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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proce@lures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular the different approval criteria needed{or
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

This document establishes the specifications for the execution of dynamic load tests in which a single
pile is subject to an axial load in compression to measure strain, acceleration and displacement under
dynamic loading and to allow an assessment of its compressive resistance. This document outlines
how a dynamic load test is defined and specifies the equipment and testing procedures required.
Informative non-prescriptive guidance is included on the analysis of dynamic load test results required
to determine mobilized or ultimate measured compressive resistance of a pile.
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Geotechnical investigation and testing — Testing of
geotechnical structures —

Part 4:
Testing of piles: dynamic load testing
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Scope

5 document establishes the specifications for the execution of dynamic load tests in wh
is subject to an axial dynamic load in compression.

5 document outlines the methods of testing required to allow assessment of pile resist
brmined from the following methods and procedures described in EN1997-1:2004+A1:20

dynamic impact testing - determination of pile compressive resistance by ev3
measurements of strain and acceleration and or displacement at the pile head with resp

pile driving formulae - evaluation of pile compressive<esistance from blow counts a
energy during pile driving;

wave equation analysis — evaluation of pile compressive resistance from blow counts by
of the pile, soil and driving equipment;

multi-blow dynamic testing - evaluation.af pile compressive resistance from a serie
designed to generate different levels of pile head displacement and velocity.

5 document is applicable to piles loaded axially in compression.

5 document is applicable to all pile’types mentioned in EN 1536, EN 12699 and EN 14199.
tests considered in this decument are limited to dynamic load tests on piles only.

E1 ISO 22477-4 cap.be“used in conjunction with EN1997-1:2004+A1:2013. Numerical valug
brs for limit states frem-pile load tests to be taken into account in design are provided in EN 1997-
N 1997-1 the results from dynamic load tests will be considered equivalent to the measured
stance Rq,m afterbeing subject to appropriate analysis.

E2 Guidance on analysis procedures for dynamic load testing results is given in Annexes A, B

5 docuiment provides specifications for:

ifvestigation tests, whereby a sacrificial pile is loaded up to ultimate limit state;

ch a single

ance to be
13:

luation of
pct to time;

d hammer

modelling

s of blows

s of partial
.For design
ompressive

D,EandF.

ii) control tests, whereby the pile is loaded up to a specified load in excess of the serviceability

NOTE 3

one

limit state.

specific application of a pile.
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2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

EN1997-1:2004+A1:2013, Eurocode 7: Geotechnical design — Part 1: General rules

3 Terms, definitions and symbols

3.1 Terms and definitions

For the pyrposes of this document, the terms and definitions in EN1997-1:2004+A1:2013 and [the
following qpply.

ISO and [EC maintain terminological databases for use in standardization at the following addressef:
— IEC Elgctropedia: available at http://www.electropedia.org/

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

3.1.1

trial pile

pile installed before the commencement of the main piling works'or a specific part of the workg for
the purpoge of investigating the suitability of the chosen type ‘0f pile and for confirming its dedign,
dimension$ and compressive resistance

Note 1 to enftry: The trial pile might be sacrificed to achieve ultintate limit state.

3.1.2

working plile

pile that will form part of the foundation of the'structure

3.1.3

test pile

pile to whikh loads are applied to detetmine the compressive resistance - deformation characterigtics
of the pile and the surrounding greund

Note 1 to enftry: A test pile can be-a-trial pile or a working pile.

3.1.4

pile load

axial compyressive load’(or force) applied to the head of the pile during the test

3.1.5

dynamic lpad

axial compjressive impact load (or force) applied to the head of a pile by a driving hammer or drop mass
3.1.6

maximum pile load
highest axial compressive force applied to the pile during the test

Note 1 to entry: This is generally defined prior to the test.

3.1.7

dynamic load test
test where a pile is subjected to chosen axial dynamic load at the pile head to allow the determination of

its compre

ssive resistance

© ISO 2018 - All rights reserved
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3.1.8
dynamic impact test
pile test with measurement of strain, acceleration and displacement versus time during the impact event

Note 1 to entry: The impact event is normally a hammer blow.
Note 2 to entry: This test is used to assess the compressive resistance of individual piles.

3.1.9

driving formula
formula that relates impact hammer energy and number of blows for a unit distance or permanent set
for gsingle bifowto pite compressive Tesistance

3.1110

waye equation analysis
anallysis of a dynamically loaded pile by a mathematical model that can represent the'dynamig¢ behaviour
of the pile by the progression of stress waves in the pile and the resulting response of the solfl

3.1111

signal matching
opefration to evaluate the shaft and base resistance of piles by medelling of the pile anfl soil with
var|ation of parameters to match measured signals from pile-head strain or displacement and
acc¢leration measurements

3.1/12
impedance
the[dynamic stiffness of a pile determined from the cross-sectional area, material stiffness and density.

Not¢ 1 to entry: For a non-uniform pile the impedance can'be different over the length of the pile.

3.1{13
mobpilized compressive resistance
the[resistance that is mobilized with the available energy of the impact device

3.1114

ultimate measured compressiye resistance
corfesponding state in whichsthe pile foundation displaces significantly with negligible |ncrease of
resistance

Note 1 to entry: Where,it\ig difficult to define an ultimate limit state from a load settlement plot showing a
confinuous slight increase/a settlement of the pile top equal to 10 % of the pile base diameter should be adopted
as the “failure” criterion.

Note 2 to entrys-The ultimate compressive resistance is not measured directly during a dynamic load test. The
megsured ordnobilized compressive resistance obtained from dynamic load testing shall be analysed to remove
the pffects @fdynamic soil dependent behaviour before it can be considered equivalent to the ultimafe measured
compressiye resistance as outlined in the appropriate Annex.

3.145
design compressive static resistance
ultimate compressive resistance of a pile

Note 1 to entry: This shall be determined prior to load testing to allow specification of the appropriate magnitude
of dynamic load test.

3.1.16
equivalent diameter
diameter of the circle of which the area equals the area of the relevant pile section

Note 1 to entry: The equivalent diameter for a circular pile is the outer diameter of the pile, for a square pile the

diameter which gives the same area as the square pile (as long as the longest side is smaller than 1,5 times the
shortest side) is the equivalent diameter.

© ISO 2018 - All rights reserved 3
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3.1.17

minimum reference separation distance

distance which separates a stationary reference point from a point that will be significantly displaced
by the testing method

Note 1 to entry: Only stationary points can be used for reference of displacement measurement devices.
Displacement measuring systems can be placed on the soil outside the reference distance without isolating
(displacement compensating) measures.

3.1.18
displacement
axial movement of the pile head measured during testing

3.2 Symbols

a hcceleration

A Cross-sectional area of the pile at the level being considered

Ay Fross-sectional area of the pile reinforcement at the level being corsidered
c Velocity of the stress wave in the test pile

Edyn Young's modulus of the pile material at the measurementlevel being considered
Ex Kinetic energy

Ep botential energy

F force at the pile head derived from strain méasurements

fyk he characteristic yield strength of the*pile reinforcement

g hcceleration due to gravity (g = 9;81/s2)

Hrop height (or stroke) the mass or hammer has fallen through

L bile length
m mnass
Rem measured ultimaté compressive resistance of the ground in the test, or measured geotechni-

Fal resistancelof the pile

t ime

1% Uelocity

Z pile impedance

w pile displacement or settlement
£ strain

4 Testing equipment

4.1 General

The loading equipment shall be able to generate sufficient force and energy to be able to mobilize the
compressive resistance to be verified.

4 © ISO 2018 - All rights reserved
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If information on the ultimate measured compressive resistance of the pile is one of the aims of the test,
the equipment shall have enough capacity to reach the ultimate measured compressive resistance and
mobilize adequate settlement under dynamic loading with a single or a sequence of single blows.

The maximum pile load during a dynamic load test required to determine the ultimate measured
compressive resistance can exceed the design compressive static resistance. The need to apply such
high loads shall be considered when specifying equipment and pile materials.

If for a dynamic load test, one or more of the requirements in this document is not met; it should be
proven that this shortcoming has no influence on the achievement of the objectives of the test, before
the results can be interpreted as a dynamic load test.

Dyrnamic load testing systems rely on a mass to apply load to the head of the pile. ThisAs either as
parf of a pile driving hammer referred to as an impact driving system or by dropping,a’mags, referred
to s a drop mass system. Dynamic load testing can be undertaken during pile installation of precast
congrete piles or steel piles (displacement piles) when driving with a hammer. Drop mass sfystems are
usefl for the testing of cast-in-situ piles (bored piles, continuous flight auger or other cast-in]-situ piles)
or testing associated with re-driving. The type of load application used during testing can|{depend on
several factors including the availability of pile installation or loading equipment and the phase of the
conptruction project.

Three types of dynamic pile tests are given in EN1997-1:2004+A1:2013 which relate to the type of
megsurements and analysis undertaken and are referred to‘as dynamic impact tests, pile driving
formula and wave equation analysis. These together with the/multi-blow dynamic testing technique
are|presented in more detail in the annexes. The measurements taken, equipment and ifformation
reqpired for a dynamic load test will be dependent on thespecific dynamic load test being uhdertaken.

4.2 Loading

4.2{1 General

The selection of the loading equipment shall take into account:

— |the aim of the test;

— |the type of dynamic test and‘the analysis to be undertaken;

— |the pile type;

— |the ground conditiens;

— |the maximum pile load;

— |the strefigth of the pile (material) and permissible stresses it can carry;

— |therexécution of the test;

cafoty concidarotion o
Sarety-€oRStatrations:

The loading equipment shall generate adequate force and energy which fulfils the requirements in
4.1 and is able to apply the required maximum compressive force to mobilize a specified compressive
resistance or the ultimate measured compressive resistance of a pile. The equipment shall load the
pile accurately with appropriate guidance of the drop mass along the direction of the pile axis. The
eccentricity of the load shall be smaller than 10 % of the equivalent diameter. The deviation of the
alignment of the force to the axis of the pile shall be smaller than 20 mm/m.

The stress generated in the pile under the maximum applied load shall not exceed the permissible
stress of the pile material. For concrete piles in compression the maximum stress in the pile, including
any prestress in the pile, shall not exceed 0,8 times the characteristic concrete strength in compression
at the time of driving (as outlined in EN 12699). For concrete piles in tension the tensile force induced

© IS0 2018 - All rights reserved 5
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should not exceed 0,9 x fyk x Ar minus any compressive prestress force. For steel piles the maximum
stress in steel piles should not exceed 0,9 times the characteristic yield strength of the steel.

NOTE Where stresses are monitored during impact driving, these can be up to 20 % higher than the values
stated above. The yield strength of materials can increase under dynamic impact loading.

To avoid potential damage to concrete piles, a simulation of the planned loading process can be
undertaken by simulation using wave equation analysis. Based upon wave equation analysis, the loading
scheme can be adjusted and re-simulated for example to avoid high tension stresses in a concrete pile.

4.2.2 Loading by an impact driving system

Impacthammers consist ofamass (ram) and lifting and releasing systems. They are defined by théir nlass
and maxinfum stroke (drop height) or the respective potential energy (mass x acceleration x“strokq) or
kinetic engrgy immediately prior to impact.

The frequgncy of hammer blows should not exceed 120 blows per minute where an ‘evaluation lpy a
driving formula is to be considered.

4.2.3 Lopding by a single or multiple blow drop mass

The mass ¢f the drop mass should be chosen to be greater than 2 % of the design compressive stjatic
resistance jof the pile (Where the mass of the drop mass is expressed as.a weight).

In very hard soils, piles resting on hard bedrock or where a pile.is installed with a rock socket drop
mass weights of 1 % of the required design compressive staticrésistance can be sufficient to mobf{lize
pile resistgnce.

The appliedl energy or the stroke of the drop mass should-be adjusted to achieve full mobilization offthe
pile skin frfction and tip resistance.

4.3 Measurements

4.3.1 Gejneral

The measyirements taken, equipment and information required for a dynamic load test will be
dependent|on the specific dynami¢load test being undertaken.

During a dynamic impact test &ntinimum of three variables shall be directly measured relative to time (¢):
— the strjain at the pileiead (g);
— the acgeleration-of’the pile head (a);

— the permanent pile displacement per dynamic load application (set per blow).

Where dypamic impact testing is analysed using the multi-blow dynamic load testing technique
(Annex F) this will additionally include:

— the pile head displacement (w).

During a test where pile driving formula or wave equation analysis will be used a minimum of two
variables shall be directly recorded:

— the permanent pile displacement per impact of the hammer referred to as set per blow(s);
— the mass of the piling hammer (or drop mass) and drop height (and/or energy rating).

Where piles are subjected to a single hammer blow or cycles of drop mass loading and are accessible,
the level of the pile head shall be determined relative to a point outside of the minimum reference

6 © ISO 2018 - All rights reserved
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separation distance by optical levelling. The optical levelling measurements shall be controlled by
reference to one or more fixed reference points and should be undertaken to an accuracy of #1 mm.

4.3.2 Measurements for dynamic impact tests

The transducers and signal processing shall satisfy the requirements from Table 1 to Table 3. Sampling
shall commence a minimum of 10 ms before loading commences and continue for a minimum duration
such that the pile has come to rest. The transducers shall have sufficient measuring range, in order to
avoid re-adjustment or change of position during testing. All instrumentation shall be able to withstand
pile installation and testlng procedures. For dlesel hammers the duration of pre event sampling should
be ALClldCd LU A IIIIiiiiuIr Uf 35 1115, Cllld CALCllDlUll Uf LhC CVUl lCOlJUlldllls dul ClLlUll Ul IIICdAdo Jrement to
>125 ms. For longer piles the length of the pile should be considered when determining th&)fluration of
megsurement. The particular minimum sampling rate adopted should take into accourtthe type of pile
and/test being undertaken.

Table 1 — Dynamic impact test: signal processing general requirements

Parameter Requirement

Sampling rate =5 000 samples per-second

Duration of pre-event sampling 210 ms

Duration of the measurement >100 ms

Table 2 — Dynamic impact test: strain'transducer requirements

Parameter Requirement
Maximum strain >0,015
Resonant frequency >2 000 Hz

Table 3 — Dynamic impactitest: acceleration transducer requirements

Parameter Requirement
linearity upto2000g
and 2 000 Hz

Table 4(— Dynamic impact test: displacement measurement using
remote theodolite during load application

Parameter Requirement
Sampling rate 210 000 samples per second
Accuracy <l mm

All pquipment used for measuring strain, displacement and acceleration in the test shall be|calibrated.
Thea eguipment shall he checked on a regular hasis The results of these checks shall helregistered
and kept with the most recent calibration. This data shall be made available on request prior to
commencement of the test.

The time between the checks and calibrations is not prescribed, since the duration of validity of a
calibration can depend on the type of measurement device and manufacturers recommendations.
However, checks shall be sufficiently detailed that it can be verified that all measurement devices are
operating correctly during the test. It is preferred that all checks are carried out directly before the
test, to avoid influence of transport and time. In some circumstances, e.g., frequent use or change of
components or presumed damage, additional calibration and checking might be required.

The strain (g) as a function of time (t) induced in the pile head by the dynamic load, shall be measured
by at least two strain transducers, mounted in an axial direction and diametrically opposed pairs (see
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Annex C). The acceleration a as a function of time (t) of the pile head shall be measured by at least one
acceleration transducer, mounted in an axial direction (see Annex C).

4.3.3 Measurements and recordings required for pile driving formula or wave equation

analysis

The permanent pile displacement per impact of the hammer referred to as set per blow(s) is recorded
by manually counting the number of blows for a unit distance of penetration for at least the last 1,0 m of

pile penetr

Distance

ation.

arkers shonld be clearly marked on the pi]p under test priorto tpcfing In continnous driv

ing,

blows are g
can be detg

The set pe
pile drivin
which is u
Table 5.

To determ
mass of thg

The potent

mq

g ac

h dr

The drop h
The Kkineti

ounted for a unit penetration. As an alternative, a penetration for a defined number ofthl
rmined.

b operations or by visual observations of marks on the pile passing a stable Teference bg
haffected by the pile testing process. The requirements for optical levellihg*are outline

Table 5 — Dynamic load test displacement requirements for set per blow
when determined by optical instrument levelling

Parameter Requirement

Accuracy <1 mm

ne the energy transferred to the pile from the dynamic loading it is necessary to know|
ram or hammer and the drop height that mass.pf*ram falls through.

ial energy of the driving system:

xgxh

potential energy;

iss of ram or hammer;

celeration due to gravity (g = 9,8 m/s2);

pp height (orstroke) the mass or hammer has fallen through.

eight or§tyoke is measured by a visual estimate only if the ram can be seen.

energy of the mass or ram directly before impact is given by:

DWS

- blow is determined either by optical levelling to a reference point which is uhaffected by

bam
1 in

the

M

52 [0

Ex=m

where

Ly o~

Ex Kkinetic energy;

v

velocity of mass or ram before impact.

(2)

The velocity of the ram before impact can be measured by proximity switches installed as part of the
hammer casing.
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https://standardsiso.com/api/?name=7d853dbd0a2486efc30f4da9456a6949

IS0 22477-4:2018(E)

5 Test procedure

5.1 Preparation for testing

It is recommended that in advance of the test, an execution plan should be formulated that is consistent
with the planned final report shown in Clause 7. The plan should include the following where
appropriate:

a) testobjectives;

b) the grmlnd and grmlnd\/\m‘rpr conditions with reference to the relevant site invpcfigafinr reports;

c) |topographic locations, types and specifications of the test piles;
d) |allowable maximum values of the load and stresses on the pile and the pile displacement;
e) |required pile displacement and applied load;

f) |specification of the loading device;

g) |specifications of the measurement devices and calibration certifi¢ates if applicable;
h) |specifications of additional measurement-devices;

i) |plan of the test site;

j) |testing programme;

k) [list of key personnel, showing who is responsible for supervision, safety, test execlition, data
recording and other tasks;

1) [logistical requirements on site (for example flat ground, vehicle requirements and Jimitations,
lifting plan, working space around the«pile, etc.);

m) |accessibility of the pile for sensorattachment;
n) |procedures for preventing pile damage and detecting pile damage in the case of cast-in-gitu piles;
0) |assessment of feasibility'‘eftesting by wave equation analysis;
p) |safety requirements.

It issrecommended-that the execution plan is made available at least seven days prior to comiencement

of testing.

5.2| Safetyrequirements

5.2{1¢+ People and equipment in the surrounding area

Safety of personnel and equipment in the surrounding area shall be given due consideration during
execution of the test and should be undertaken in accordance with EN 16228 where applicable.

People in neighbouring buildings that are likely to be affected by testing shall be informed of the nature
of testing and the programme of tests to be undertaken. Separate notification of dynamic load testing
is not required where the testing forms part of a larger programme of displacement pile installation
where notification has already occurred.

Disturbance to vibration sensitive processes in neighbouring buildings should be prevented where
possible. Where testing is undertaken close to existing buildings consideration should be given to the
age, integrity and sensitivity of the structure.

© ISO 2018 - All rights reserved 9
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5.2.2 Testpile

The test pile should be designed, manufactured and installed such that the test pile should not be
damaged by the maximum compressive load that will be applied during the test. As cast-in-situ piles
(bored piles, continuous flight auger or other injection piles) are not normally designed for dynamic
loading, pile heads should be reinforced by a steel casing. Prior to the test the allowable compression
and tension stresses for the pile should be defined and compared to wave equation analysis for the pile.
For cast-in-situ piles integrity testing should be undertaken before and after dynamic load testing.

NOTE During a dynamic load test, the test pile is loaded with a force which can exceed the static equivalent
test loads. Test piles are to be designed to withstand the resulting higher stresses. For concrete piles a pile
cushion is usually used to reduce and evenly distribute stresses.

For working piles the maximum accumulated final displacement of the pile head shall be agreed before
commencement of the test. The displacement of the pile head shall not exceed 10 % of the\(equivalpnt)
diameter under normal circumstances without prior approval from all parties concerned.

5.3 Preparation of the pile

The pile hdad shall be flat, plane, perpendicular to the pile axis and undamaged-The heads of concfete
piles shall[be protected by a pile cushion. The test pile shall have enough\length above the ground
surface to [attach the measurement devices. Proposed positioning of transducers and pile extension
details are|given in Annex C.

5.4 Timjng of tests

5.4.1 Gepneral

The comprssive resistance of a pile has the tendency.fo vary significantly depending on the time affter
installation at which it is tested. This should be given due consideration for dynamic load testing as
testing car] be carried out during pile installation“er at some time later.

5.4.2 Drjving — Continuous monitoring and end of initial driving test

In continupus pile driving for installation each individual impact can be considered as a separate
dynamic lpad test. Usually a compressive resistance calculation is undertaken when the pilg is
penetrating what is considered a.competent ground layer or when it achieves final penetration.

As the grqund resistance ,can’be reduced in continuous driving the pile compressive resistances
determinegl during initialdriving or at end of initial driving can be lower than that determined from
static pile Joad tests. Injeertain soil conditions the compressive resistance at end of driving can also
be larger than the conipressive resistance in re-driving. The potential for difference in the measyred
characteristic compressive pile resistance due to the timing of testing should be given approprjate
considerat]on,

5.4.3 Re=driving

Re-driving is a dynamic load test carried out some time after the installation of the pile and is a separate
operation to testing during pile installation. It can be considered that a dynamic load test undertaken
during re-driving is less influenced by the pile installation process if adequate time after installation
is allowed to elapse. The optimum timing for re-drive dynamic load testing should be assessed for the
specific ground conditions at the site.

Where re-driving gives lower pile resistance than that measured during driving for installation this
shall be used as the basis for ultimate compressive resistance assessment (EN1997-1:2004+A1:2013,
Clause 7). If re-driving gives higher results, these can be considered.
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For certain ground conditions re-driving should be carried out. Re-driving should usually be carried
out in silty soils, unless local comparable experience has shown it to be unnecessary.

NOTE Re-driving of friction piles in clayey soils normally results in reduced compressive resistance.

5.4.4 Bored or cast-in-situ piles

Between the installation of a bored or cast-in-situ test pile and the beginning of the test, adequate time
shall be allowed to ensure that the required strength of the pile material is achieved and the soil has
sufficient time to recover from the process of pile installation and dissipation of pore-water pressures
and ather aspects, such as heat from horing or hardening concrete. During this period, the pile shall not
be disturbed by load, impact or vibration, or other external influence.

Tinje periods between installation and testing of a pile should be taken from Table 67)Alternative time
perjods can be specified with appropriate justification.

Table 6 — Time periods between installation and testing of bored piles

Test pile type Soil type Mini{g:}l}lsl]time
Trial Non-cohesive 7
Cohesive 21
Working Non-cohesive 5
Cohesive 14
Alternative time periods can be specified with appropriate justification.

6 |Testresults

6.1] Test results for dynamic load test with driving formula
The test results shall include records of the following:

— |set per blow or blows for unit.distance of penetration;

— |energy per blow;

— |calculated ultimaté-¢ompressive resistance as R¢,m.

6.2| Testresultsfor dynamic load test with wave equation analysis
The test resfilts shall include records of the following:

— |blows for unit distance of penetration with penetration;

L1 i+l s 3
CIICT sy PUI UIUVV VVIULII }JCIICLI atllivlrl,

— calculated ultimate compressive resistance, R¢m.

6.3 Testresults for dynamic load test with measurements at the pile head

The test results shall include the following time based measurement, where a common base to all time
measurements shall be applied:

— the average force derived from strain due to the loading system at the pile head as a function of
time F(t);

— the velocity as integrated from acceleration of the pile head as a function of time v(¢);
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— force F(t) and velocity v(t) in a single graph where the velocity is scaled to the dimension of the force

by the

impedance Z = Eqyn x A/c (Annex D).

Where the cross section of a pile is a combination of materials the impedance based upon the properties
of the combined materials shall be considered.

For the multi-blow dynamic load testing technique these measurements are also combined with:

— the displacement of the pile head as a function of time (where a remote theodolite is used), w(t).

Results can be evaluated by:

direct

— signal
multi-I

Where apy
a readable

closed form solution by applying soil dependent estimated damping values (Annex D);
matching (Annex E);
blow dynamic load testing technique (Annex F).

ropriate, all measured test results shall be available in hard copy chants and digitall
text based format. All results shall be corrected for calibration factors and presente

engineerinig units. Calibration corrections applied to the measured signals shall be recorded in wri

and within
open acces

The meast
readings, s
adjacent st

5 format, such as ASCI, prior to any further analysis.

rements of pile levels by independent optical measurefment shall be reported. All of
Lich as local site temperature, tests on concrete samples, optical level readings, pile geome
ptic tests on the site, when relevant, shall also be recorded in the test report.

7 Test geporting

eport should be written for all load tests. Wihere appropriate, this report should include:
hce to all relevant standards;
l information concerning the test site and the test programme:

bographic location of the testincluding definition of the level datum that is used as a refere
elevation measurements;

scription of the site;
rpose of the test;
t date;

e intended and realized testing programme;

y in
1 in
[ing

the digital data records. Measured results in engineering units,shetild be made available in

her
try,

nce

nalme of the organization which carried out the test;

me of the organization which supervised the test.

Specifications of the test pile(s):
the pile type, reason for testing and its reference number;

the topographic position and level of the test pile referenced to a local datum;

pile data, such as geometry (including as a minimum the total pile length, L and diameter, D or

equivalent diameter), level of the pile top and base, pile material (including material density
and modulus of elasticity if known), inclination (if inclined) and reinforcement arrangement;

A factual r
a) Refere
b) Geners:
— to
fol
— de
— te
— th
— na
c)
— da
12

te of installation;
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description of the pile installation and of any problems encountered during the works;

installation records, such as driving logs, concrete consumption, drilling progress;
test reports on pile material quality or specification (where applicable);

report for integrity investigation if undertaken prior to testing.

information concerning the ground conditions:

— the ground and groundwater conditions with reference to the relevant site investigation

rppm"'rc'

f)

specifications of the test:

test results:

description of the ground conditions, in particular in the vicinity of the test pile,

the postulated maximum force and resulting stresses in the pile;
a description of the loading apparatus and measuring apparatus;
information on the potential energy for each cycle (drop height,mass);

calibration documents for the strain gauges, accelerometers and displacement
devices (if used);

the distance between the pile and the displacement measurement device (if used);

details of the installation of the pile testing equipment by drawings and/or photogr

for evaluation by driving formula; verification of equivalence to static tests, driv
energy per blow and justificationef.empirical parameters adopted. See Annex A;

for the wave equation solution; description of calculation model adopted, driv|
including energy, justification of dynamic parameters adopted. See Annex B;

for evaluation by closed:form solution the total resistance and the static resistance
together with the applied damping factor adopted. See Annex D;

for evaluation-by/signal matching; the derived load-displacement diagram, verifi
sources of pardmeters chosen, for dynamic load tests of cast-in situ piles the af
concerningymaterial properties and pile shape shall be described; the skin fri
resistafice distribution; the match quality of the evaluation shown as a combine
measured and calculated pile behaviour. See Annex E;

evaluation of pile performance by the multi-blow method; the derived load-di
diagram separation of forces plot; correction of pile velocity plot; table of resul

measuring

Aphs.

ng record,

ing record

etermined

cation and
sumptions
Ction - tip
d graph of

bplacement
's showing

g)

duynamicresistance and permanent nenetration foreach bhlow. See Annex E:
4 r r pEsssssssssia

results from pile integrity testing where undertaken.

reasons for any deviation from this document (ISO 22477-4).
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Annex A
(informative)

Driving formula

A.1 General
Annex A gjves informative guidance on one method for analysing piles during driving as definefl in
EN1997-1:2004+A1:2013. This informative guidance is not meant to be prescriptive or limit the fiype
of analysiq technique which may be adopted. Further guidance on appropriate analysis*techniques
should be pought from the specialist pile testing contractor undertaking the testing/and installation
as alternative methods may be adopted. Inclusion of the informative guidance on/the analysis of |pile
driving shpuld not discourage or inhibit the use, adoption or development of alternative analsis
techniqued. Further guidance on the use of driving formula can be found in EN1997-1:2004+A1:2018B.
A.2 Genferal concept of pile driving formula
A.2.1 Geperal
The general basis for all pile driving formulae is an attemptto find a relationship (1) between|the
estimated fransferred energy to the pile top (Etr) and the dissipation of this energy to the soil as |pile
resistance|(R,) with respect to the pile top displacement (w) (Reference [5]).
The basic fprm of a resistance to energy relationship.ds'given as Formula (A.1):

Ru = T] Etr/W (A.l)
A.2.2 Drjving formula analysis
The input parameters required to determine the soil resistance are:
— Ex thelkinetic energy of thé ram at the moment of impact;
— Cr codfficient of restittition, representing the energy loss due to the interaction of the pile hammer

systenp components)(anvil, helmet, follower, cushioning);
— s thelpermanént'set of the pile top after a blow;
— se elagticsetof the pile during a blow;
— 1 an enpirical-efficiency/correlationfactor-depending-onlocal-soil-conditions-and-pilethammer

|
configuration type.

14
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A.2.3 Determination of the kinetic energy (Ex)

Assuming no energy losses during the drop of the ram the kinetic energy Ej directly before impact is
equal to the potential energy at a specific drop height, as per Formula (A.2):

Ex=Ep (A.2)

The potential energy is the energy of the ram at drop height, h, as per Formula (A.3) and (A.4):

Ep=mxgxh (A.3)

whére

Ep potential energy;

m mass of ram;

g gravity (g = 9,8 m/s2);
h  drop height (or stroke).
Ey=mxgxh=Wxh (A4)

where W is the ram weight.
NOTE1 The ram drop height can be measured by proximity switch systems mounted on thelhammer or

optical systems measuring the height of the ram. In case of diesel hammers the drop height can be estimated
frorm the blow rate.

The kinetic energy can also be determined by measuring the impact velocity of the ram|(v), as per

Formula (A.5):
Fyin = 0,5 x m x v2 (A.5)

NOTE 2 Impact velocities v caii\be measured by proximity switch systems mounted on the hamjmer, optical
systlems measuring the movement of the ram or accelerometers mounted on the ram.

A.2l4 Determination-of the coefficient of restitution (C;)

The energy loss dueto the interaction of the pile hammer system components (ram guid@nce, anvil,
helinet, followers, cushioning) is generally referred to as coefficient of restitution, C.

Cr dan be obtained by measuring the drop height of a ram or by measuring the impact velgcity of the
ran} in e¢dmbination with measuring the transferred energy Ei; by pile driving analysis meapurements.
For|one impact blow C; is determined as per Formula (A.6):

Cr = Eyr / Ex (A-6)

A.2.5 Determination of the pile set (s and s¢j)

For continuous initial driving the permanent set per blow is determined from the blows per unit
penetration (blow count). In re-driving the permanent set per blow (s) can be determined by levelling
after each blow in a single blow application. If an average permanent set is determined for a sequence of
blows the total cumulative penetration for these blows should not exceed 50 mm.

The elastic set or temporary compression during a blow (se]) has to be derived from pile top displacement
measurements, which can be taken by physical measurements, by optical systems or accelerometers
mounted near the pile top.
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A.2.6 Determination of the empirical efficiency/correlation factor

The empirical correction factor i has to be derived from calibration with a static load test (Rstat):

1 = Rstat % (s + se1) /(Cr x Ex)

(A7)

where the mobilized pile load deflection behaviour can be shown to correspond to the ultimate
resistance of the pile, then R, can be considered equivalent to the ultimate measured compressive

resistance,

A.2.7 Ca
The energy
Eir = E}

A.2.8 Ca

The energ

equivalent
needed for

of a compr

Ru=(

A.2.9 Additional factors to be considered

There are

to estimatg

them are:

The p

which
Efficie

absory]

The fo

16

behavjlour. The formula requires that applied forces and ground resistances act at the same monjent

Rc‘m.

fcatationm of tire energy transferred £ to the pite
transferred to the pile is given by:

x Cr

culation of the soil resistance R,

) absorbed by the pile and the ground is the dissipated energyCwhich is assumed tq
to the total compressive resistance R, multiplied by the permanent set (s). Also as energ

the elastic deformation elastic set (se]) is added to the permanent set, so that the basic fi
bssive resistance to energy relationship is given as:
x Crx Ei)/(s + sel) (

beveral additional factors that might have to“be considered when using pile driving fo

rnula
e the ultimate or mobilized compressive-resistance of a driven pile (Reference [6]), SOIEL of

e driving formula approach implies a simplification of the real pile and the real gro

for pile driving is only the case for very short piles (rigid body behaviour);

hcies of driving hammers are difficult to obtain without additional measurements and ene
tion properties of piles and cushions can vary significantly;

'mula does not.take into account changes in ground properties in case of multiple layers.

\.8)

be
y is
Dhrm

\.9)

und

rgy
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Annex B
(informative)

Wave equation analysis

Waj
ass
the

The
con

Twyq

if can be used to gen€rate

eneral
enera:

lex B gives informative guidance on one method for analysing a dynamic load test as
997-1:2004+A1:2013. This informative guidance is not meant to be prescriptivé i lim
nalysis technique which may be adopted. Further guidance on appropriate ahalysis

1ld be sought from the specialist pile testing contractor undertaking the testing. Inclu
rmative guidance on the analysis of dynamic load testing should not-discourage or

adoption or development of alternative analysis techniques. Further guidance on the y
ation analysis can be found in EN1997-1:2004+A1:2013.

General concept of wave equation analysis

e equation analysis is based on a mathematical model which simulates the impacting h4
ciated components, the pile components, the stress wave{propagation in a pile and the b
ground.

mathematical model is normally implementedf’a computer code which for the cal
pressive resistances shall comprise:

Modelling of the ram, components such as‘anvils and helmets, cushioning and the pile to
generate a force time history for the pilétop;

A nonlinear soil or ground modelté accurately calculate the permanent set for a single j
Damping elements to define the dynamic component of the resistance;

A soil model that allows for)representation of soil fatigue/degradation in continuous driy
an accurate estimate of.pile compressive resistance can be determined.

The displacement-time histories for the pile top and pile toe;
A calculation of the permanent set at the time when the pile top or pile toe have come to

methods are available to derive the compressive resistance by wave equation analysis:

defined in
it the type
techniques
sion of the
inhibit the
se of wave

hmmer and
bhaviour of

culation of

accurately

low;

fing so that

rest;

Bearing graphs which give a relationship between transferred energy to the pile, final s

bt per blow

iy

2)

(blow count) and the pile’s compressive resistance;

Blow count matching, by which the wave equation program simulates the driving process for
multiple pile toe penetration levels. The calculated energy and calculated final set should match
with measured energy and measured final sets. The derived static soil or ground model parameters
in the simulations are used to calculate the pile’s compressive resistance for each penetration level.

Both methods depend on the appropriate calculation of the final set per blow (blow count). Wave
equation analysis or simulation is also carried out at the design stage and a driveability analysis can be
carried out in an attempt to predict the driving of the pile from piling platform level to final penetration.
This allows the matching of pile section to pile driving hammer required to install the pile in the ground

con

©IS

ditions given in the site investigation data.
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B.3 Mathematical model

B.3.1 Wave propagation algorithms

The algorithms to simulate wave propagation in the pile can be based on the lumped mass spring
approach (Reference [7] and [8]), the continuous segment approach (Reference [9] and [10]) or the finite
element approach (Reference [11] and [12]). Figure B.1 gives an example of the continuous segment
model for a pile in the soil.

R 5 11
I
: ]
£3 )12
6 | 7%—
R 7
: \ 13 14
1| £ 4 8 114,
I
& ] /| il
& o &
: 9
il - 13 14
Key
1  pile model 8 tip model
2 ram mddel 9  viscous damper
3 cushionjing model 10 base gap and soil mass
4 soil mogel 11 resistance
5  shaft model 12 displacement
6  soil maps 13 quakep
7  spring and slider, 14 quake;
Figure B.1 — Basic model for the pile-soil interaction during driving

B.3.2 Mechanical modelling of ram components, cushioning and the pile

Ram, anvil, helmets can be modelled as segments or lumped masses and springs. Cushioning can be
modelled as a discrete spring (Figure B.2) and combined with a discrete damper. The computer
code models the impacting ram, the cushioning system, the pile in the ground and the stress wave
propagation by taking account of the pile cross section, density and modulus of elasticity of the pile as
well as the nonlinear static, dynamic and fatigue behaviour of the soil.
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Y
A X
1
Key
1 [coefficient of restitution = \/(Area BCD/Area ABD)
X [strain
Y |[stress
Figure B.2 — Example of a diScrete spring cushion model
B.3l3 Modelling nonlinear soil behaviour
To [represent the stress-displacement>behaviour of the soil or ground, the static con
represented by a linear-elastic-ideallyplastic spring and the dynamic component by a visca
and lumped mass (Figure B.1). The’choice of static parameters such as soil yield stres
and dynamic parameters shall. e properly evaluated because they have significant influeg
caldqulated resistances and pérmanent set per blow.
B.3l4 Modelling soil'fatigue behaviour
A spil or ground_ mniodel that allows for soil fatigue/degradation during continuous driv|
included so thatanvaccurate estimate of final pile resistance can be determined. As the soil d

will be differentfor each soil layer (Figure B.3) and for each pile toe penetration level it is n
update for each soil layer at each pile toe penetration level (Reference [13] and [14]).

hponent is
us damper
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Key
1 pile
2 soil fatigue
3  soil
4  fatigue [factor along pile axis

Figurje B.3 — Example soil fatigue reduction factor for three pile toe penetration levels

B.3.5 Madelling of the soil layers

All relevart soil layers and those that are likely to be associated with the highest driving resistances
should be flepresented by at least.one penetration level where predictions are made.

B.3.6 Time histories

Time histdries are used to compare and calibrate the simulation results with real measured sighals
such as impact forces; transferred energy and displacements (See Figures B.4 and B.5).
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Figure B.4 — Time history for impact force and velocity multiplied by the impedance fat pile top
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Figure B.5 — Time history for the energy transferred to the pile

B.3.7 Determination of permanent set at the pile top

The permanent set per blow is determined from calculated displacements when the pile has come to

rest (Figure B.6).
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—— Levpl =0,000 m
___ Levpl=11311m
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Figure B.6 — Determination of.permanent set for a hammer blow
B.4 Bearing graph method

With this fnethod multiple wave equation simulation runs, each simulating a hammer blow, are m

with incre:
and pile to
compressiy
bearing gr

During red
penetratio
resistance

1sing soil resistance for a-certain ram, cushioning, pile configuration and a prescribed eng
b penetration levelFor each run the final set (blow count) is derived and the correspong
re resistance caleulated from the static soil model parameters. The results are plotted

hph (see Figuré B:7)

|l driving.with a similar situation for hammer configuration, energy level and pile
h level ‘and by recording the blow count (final set) the actual mobilized compres
can be-estimated from the bearing graph (Figure B.7).
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Figure B.7 — Bearing graph (SRD) versus blow count fpenetration = 16,000 (m), impalct energy

For
con
cas

B.5
Thi

= 252,7 (kNm)]

the blow count recorded during driving (in this case 87 blows for 250 mm, Figure B.7) 3
pressive resistance can be estimated from the simulated pile compressive resistance gr
e 14,2 MN).

Blow count matching methed

Mu
whyd
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5 method can be applied when a cemplete driving record as energy per unit penetration o

deTh and blow count over driving depth are available.

tiple wave equation runs,each simulating a hammer blow, are made for pile toe penetr
bre driving records are available. The energy of the hammer blow is assumed to equal

brd energy. For edeh level the soil behaviour is varied such that a match is obtaine
isured and calculated blow counts or set per blow (Figure B.8).
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Blow count Soil ] ] Hammer
records investigation Pile data input energy
input records

Determine initial soil
resistance parameters

for each soil layer Determine hammer

* energy at corresponding
penetration level
Determination of soil fatigue
model for each soil layer
N\ /

Update soil resistance \ New
M

parameters for each calculation
soil layer

Hammer energy input

Update of soil fatigue
factors for each soillayer

Preparation 6felement levels and
associated soil models with actual
soil layer positions

l For successive
penetration
Wave equation 1evefl.s ulp to
calculator ina .
penetration
Calculate
Match corresponding C?1CUlate
OK blow count final set
€alculate fina
compressive enetration
soil resistances

Final results
with compressive
soil resistances

Figure B.8 — Driving record matching process

The basis of the calculation is the driving record obtained during pile driving as a combination of blows
per unit penetration (set per blow) and energy per blow (Figure B.9).

During pile driving the blows per unit penetration are usually determined by manual observation
although automatic systems with depth encoders and automatic counting are also used. The energy
per blow is recorded along with the blow count by observation of stroke (for Diesel hammers counting
blows per minute) or is provided by an output from the driving rig.
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Resistances in the model are adjusted to give a complete representation of the driving record. As shown
in Figure B.9 the energy settings are taken from the driving record. As the model considers energy
losses due to the cushion and helmet the energy presented in Figure B.9 is less than the energy shown
in the driving record which is taken from ram movements or stroke.

A soil profile, given as shaft resistance and tip resistance, is defined to match the blow count with
depth. Thus skin friction and tip resistance are defined, giving a total ultimate compressive resistance
of 7,567 kN (Figure B.10). In the example shown the purpose of testing was to determine the ultimate
measured compressive resistance therefore the interruption due to splice welding at 33 m penetration

was not considered.
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Figure B.9 — Input driving records of blow counts and energies
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Figure B.10 — Derived driving record match of compressive resistances

X  total resistance (kN)
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Annex C
(informative)

Examples of transducer attachment and pile extension details

C.1 Transducer attachment details

T IIo T C e I tta CIIII I CIrc e tatiyy

1
A -
AT P
2 MN— 1 P
S = S ] ]
mn n mn n n
— — — . —

3
4
r— |
N— L 1 L—
a D a a a
5 6 7 8 9
) 10
Feg—— \EE_/—E-E\
=0 : B
Key
1 |[straingauge 6 tubular steel driven pile
2 |dable to logging computer 7  steel pile, H-beam
3 logging plane 8  steel pile, double H-beam
4  acceleration sensor 9  sheet pile wall, double sheet pile
5  precast concrete pile 10 plan view

Figure C.1 — Examples of transducer attachment arrangements for various pile types

The positioning of transducers in Figure C.1 is for general guidance only and the distance of the
transducers from the top of the pile should be given appropriate consideration in the case of large
diameter or long piles where additional transducers may be required both axially and radially.
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Transducers should be positioned to avoid vertical or spiral welds. For sheet piles the transducers
should be situated directly under the hammer or drop mass where possible.

NOTE Strain and acceleration transducers can be combined into one unit.

C.2 Example pile extension detail

piled foundation element

transdycer attachment point

tubular] casing for pile extension formation
openings cut in the casing

steel rejnforcement

flat and horizontal surface

N O U W N e

ground|level

Figure .2 — Example of an_extension detail for a cast-in-situ-pile for dynamic load testing
using strain gauges on the pile concrete

A

Where a pille head extenision is required to a cast-in-situ pile to allow dynamic load testing the concrete
should extend at léast 100 mm above the pile reinforcement (see Figure C.2). The concrete usegl to
form the extension Should have similar characteristics to that of the pile being extended and shoul{be

poured intp aSuitable formwork or steel casing. The top surface of the extension should be formed quch
that it is flpt-ahd horizontal or perpendicular to the pile axis. Transducers should be attached directly
to the concrete pile shaft below the concrete extension or directly to the concrete of the extension. An
opening or orifice will need to be cut in the outer steel casing to allow transducer attachment. Where
transducers are mounted on the extension concrete bonded to a steel casing the combined cross section
and Young’s modulus should be considered.
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Annex D
(informative)

Evaluation by closed form solutions using empirical damping values

General
=enera:

D.

Annex D gives informative guidance on one method for analysing a dynamic load test as|defined in
EN1997-1:2004+A1:2013. This informative guidance is not meant to be prescriptive drJimitjthe type of
analysis technique which may be adopted. Further guidance on appropriate analysis‘techniques should
be Jought from the specialist pile testing contractor undertaking the testing.

Thip annex presents a method for analysing a dynamic load test by closeddform solution apgroaches to
determine the measured ultimate compressive resistance, Rc m.

In the closed form solutions described, measured quantities for a single blow are used as an input to
stapdard mathematical operations to determine the static pile resistance. The mathematicaljoperations
applied are derived from one-dimensional wave theory (Refereiices [15] and [16]).

The closed form solution approaches described are generally only applicable to uniform|piles with
conptant material properties from pile top to base. Hence closed form solutions are not normally
applicable to cast-in-situ concrete piles due to the potential for variation in concrete propertjes and pile
cross section.

D.Z Fundamental considerations for'closed form analysis approaches

In 3§ dynamic pile load test strain £(t)}and acceleration time histories a(t) during a dypamic load
application are measured at the pile head by at least two pairs of sensors at opposite sideq of the pile
(se¢ 4.3.1,4.3.2 and Annex C).

A fdrce-time history F(t) is calculated from measured strain (t) using Formula (D.1):
F(t) = &(t) x Eqyn x A (D.1)
whgre

Egyn thegpile Young’s Modulus at the sensor cross section;

A , ‘the cross sectional area of the pile.

The vplnr‘ify-fimp hicfnry atthe pi]p head \/(f’) is determined hy integration of the measuredakceleration

with respect to time, as per Formula (D.2):

v(t) = ja(t) dt (D.2)

By assuming that the pile can be represented by an infinite elastic rod and that the pile is in
dynamic equilibrium it can be shown that the particle velocity v(t) is proportional to force F(t), as

per Formula (D.3):
Fe)=v() xZ (D.3)

The velocity in force units v(t) x Z is usually denoted V(t) and can then been drawn at the same scale as
the force F(t) as shown in Figure D.1.
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The proportionality factor Z in Formula (D.3) is the pile impedance (dynamic stiffness) and is dependent
on the material properties and mass per unit length of the pile, as per Formulae (D.4) and (D.5):

Z:Ax

cC= E'di
\/ P

cxp=AxEgyn/c=A /Edynp

(D.4)

(D.5)

where
p is
c is

Force and

the mobiliz
cross secti
resistance

(Figure D.1

In closed f
dynamic rg

Rstat =

The total j
impedance

Riot = 1

The differe
dynamic lg

With Fq =
is usually
possible to|

The formu
damping f3
pile load te
damping f3
shape, pile

Where thsd

the density of the pile material;
rhe wave propagation velocity in the pile material.

velocity time histories at the pile top can be evaluated with respect to waves reflectec
ed soil friction or tip resistance by assuming the pile behaves as a prismatic rod of cons
bn and homogeneous material. Wave equation theory allows the derivation of mobilized
by utilising quantities taken at defined times during the time histony of a dynamic ey
and D.2).

brm solutions the static pile resistance, Rt is determined by‘removing the component

sistance, Rqyn from the total resistance Riot as per Formula{D.6):
Rtot — Rdyn (
esistance is given by the forces and velocities.at'the times t1 and t; (Figure D.1), and

Z [Formula (D.4)]:

/2(F1+Zxv1)+1/2(Fp-Z xv3)

nce between times t1 and t2, (AT)dssequal to the time required by the wave induced by
ading event to travel through the pile from the head to the base and back again (Figure [

| by
ant
pile
fent

s of

D.6)

the

D.7)

the
).1).

F'(t1) and v1 = v(t1) the totalresistance is a function of the start time t1. The start timje t1

aken at the first maximum peak force. Depending on the measured time history it is
determine a maximum of Rt at a different time ¢1.

ctor [for example-Formula (D.8)], derived from comparison of dynamic pile tests with st
sts or from €xplicit damping determination in the signal matching method (Annex E). T}
ictors are-primarily dependent on the soil or ground type, the pile type, pile material,
length, pile toe penetration and the ground stratigraphy.

hlso

la for the estimation of the dynamic resistance component typically contains an assuined

atic
ese
pile

resistance

moblllzed p11e load deflection behav1our can be shown to correspond to the ultin

hate

resistance Rc m. Ifthe ultimate state was not achleved the Rstat is con51dered a conservatlve estlmate of
R¢ m- In strain softening soil conditions adequate pile displacement is required to mobilize the ultimate
limit state condition or where this is not achieved the results should be verified against the results of
previous load testing where the ultimate limit state has been verified.
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D.3 Examples of closed form analysis methods

D.3.1 CASE method

The CASE method (Reference [15]) assumes that the dynamic resistance Rqyn is proportional to the
penetration velocity of the pile base v,. The proportionality factor is the product of the impedance Z

and the damping factor J.. as per Formula (D.8):
Rayn =Jc x Z x vp (D.8)

Rarfges Tor the recommended damping factors derived from comparison of static and dynamic pile
load tests are given in Table D.1. If as an alternative approach damping factors have explicitly been
detgrmined by dynamic load tests and signal matching it should be noted in the test report.

Using Formula (D.9):
Vb = V1 + (F1 - Reot)/Z (D.9)

with input parameters determined from Formulas (D.1), (D.2) and”(D4) the value of Rkiat can be
det¢rmined from Formulas (D.6) and (D.7).

The evaluation is based on the time ¢; at the point of the first for¢e maximum (see Figure D.1)). The time

t7 ig then as per Formula (D.10):
t2=t1+2L/c (D.10)
Thip evaluation method is also known as the Rgp,nrethod (Resistance Static taken at Pealf 1). If ¢1 is
taken at any time other than the first force maximum the resistance Rt and Rstat become affunction of

timp. A maximum resistance with respect to time can be determined. This is known as the Ryix method
(redistance maximum).

Table D.1 — Range of typical damping factors, /. used with the CASE formuld

Soil Jc for Rsp Jc for Rmx
sand 0,05-0,20 0,4-0,5
silty, sand 0,15-0,30 0,5-0,7
silt 0,20 - 0,45 0,6-0,8
silty clay 0,40 -0,70 0,7-0,8
clay 0,6 -1,10 >0,9
NOTE For J. factors derived for the Rsp method see Reference [15] for J. values derived
for the Ryx method see Reference [17].

Becpuse"of the ranges of the damping factors and the variability of soil or ground progerties it is

rec mmcndcd that thC C‘Ct‘u‘.(ﬂ damv\:nn— factore anmnlind ~vn dctifind 1 thn voanmaort A g hay tha esults ofa

T CToOT S ppPIctror oottt e T CpoTrt T oy o

signal matching or experience of testing of similar piles in similar ground conditions.

Figure D.1 gives an example of measured time histories for a steel pile. The relevant pile properties are:

— Diameter: 762 mm (30”)
— Wall thickness 12,5 mm
— Cross section: 0,029 8 m2

— Modulus of elasticity: 207,101 MN/m?2
— Wave speed: 5,136 m/s
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The measured quantities used in Formulas (D.7) and (D.9) are indicated in Figure D.1. For an alternative
formulation using induced and reflected waves (see flowchart in Figure D.2).

F (kN) F, = 4,873 kN
v (m/s) v =4,06 m/s
1 V1= 4978 1N

Es=1 676 kN

N
AN
1 AN
N
F() X
‘ \
t —
! v3=-0,33 m/s g
1 F,=-777kN ved2z v
1 t AT=2-L/c=22ms ‘tz X

56,5m

L=

Key
X time (ms)
Y depth (m)

Figure [D-1 ~— Examples of force and velocity time histories and the points required for thj

D.3.2 TNO method

In the closed form solution referred to as the TNO method the dynamic resistance consists of both a
skin friction and a pile tip related term. Further detail on this method and how it differs from the CASE
method is shown in Figure D.3. Further information on the method can be found in Reference [16].
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Using the TNO method the dynamic resistance is determined separately for the pile shaft Rg gyn and the
pile base Ry, dyn:

Rdyn = Rs,dyn *+ Rb,dyn (D11

The damping factors are related to the pile shaft and the pile base areas respectively. They are
summarized in Table D.2.

Table D.2 — Range of typical damping constants - TNO formulas

Soil (TNO ski(;lsfriction) (TNO bas:?esistance)
[MN/m2/m/s] [MN/m2/m/s]
Sand 0,002-0,010 0,4-2,0
Sandy silt 0,005-0,015 1,0-3,0
Silt 0,10-0,025 2,0:50
Silty clay 0,020-0,040 4,0+8,0
Clay 0,025-0,050 5;0-10,0

Thg TNO method damping constants are not comparable to those afithe CASE method. The rglationship
betiveen the respective pile tip cross-sectional area and shaftsuirface area requires that the pile/soil
sysfem damping properties are considered separately. The“method also allows differernt damping
inflpence to be considered for the shaft and the base situation.

For[the pile base:
Rb,dyn = Vb *x Ap x Cp (D.12)
whére

Cy damping constant for base resistance;

vp Vvelocity of pile base, Formula (D.9);

Ap area of the pile base.

For|the pile shaft:
Rs,dyn = Vs X Ag*,Es (D.13)
whére

Cs”~damping constant for pile shaft;

vs velocity at the pile shaft;
As area of the shaft embedded in the ground.

The governing velocity at the pile shaft is:
1 1
Vg =E(v1 +F /Z)—E(Fg/Z—v_?,) (D.14)

The values F3 and v3 are taken from the velocity time histories at time t3 (t3 < tz, within the time range
2L/c), representing the maximum difference between force and velocity (Figure D.1).
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Determine basic pile parameters

D=1372mm
w =40 mm
L=31,375 [m]

A=0,167 3 [m2]
E'=210000,0 [MPa]
p=7800 [kg/m?]
¢=5189 [m/s]
Z=EA/c=6,772 [MN/m/s]
Ag/L = Friction surface area per unit length
As/L =8367 [m2/m]

l

Collect calculated Force (F) and
Velocity x Impedance (Zv) signals

l

1
T

35
Y30

™
V - Force N
v\{ i .m-\m of F b&

4
0 Y AN — Velocity x Impedance ««

Calculate upward and downward O

wave \@

f1=(F-Zv)/2
fL=(F+Zv)/2

: 3

N

»
AN

PN\
XM

L2 — Upward wave
3 y
yil (tm‘&*‘_ Y — Downward wave
A
30 35 X

Time

< ’ Total driving resistance (Ry,) is

difference of input wave and output

.
O ‘wave

Rige = 4 () + T (b + 2L/ )

% R = 29,790 - 6,234 = 23,556 MN

Static resistance
analysis method

- Tetmod
CASE method Multi-blow method ot o
resistance is dependent soil resistances is a function which depends on a representative
on the pile toe velocity of the permanent pile velocity along the pile axi
displacement Ve g the P‘ © axis
and a toe resistance which depends
on the velocity at the pile toe

Figure D.2 — Flowchart showing the general approach to closed form analysis of a dynamic test
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resistance analysis

method

CASE method
Assumes that all soil resistance (friction
and toe resistance) is acting
at the pile toe

Multi-blow
Assumes that the dynamic soil resistance
is a function of the permanent displacement

TNO method
Assumes that friction is acting at one
point along the pile shaft and toe
resistant at the pile toe

i

Basic formulas for deriving Ry

Rig = Roor + Rygy

Basic formulas forderiving Rgue
Rig=Rogi+ Ry

Basic formulas for deriving Ry, split up into
Rs star and Ry stat

Rtat = Riot = Rdyn
Rayn = Cvy =2y
C = damping factor, /. = Case damping factor,
Z is pile impedence, v, is velocity pile toe

i

Calculate pile toe velocity
Vb = VL (tax + L/C) + VT (tyax + L/C)

Vo = (FL (tmax) = FT (tmax + 2L/€))/Z
v = (29,790 + 6,234) / 6,772
vy, =5319m/s

Rsmt=th_Rdyn
Ran=(K xS)"
K =damping constant
(K xS)"is derived from multiple succesive
loadcycles (see Annex F)

!

Estimate J. based on experience or derive it
from signal matching or calibration with static
load tests.

For this case J. = 0,34 has been derived
from signal matching

l

Calculate dynamic resistance Rgyp:
Rayn = Je-ZVayn
Rgyn = 0,34 x 6,772 x 5,319 = 12,247 MN

l

Calculate static resistance Ry

Rytar = Riot = Rayn

Rtar = 23,556 - 12,247 = 11,309 MN

Riot = Rs tor + Rp tor
Ry toris 2 x FT (max) to 2L/c
Ry tor = Riot = Rs 1ot
Rs tor = Ro stat + Rygfn
Ry tor = Ry stat + Rb_dyn
Ry = Cs x (ALY’ b5 v,

C is friction damping constant
v, = average veloCity over the pile shaft
R a3 Rtot — Rs,dyn
Ry dyg = Co x Ap x vy
Cy, toe damping constant
vy'= pile toe velocity
Ry, star = Ry tor = Rb,dyn
Ritar = Ry stat + Rb_stat

'

Calculate total shaft friction and remainihg
total toe resistance
R0 =2 x 6,138 =12,276 MN
Ry 100 = 23,556 - 12,276 = 11,280 MN

i

vs = average vl + average vl

average vl = average Fl/Z over the blow durjtion b
average vT = average FT/Z over the penetratior] depth p

vs=4,209 m/s

i

Calculate pile toe velocity
Vb = VL (b + L/C) + VT (b + L/C)
V= (FL (tmas) = FT (b + 2L/))/Z
vy = (29,790 + 6,234) / 6,772
vy =5,319 m/s

l

Estimate damping constants C; and C, basq

on

soil type, experience or derive it from signal nfatching

or
calibration with static loads tests.

For this case C; and C,, have been derived ffom

signal matching
C,=0,003 5 MNs/m3
C,=10,0 MNs/m3

l

Calculate dynamic resistance for friction and toe
b =Blow length = 2 x t;,,, x =2 x 0,002 212 x

5189=22,954m
Ry agn = 0,003 5 x 22,954 x 8,367 = 2,829

N

Ry ayn = 10,0 x 0,167 3 x 5,319 = 8,901 MN

!

Calculate static resistance for friction and|toe

TTSTStaTTeT
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TNO method

Ry g = 12,276 - 2,829 = 9,447
Ry st = 11,280 - 8,901 = 2,379

i

Calculate total static resistance
Rgac = 9,447 + 2,379 = 11,826 MN

Figure D.3 — Flowchart demonstrating the differences in analysis for the CASE Method and the
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E.1 Gen

Annex E
(informative)

Evaluation of the measurements by signal matching

ral

Annex E gi
in EN1997-
of analysis
should be

informativ|
the use, ad
signal mat

Signal mat
In the prog
make a m3

pile behaviour to soil or ground investigation information.

The metho
subject to
properties
of the elen
changes in

E.2 Defi

Homogene
Inhomoger
Pile with k|

Pile with u

E.3 Pile

nknown shape

1:2004+A1:2013. This informative guidance is not meant to be prescriptive or limitthe t
technique which may be adopted. Further guidance on appropriate analysis*technig
ought from the specialist pile testing contractor undertaking the testingalnclusion off
b guidance on the analysis of dynamic impact load testing should not disceurage or in}
option or development of alternative analysis techniques. Further guidance on the us
ching can be found in EN1997-1:2004+A1:2013.

Ching is a procedure for compressive resistance evaluation from dynamic impact load test
edure pile and soil are modelled (Figure E.1) and parameters within the model are varie
tch to measured signals. The sensitivity of the solution shall be checked by comparing

dynamic impact loading. The pile is discretized<into individual elements, to which
are assigned. Linear elastic behaviour is typically assumed for the pile elements. The len
ents is specified by the individual software;systems but may be selected to correspon
encountered soil or ground profile or whefe changes in pile shaft profile occur.

nitions

bus pile pile with khhown material properties over the complete pile length
eous pile pile for which material properties have to be estimated or assumed
hown shape pile with known shape (cross sectional dimensions) over the full pile len

pile for which the shape (cross sectional dimensions) over the full pile
length has to be estimated or assumed

model

7es informative guidance on one method for analysing a dynamic impact load test as.defined

ype
ues

the
ibit
e of

ing.
d to
the

d is based upon simulating the behaviour of a pile in.the ground in a computer model wihen

pile
gth
1 to

gth

In the dyna

mic impact load test the Qignnlq are measured at one level near the head of the pilp [r‘nnc

ant

cross section). If the pile has impedance changes (e.g., change in cross sectional area or change in
material), which are different to that for the cross sections at the level of measurement a specific pile

model will

NOTE 1

have to be created for the signal matching process (Reference[18]).

and material properties (impedance, Z).

NOTE 2

With prefabricated steel, concrete and timber piles, the pile is modelled with known cross sections

With cast-in situ piles the cross section can vary along the pile length. The variance of the cross

section can be determined by thermal integrity profiling, with callipers, consumption logs or by inspection of the
obtained test results.
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With cast-in situ piles the impedance of the pile can be estimated by comparing the concrete

consumption to designed consumption and by assessment of reflections from impedance changes in the low
strain integrity test signals. Particular piling methods can also cause irregular pile shape and inhomogeneity,
which has to be estimated based upon previous experience of the piling method or by exhuming a test pile.

For cast-in-situ piles, material properties (density and dynamic modulus of elasticity, Eqyn) of the pile
at the measurement level can be estimated by laboratory tests on representative concrete samples.
For steel the material properties are generally known and can be verified with the manufacturer. For
precast concrete piles the dynamic modulus of elasticity can be obtained from laboratory tests or
derived by stress wave propagation speed calculations and estimated by using Formula (E.1):

uction. The time between production and testing can be taken into account when obtainingds
marjufacturer of the pile.

Edyn = p x ¢2

whére

p isthe density of the pile material;

¢ isthe speed of propagation of the stress wave in the pile.

NOTES5 The speed c can be obtained by using the time of occurrence of the toe reflection.

E.4 Soil model

To
resi

bresent the stress-displacement behaviour of the soil or ground, the static component

conjponent by a viscous damper and a lumped mass. In normal practice, the elements

rep
sim
gap
of a

©IS

resent the soil behaviour are springs,-dampers and sliders (friction blocks), but el
plating a base gap may be incorporated to allow for variations in pile base resistance f
5 between the pile base and rockand soft toe conditions (Reference [19]). A schematic rept
pile-soil model is shown in Figure E.1.

onths after
ta from the

(E.1)

of ground

stance is typically represented by a linear-elastic-ideally plastic spring and slider and the dynamic

hdopted to
bments for
br example
esentation
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91
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Eé« 11 12
e 0 9
1 \ 6 B I I
Exd ) /1[0
) N
: 7
i3 11 12
N AN
Key
1  pile model 7  viscousdamper
2 soil mogel 8  basegdp and soil mass
3 shaft mjodel 9  resiStance
4 soil maps 10.displacement
5 spring and slider 11 quakep
6  tip model 12 quake;

Figure E.1 — Basic model for a pile subject to dynamic loading

Definitiond in Figure E.1:

quaket loading quake (typically 2-3 mm for a pile with diameter, D or, D/60-D/120);

quakey unloading quake (typical values of 0,3-1,0 times the loading quake for the pile tipp
and;up to 1,0 times loading quake for the shaft);

base gap gap between pile tip and soil;

viscous dapnper linear viscous damper, which is dependent on pile tip velocity;

spring-slider component of static soil resistance.

NOTE Typical loading quake; values presented above can lead to overestimation in case of open ended pipe
piles or large diameter piles.

E.5 Signal matching process

The force-time history determined as outlined in Annex D (Figure E.2) is applied as an action and the
system response is calculated for the upward wave, see Figure E.3. In Figures E.3 to E.5 the resulting
upward force-time, downward force-time and velocity-time profiles are presented.
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X
Key
1 tmax + ZL/C
2 max blow (tmax)
3 start of blow (&)
4 to+2L/c1
X time (ms)
Y force (MN)
— 1 force
R YAY
Figure E.2 — Force and Zv time history for:an open ended steel tube (diameter of the pile
762 mm and wall thickness 12,7 mm)
By Varying the input parameters, predominantly the soil or ground parameters (quake - the limit of
eladtic displacement, damping facters;stiffness of the springs and soil mass) the calculat¢d curve is
adapted to fit the measured curve (Reference [20]). The calculated set is also compared to th¢ measured
set pf the pile with each test blew
The specific signal matchihg programme used will have a recommended range for the uger defined

inp
con|

NOT
autd

©IS

parison to soil or'gtéund investigation data.

E In the specific signal matching programme used the variation of different parameters
matically orqmanually and is often referred to as automatic or manual signal matching.

it parameters, which should be used taking into account the local soil or ground copditions by

ran be done
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Figure E.3 — Comparison of the measured wave up and the wayeup calculated based upon the
measured wave down time history using the pile-soil-model
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Figure E.4 — Comparison of the measured wave down and the wave down calculated based
upon the measured wave up time history using the pile-soil-model
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Sensitivity of the signal matching and comparison to geotechnical

inviestigation information
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1ld be checked. If the compressive resistance of the pile is sensitive to changes in the p
lower and upper bound pile compressive resistance should be given. If the signal ma3
hown to be insensitive to parameter variation then the best match solution can be con
brmination of the pile compressive resistance (Reference [21]).

distribution of resistance along the pile shaft and the resistance predicted at the tip

1ld be compared tolthe information from geotechnical investigation. The resistanceg
the tip and shaft,"and the ratio of the tip to shaft resistance, should be checked to see
easonable agreement with those that would be anticipated from local ground cond
erience.

Output

ed using

sensitivity of the predicted pile compressive resistance to the selection of different parameters

arameters,
tching can
sidered for

of the pile
predicted
if they are
itions and

Evalludtion of the parameters determined gives the skin friction distribution (Figure E.¢

) over the

pile length, the end bearing and calculated resistance-settlement curves for the pile head and tip
(Figure E.7).

NOTE In some cases, for example, stiff soil layers near the tip of the pile, it can be difficult to distinguish tip
resistance from shaft resistance in the vicinity of the pile tip.

Signal matching methods are also suitable for checking the empirical damping values used in the direct
closed form solutions (Annex D), calibration of driving formula (Annex A) or wave equation solutions
(Annex B). See Figure E.8 for a flowchart of a typical signal matching process.

Where the mobilized pile load deflection behaviour can be shown to correspond to the ultimate
resistance of the pile, then Rgsiac can be considered equivalent to the measured ultimate compressive
pile resistance R¢m (Reference [22]). If the ultimate state was not achieved the Rstat is considered a
conservative estimate of R¢,m. In strain softening soil conditions adequate pile displacement is required
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to mobilize the ultimate limit state condition or where this is not achieved the results shall be verified
against the results of previous load testing where the ultimate limit state has been verified.
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Figure|E.6 — Result of signal matching process showing shaft resistance distribution as a
function of time
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Figure E.7 — Load-settlement curve from a dynamic impact load test as the result of the signal
matching process
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