36 40 45
110 very \oose medium dense dense very
loose | TV tmmmaeeE ot dense
5 A 100 80
7
1
//]90 7oL /
L4
4 # g
-9 60
-~ 70
/’ /
3 /’ /l 60 g 50 [~
c, " g
,%/ / 50 ¢ 401 Sand above
g 4
5 .- / 40 sk water
e y s i
Y
Ve C3 20+
1 e 20
- 10 101
0 0 0 L
20 25 30 35 40 0 80 100
Friction angle @ in * Relative density in %

Figure D3.1 Factors C1, C2, C3 (left) and initial stiffness k (right) after [2]

(3) The approach described in (2) comprises a depth-related reduction in the
subgrade reaction as a result of cyclic loads of up to 70%. However, it is not
dependent on the number of cycles. Investigations in [19] confirm the validity
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of the approach up to around 100 cycles. The following modification is pro-
posed for cycle numbers over and above this:

k. -
p=Acyc-pu~tanh(09‘; -y] (D3.5)

where:

A empirical factor, where:
Ayc=12(3-1143-2/D)+ 0,343 -z/D<0,9

A degradation factor between 0 and 0,3.

(4) The degradation factor rs can be determined in model tests or by numeri-
cal investigations. The degradation factor generally decreases with increasing
cycle numbers. For an initial estimate of deformation accumulation at more
than 10° load cycles determining the subgrade reaction using Equation (D3.5)
for ra = 0 using:

Age=0,343 2D <0,9 (D3.6)

is proposed.

D3.2 Examples
D3.2.1 Estimating deflection accumulation after D3.1.1

A driven tubular steel pile (D =2 m, L =30 m) in medium-dense sand is con-
sidered (Figure D3.2). Calculation was carried out using the modulus of
subgrade reaction method with linear with depth increasing subgrade reac-
tion modulus k, (z)=n, -z/D. Adopting n,= 6 MN/m’ the deflection curve
shown in Figure D3.2 with a pile head deflection of 1,31 cm under static

H =800 kN H; =800 kN Ypet = 1,31 €m
—_— — .. £ O
o = |
Ground: e % l
| Medium-dense x % 10
£ sand R— E
=] El= - =
" 1,88-10 p o %
T kNm® B 20
o 0
£ e =]
| [ t=3cm e s
frrnne [a]
| 7 . 30—
e k, = 90 MN/m EhE Ry R E
D=2m Displacement in cm

Figure D3.2 Tubular steel pile in sand; system (left) and deflection curve under static
load or N = 1 (right) calculated using the modulus of subgrade reaction method
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loading (H = 800 kN) was calculated, equated here with the deflection in the
Ist load cycle.

The pile head deflections after N =1 000 load cycles under pulsating loads are
now estimated.

a) Using Eq. (D3.1):

The parameter t is estimated here as t= 0,20, see D3.1.1 (2). The deflection
accumulation is then obtained from:

Yoo =1,31-(140,20-1n1000) = 3,12 cm.

b) After D2.1.1 (3):

The parameter o is estimated here as o = 0,17 for a driven pile under a pulsat-
ing load in medium-dense sand. The subgrade stiffness in the modulus of sub-
grade reaction method is correspondingly reduced by a factor 1 000" =0,31.
Recalculating using n, =0,31-6 =1,86 MN/m® returns a pile head deflection
of 2,64 cm (Figure D3.3).

Heye = 800 kN7M 5 Y;;-.-; =264 cm

[ E
e £
e [

55 = 10
A B
El= [l 3
1,89-10" [Fp~ =)

kNm® [ 2 201
e a
£
s o
o 8

ém T T

30 T
k=279 4 01 2 3
MN/m® Displacement in cm

Figure D3.3 Deflection curve after the modulus of subgrade reaction method with
reduced subgrade stiffness for H, . where N = 1 000

c) After D3.1.1 (1), Eq. (D3.2):

Because this case deals with a long, flexible pile (recognised by the deflection
curve), parameter m in Eq. (D3.2) can also be determined as m=0,6-a
=0,6-0,17=0,102 (pure horizontal force load). The pile head deflection after
1 000 load cycles is:

chc = ],3].1.0000,102 — 2,65 cm.
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D3.2.2 Estimating deflection accumulation after D3.1.2
D.3.2.2.1 Objective

A tubular steel pile with an embedded length of 25,0 m, a diameter of 1,5 m
and a wall thickness of 0,025 m is subjected to cyclic lateral loads with varying
harmonic load ranges at the pile head as shown in Figure D3.4. The pile was
driven into dense, saturated sand with a relative density D = 0,73.

The accumulated pile head deflections under cyclic lateral loads are estimated
in accordance with [141].

H,.
+00m «—>r
X
H.,,. in kN
A
650
450
200
t=0,025m >N
N,=20000 N,=15000 N,=10000
250m
h 4
1,5m
—
Density D =0,73

Figure D3.4 Dimensions of the pile subjected to cyclic lateral loads in dense, saturated
sand

The parameters required for the analysis model are described below together
with their experimental determination. Following a brief description of the
calculation procedure the results are summarised.

D.3.2.2.2 Model parameters for describing the soil properties

The following material constants describing the initial density of the soil are
requires as model parameters for describing soil properties:

— effective soil friction angle ¢';

— constants K,, K., Ry and n after [25];
— cyclic exponent a;

— Poisson’s ratio of the soil v.

The required model parameters are described in more detail below.
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Figure D3.5 Hyperbolic soil stress-strain relationship profile compared to triaxial test
profile

[25] proposes a hyperbolic function with the form:

7 ’ ga
(o —03)=ﬁ (D3.7)

e PN

E, (o/-05)
to describe the non-linear soil stress-strain relationship. Here, o/ is the greater
and o, the smaller effective principal stress and ¢, the axial strain in the triax-
ial test. A failure ratio Ry defined below was introduced in Figure D3.5 to

adapt the asymptotic value of the differential stress (o, — o5 ), to the stresses
in the failure state of the soil (6] — o3 );:

(0] —03);
(6 =03 )

The following approach, used in [51], is adopted to describe the initial tangent
modulus E, as a function of stress as shown in Figure D3.5:

R, = (D3.8)

E, =K, p, ("] (D3.9)
Pa
Where p, is the atmospheric pressure. The dimensionless stiffness factor K,
and the exponent n in Eq. (D3.9) are material constants which are experimen-
tally determined.

To describe unloading and reloading processes it is assumed after [25] that the
soil behaves linearly on unloading and reloading. The unloading or reloading
modulus E,; in Figure D3.6 is formulated by the following relationship analo-
gous to the initial tangent modulus E,:

E, =K, p, (03) (D3.10)

a
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Figure D3.6 Definition of the unloading and reloading modulus E , in the triaxial test

In Eq. (D3.10) K, is a dimensionless stiffness factor, which generally has a
greater value than the factor K,.

Soil behaviour under cyclic loads is characterised in the analysis model by the
exponent a, which is used to describe the development of the plastic strain of
the soil over the cycle number. In Figure D3.7 the cyclic exponent a for the
sand with an initial density D = 0,73 is shown. It was determined from a cy-
clic, drained triaxial test with a cyclic load ratio X = 0,37. The cyclic load ratio
is defined as the ratio of cyclic deviator stress q to the deviator stress in the
static failure state qg.r. When determining the exponent it is assumed that it is
independent of the stress state of the soil and differs only in its dependence on
the physical condition of the soil, e.g. its density and saturation.

50 %
v q
a',= 100 kN/m?*
20r v ?
e |
= — |
g 1o o' o', = 100 kNim?
kel
w +
)
05- Ty
1 | | A4
— Cyclic triaxial test b
0.2 — Regression analysis X =00,
Epupiet

10 100 000 10 i
N

Figure D3.7 Cyclic exponent a for sand with an initial density D = 0,73 from a cyclic,
drained triaxial test

D.3.2.2.3 Experimental determination of the model parameters

The effective friction angle ¢’ of the soil can be determined to
DIN 18137-2:2011-04.
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Static, drained triaxial tests on characteristic soil samples are required to deter-
mine the material constants K, and K, the failure ratio Ry and the exponent n.

The soil samples are subjected to a monotonous static load to determine the
initial tangent modulus E, and the asymptotic value of the differential stress
(o] —o03),, after Figure D3.5. The vertical initial stress of the soil sample in
question is adopted as the triaxial, isotropic consolidation stress o .

B e e I S e e B B S e e o e

(0';-0',).= /3,
E, = 1/a, 0,95%(c',-a%)

0,70x(0",-0",),

Y

——  Best-fit straight line

= Static triaxial test
Ia‘
1

Figure D3.8 Determining the initial tangent modulus E, and the asymptotic value of the
differential stress (o, — o, ), from the transformed stress-strain profile of a triaxial test

The stress-strain relationship of the samples from static triaxial tests are shown
in Figure D3.8, transformed and linearised with a best-fit curve through the
stresses at 70% and 95% of the failure stress (6, — o3 );. The reciprocal of the
determined parameters a; and a, corresponds to the initial tangent modulus E,
or the asymptotic value of the differential stress (6] — o5 ) -

The failure ratio Ry can then be calculated from the triaxial test results after
Eq. (D3.8) using the known asymptotic value of the differential stress
(o/ —o3),, and the failure stress (6] — o, );.

It is necessary to determine the stiffness factor K, and the exponent n to de-
scribe the stress-dependence of the initial tangent modulus E, using Eq. (D3.9).
For this purpose, the determined initial tangent moduli E, are drawn in a dou-
ble-logarithmic graph as a function of the triaxial consolidation stresses o, as
shown in Figure D3.9. By linearising the results using a best-fit curve the stiff-
ness factor K, and the exponent n are derived as shown in Figure D3.9.

Linear-elastic soil behaviour after [25] is assumed for unloading and reloading
processes. Triaxial tests with at least one soil unloading and reloading stage
respectively are required to determine the unloading and reloading modulus
E,: of a soil sample (Figure D3.6). The dimensionless stiffness factor K, in
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Figure D3.9 Determining the stiffness factor K, and the exponent n for an example of
5 triaxial tests with differing respective isotropic consolidation stress o, for sand with an
initial density D = 0,73

Eq. (D3.10) is calculated analogous to the stiffness factor K, with the known
unloading and reloading moduli E,; and the triaxial consolidation stresses o;.

The cyclic exponent a is used to describe the development of the plastic strain
of the soil over the cycle number. To determine this exponent the plastic strain
profile is drawn over the cycle number in double-logarithmic scale as shown in
Figure D3.7. The exponent a is given by the plastic soil strain after load cycle
gpin=1 from the gradient of the plastic strain profile.

The Poisson’s ratio of the soil is required as an input parameter for the analysis
model. The influence of the Poisson’s ratio of the soil on the results of the
model is limited [141]. For granular soils a constant Poisson’s ratio v= 10,3 is
assumed in the calculation model.

Table D3.1 summarises the determined model parameters for the dense sand
with an initial density D = 0,73 used in the calculation model.

Table D3.1 Model parameters for describing the soil properties of the dense sand with
an initial density D = 0,73

5

S
=
T X
o
=)
jo)
<

3
=
T
T
T
T
—
T

40,4 1398,5 1950,7 0,90 0,875 0,31 0,3




D.3.2.2.4 Calculation procedure

To determine the pile deflections and action effects it is necessary to perform
iterative calculation steps on the solution to an elastically supported beam. The
relationship between the subgrade stress and the pile deflection is derived from
the three-dimensional stress-strain behaviour of the soil.

The calculation flow diagram pile for determining the deflections and action
effects of a pile subjected to cyclic lateral loads is described in [141].

D.3.2.2.5 Results of the calculation example

The estimated accumulated pile head deflections as a function of the cycle
number are shown in Figure D3.10.

The results show that the horizontal pile head deflections at the end of cyclic
loading reach values of approx. 2,6 cm.
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Figure D3.10 Accumulated pile head deflections as a function of the cycle number

D3.2.3 Subgrade degradation adopting the p-y method
after D3.1.3

D3.2.3.1 Objective

A driven, tubular steel pile (D = 5,7 m, yield strength f, = 335 N/mm?) in dense
sand is considered. The system and the loads are shown in Figure D3.11. The
subgrade is described by non-linear resistance-deflection curves (p-y curves)
after D3.1.3. With regard to the given effect, it is assumed that it occurs within
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a design event with a limited cycle number (N < 100), see D3.1.3 (1) and (2).
A modification, for example after D3.1.3 (3), is necessary for larger cycle
numbers. The pile shall be analysed for the given load in the ultimate limit
state after 13.8.1.

TN M=M= 140 740 KNm
| Hy, = H,,, = 3480 kN
V, =8 500 kN
R REEK

7m
, = 335 Nimm?
t=75mm

v

~

o'=40°
¥ = 11 kNim?

f, = 335 Nimm?
t=60mm

~

# Figure D3.11 Pile system and loads

D3.2.3.2 Determining the required embedment depth

The parameters necessary to construct the p-y curves are determined from
Figure D3.1 for ¢’=40° as C;=4,62, C,=438, C;=104,2 and
k =45 MN/m?*. The empirical factor A after D3.1.3 (2) is adopted as 0,9 for the
ultimate limit state analysis. The pile head rotation as a function of the pile
length is shown in Figure D3.12 for the characteristic maximum load from My
and Hy. In accordance with 13.4.3 (9) the required pile length is adopted such
that any additional pile length has no additional impact on the deformation
properties of the pile. The embedment depth is therefore adopted as 26 m.

0,8 :
0,7 |
0,6
05

Pile head inclination [*]

. P adopted embedment length |
3 : 26 m

i i ¥ i
15 20 25 30 35
Embedment length [m]

Figure D3.12 Calculated pile head rotation as a function of pile length
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D3.2.3.3 Analysis of the soil reaction

Figure D3.13 shows the calculated deflection curve, the maximum and the
mobilised subgrade resistances, and the moment profile under characteristic
load. The integral of the mobilised subgrade stress from grade to the deflection
curve’s zero transition point at z = 14,19 m is B = 14 721 kN. The integral of
the maximum subgrade stress A -p, to this depth is Ry cyc = 68 618 kN. Ana-
lysis of the soil reaction block using the partial factors yo =1,50 and yg. = 1,4
gives:

B,, =By, Yo =14.721x1,50 =22 082 kN < 49 013 kN
=68618/1,40 =R

ult,d,cyc

Deptt z [m]
C

Deptt z [m]
Iz

S

~

Deptt z [m]
&

20F- 20 . e - 4 20k

25F

30,
-5

L i H H 3 i . 3 i H H
0 5 10 15 20 -%0 -10 0 10 20 -%0 0 50 100 150 200
Displacement [mm] Resistance P [MN/m] Moment M}_‘ [MNm]

Figure D3.13 Deflection curve with cyclic p-y curve (A = 0,9) calculated (left), mobilised
and maximum subgrade resistances (centre) and moment profile (right)

D3.2.3.4 Analysis of internal capacity

The characteristic design moment is calculated for a depth of z=4,55m as
My = 151 490 kNm. The characteristic axial load taking the self-weight of the
pile under buoyancy into consideration to this depth is 8 905 kN. The charac-
teristic resistance moment at this depth is determined as follows:

n (D= (D-2t)") _ m (5,7' -(5,55)")

= =1,84m’.
32 D 32 5,7

W=
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Using yq=1,50 and yg = 1,35 the largest design value of the compressive
stress in the cross-section is:

My, +kaG B 151490-1,50+8905~1,35
com,Ed T W A - 1784 1’325

=132,6 N/mm?2.

The factor € =,/235/f, may be increased to DIN EN 1993-1-1 as follows:

235 |f, o 235 [335/1,0
aincrea Al T A o TAl 32 =1’33‘
' Yy \ Ouom.ra 335 132,6
With D/t =5700/75 =76 <90¢; .. =159,5 the cross-section falls into cross-

section class 3 and may be analysed using elastic-clastic methods. With
Yo = 1,0 the “internal” capacity of the pile is given:

=132,6N/mm? <335N/mm? = f, /y,,

Og4 =0

com,Ed

The stability calculations are not reproduced here.

D3.2.3.5 Estimating pile head deflection

Adopting the static p-y curves after D3.1.3 (2) returns a pile head deflection of
16,9 mm. The deflection increases to 18,9 mm using the cyclic p-y curves
(Figure D3.13, left).
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D4 Procedure for determining an equivalent single-stage load
spectrum

D4.1 Calculation method

D4.1.1 Method for determining an equivalent load cycle humber
for piles subjected to cyclic axial loads

(1) The majority of the methods available for serviceability and ultimate limit
state analyses of piles subjected to cyclic axial loads require the definition of
an equivalent single-stage load spectrum.

(2) Hereby, the equivalent single-stage load spectrum is defined as the cyclic
action of N4 load cycles with a mean value of Fyeaneq and a cyclic load ampli-
tude Fiyceq, which has the same impact with regard to the cyclic effect as the
true, generally stochastic, load profile.

(3) The principle for determining an equivalent load cycle number for a refer-
ence spectrum for axially loaded piles is analogous to the procedure for piles
subjected to cyclic, lateral loads (D4.1.2). The example in D4.2.1 explains the
procedure. It can generally be assumed that the governing case with the great-
est total impact of the cyclic load is when the reference spectrum with the
greatest individual impact is adopted.

D4.1.2 Method for determining an equivalent load cycle humber
for piles subjected to cyclic lateral loads

(1) Existing calculation approaches allow the deflection accumulation result-
ing from a specified cycle number under a uniform load or from an action
combination consisting of horizontal force and moment to be estimated
(D3.1.1). If the magnitude of the prevalent loads is variable a cyclic equivalent
load with a corresponding equivalent load cycle must be defined.

(2) [78] proposes the strain superposition method described by [139] for cal-
culation of the pile deflections under cyclic loads of changing magnitude, see
Figure D4.1. For the total head deflection of a pile under n different action
combinations Ey (horizontal force and moments at the pile head) with Ny cy-
cles respectively, Eq. (D4.1) gives.

Yee = Yii {1+t ln[Nl +Y N, H (D4.1)

k=2
where:
y11 (static) pile head deflection as a result of a single (N = 1) loading by E;
N; number of cycles of the load or action combination Ey;

N, equivalent cycle number from the action combinations E; to E,;
t parameter for system behaviour as a result of cyclic loads (D3.1.1).
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Figure D4.1 Determining the resulting pile deflections for varying cyclic action combina-
tions (horizontal force and moment) E, at the pile head

(3) The action combination E; with the load cycle number N, represents the
equivalent load Ey.q. The equivalent cycle number is given by:

N, =N+ N, (D4.2)

k=2

where:

1(y' X (1+tn N, )71]
¥

1.1

yix static pile head deflection as a result of action combination Ej;
Ni number of cycles of the action combination Ey.

The respective load or action combination is therefore weighted for the size of
the corresponding pile deflection.

(4) It should be noted that the result is not independent of which action com-
bination is adopted as the reference variable for which the equivalent load
cycle number was determined. Adopting the combination with the greatest
static pile head deflection as the reference is recommended. The equivalent
load cycle numbers for the remaining action combinations can then be respec-
tively determined by directly relating them to this reference variable.

Alternatively, the load cycle number of the combination with the smallest
static deflection can be converted to the equivalent load cycle number of the
combination with the second-smallest static deflection. This, in turn, can then
be converted to the equivalent cycle number of the combination with the next
largest static deflection, etc.
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(5) For uniform cyclic loads the method assumes the validity of a linear rela-
tionship between the increase in deformation and the natural logarithm of the
load cycle number (D3.1.1):

Vi =Yix 1+t InN, ] (D4.3)

(6) The method initially only applies to pulsating loads acting in one direction.
Any additional, opposing loads act to reduce the accumulated pile deformation.
Based on a proposal by [74] this can be approximately taken into consideration
by a corresponding reduction in the load cycle number of the loads occurring in
the direction of the accumulation.

D4.2 Calculation examples

D4.2.1 Determining an equivalent load cycle number
for piles subjected to cyclic axial loads after D4.1

D4.1 proposes the method after [78] for determining an equivalent load for
piles subjected to cyclic horizontal loads. This method can also be adopted for
use with piles subjected to cyclic axial loads, by applying it to the reduction in
capacity instead of the respective deflection.

Table D4.1 Multi-stage load spectra

Load spectrum Cyclic Mean static Cycle number | Skin friction reduc-
action action tion
[kN] [kN] [kN/m?2]
1 700 700 200 9,31
2 500 900 100 2,50
3 700 100 10 000 9,24
4 400 400 1 000 000 0,37

A pile with a diameter of 19 m, a diameter of 46 cm and an axial pile shaft
resistance of Ry, =2 500 kN, subjected to a tensile load is considered. The
multi-stage load spectra in Table D4.1 are investigated.

The reference spectrum with the largest characteristic skin friction reduction
AT(N) = Aq, (N) can be adopted as the most conservative reference spectrum.
Spectrum 1 is the governing reference spectrum here and the shear stress and
skin friction reductions are now simulated together with the remaining spectra
by adapting the cycle number and adopting this reference spectrum. This gi-
ves:
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Table D4.2 Determining the equivalent cycle numbers

Spectrum Equivalent cycle number
1 200
2(1) 5
3(1) 200
4(1) 1,25
Total 406

The equivalent single-stage load spectrum is thus formed by F/ =700 kN,

chan = 700 kN and Neq = 406 ye

D4.2.2 Determining an equivalent load cycle number
for piles subjected to cyclic lateral loads after D4.1

A foundation pile for an offshore wind turbine under a pure pulsating load is
formed by a monopile with D =5 m and L = 20 m, see Figure D4.2.

Hc: o If_iiMcyc
e
£ Ground
S Dense sand
[}
-
) ‘t_= 6 cm
|
D=5m

Figure D4.2 Monopile in dense sand; system and dimensions

Seven loading classes as shown in Table D4.3 were identified on the basis of
an analysis of the prevalent wind and wave loads. Each load class consists of
an action combination E; (horizontal force H and head moment M) and the
corresponding number of load cycles N;.

In an analysis of the (static) bearing behaviour of the pile under the individual
action combinations the static pile head deflections y;; also given in Ta-
ble D4.3 are received.
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Table D4.3 Loading classes, load cycle numbers and static pile head deflections

Class Action combination Number Static pile head

H,, [MN] M., [MNm] of cycles deflection y,
1 2,14 118,75 N,=5 y,,=3,7cm
2 1,91 106,25 N, = 40 y,.=323cm
3 1,69 93,75 N, = 250 Y.s=2,8Ccm
4 1,46 81,25 N, =1800 Y,.=2,3cm
5 1,24 68,75 N, = 12 000 y,s=1,9cm
6 1,01 56,25 N, = 80 000 V,e=15cm
7 0,79 43,75 N, = 550 000 y,,=1,1cm

The action combination (load class 1) leading to the largest static pile head
deflection is adopted as the equivalent load. The parameter t is estimated at
t=0,20. Evaluation of the above equations gives the load cycle numbers N}
summarised in Table D4.4 for each load class. The resulting equivalent load
cycle number for the total load is Noq = 73,3. The variable loads can therefore
be replaced by a harmonic load H,=2,14 MN and M, = 118,75 MNm
where Neq= 73,3 cycles. The resulting pile head deflection y, for the example
is yx = 6,9 cm.

Table D4.4 Equivalent load cycle numbers

Class Action combination Number of cycles Equivalent load
H, . [MN] M, . [MNm] cycle number'N:
4 4 of the respective
load class
1 214 118,75 N, =5 5,00
(design load)
2 1,91 106,25 N, =40 15,63
3 169 93,75 N, = 250 19,34
4 1,46 81,25 N, = 1800 15,92
5 1,24 68,75 N, =12 000 10,92
6 1,01 56,25 N, = 80 000 4,97
7 0,79 43,75 N, = 550 000 1,52

Equivalent load cycle number from total load N,, = 73,30

If, alternatively to the procedure described above, the class 7 load cycle num-
bers are converted to class 6 equivalent load cycle numbers, the resulting load
cycle number then to class 5 equivalent load cycle numbers, etc. (solve from
the bottom to the top — cf. D4.1.2 (4)), the result in this case is a class 1
equivalent load cycle number of Ny = 52,1, and therefore a resulting pile head
deflection of y, = 6,6 cm.
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