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Preface

End 1994 the European Regional Technical Committee 3 'Piles' started its activities,
the Belgian Geotechnical Society being appointed as the host country. F. De Cock
(Franki Foundations) gladly volunteered to take up the challenge and the responsibility for presiding the committee, being assured of the secretarial assistance of
C.Legrand (Belgian Building Research Institute). From the beginning, not less than
19 European countries were represented by a national expert. Later on, Dr
A.A. Bartolomey (Russia) and M. Mets (Estonia) also expressed their interest to
contribute in the committee work and thus joined the TC as invited experts.
By its terms of reference, the ERTC3 committed itself to establish by the ISSMFE
Hamburg Conference a summarising report on the European design methods for
axially loaded piles, not so much treating the large amount of scientific work on this
aspect, but focusing on the present-day methods as daily used in practice, being
prescribed in more or less strict national codes or recommendations.
Why going back to such a fundamental topic as the bearing resistance of a single
pile under axial load? Have most aspects on this item not yet been analysed, discussed
and published repeatedly over the last 50 years? Have we not come close enough to
predicting the pile behaviour and is most of the available know-how (resulting from
scientific work or local experience) not yet implemented in the daily practice? Why
pumping energy in analysing and comparing present-day 'national' methods, while
the unifying Eurocodes are being born?
The ERTC3 committee also went over these questions internally in fruitful discussions about the goals and procedures of the TC work. During a first working meeting
at the European ISSMFE Conference in Copenhagen in 1995, the high scattering (up
to 250%) in the predicted bearing resistance of axially loaded piles for both friction
piles and end bearing piles by applying the various (standardised) national methods
was strongly experienced. During a two-day workshop in Brussels- November 1995,
national design regulations, philosophy, rules and formulas were presented by the
participating ERTC3 members, analysed and discussed in an open and constructive
atmosphere. Encouraged by the estimated added value of this workshop and the
participators' enthusiasm it was generally agreed by the ERTC3 members that
organising a similar meeting for a larger base of attendants would be of most extreme
interest for practicians as well as researchers. That is where the idea of this International Seminar was born.
IX

The first objective of the seminar is to give the European geotechnical engineers the
opportunity to familiarise themselves with the various national design methods,
methods which will most likely subsist by means of the National Application
Documents for Eurocode 7. Therefore not less than 17 European countries have
elaborated a detailed report on their national design methods for axially loaded piles.
As far as already implemented, the application of these methods within the framework
of EC7 is described as well. In order to improve the understanding of the design
methods, the national papers also include aspects such as the local geology, soil
investigation methods, local piling practice, limitations of the design methods and
some practical examples. During the seminar, the national papers are briefly
presented, alternated by the keynote lectures of Prof. W F. Van Impe and W F. Loftus
respectively.
' It is the second objective of the seminar and the strong hope of the ERTC3 and the
organising committee, that better knowledge and understanding of the various
national design approaches will help geotechnical engineers to interpret the results
obtained, to enlarge their views on pile behaviour and to encourage to some extent a
convergence of the European design rules. Therefore, the national papers are
discussed during the seminar in 3 discussion sessions focused on respectively:
- Design methods based on static load tests;
- Design by calculation on the basis of field and laboratory soil tests;
- Implementation of driving formulae, dynamic tests, monitoring and quality
control in the design.
Each of the sessions is further documented by a particular contribution of the
session's chairmen on the considered topic.
The editors wish to thank:
- The ERTC3 members for their constructive work within the committee and the
high quality of the various national papers, elaborated by their initiative;
- The invited speakers, session's chairmen and general reporters for their
enthusiastic input which has certainly largely contributed to the scientific and practical
interest of the seminar;
- The Belgian member society of the ISSMFE, in particular its mandataries in the
organising committee who have volunteered to eo-organise the seminar; without their
experience, creativity and practical help, the seminar would never have taken place;
- Their respective organisations, Franki Foundations and the Belgian Building
Research Institute, for the opportunities and support given to work in the ERTC3;
- The supporting organisations which have contributed to the seminar, by financial
support, by promoting the seminar, by encouraging the organisers.
The Editors
F.DeCock
Franki Foundations S.A.
C.Legrand
Belgian Building Research Institute
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Welcome address

United Europe is not longer a fiction, it becomes more and more a reality. In the next
millennium the European Community will no longer pay with Gulden, Deutsche
Mark or Francs, but with 'Euro'. More countries will join the Community and I hope
that all countries of geographical Europe will become the U.S.E. (United States of
Europe) in the next decades.
Not only political, economical and social aspects will melt together, but also
technical approaches will be standardized in the next years. But there is no future
without a past..., and that is the reason why the ERTC3 proposed to organize a seminar
on 'Design ofaxially loaded piles: European Practice'.
The Belgian Society for Soil Mechanics and Foundation Engineering is very proud
to have the honour to host this important seminar in Brussels, the heart of Europe. We
attach a great significance to the fact that this seminar combines all aspects of
European practice in axially loaded pile design: design based on field and laboratory
tests as well as design based on static and dynamic load tests. It is the first time that all
European knowledge and practice in pile design is bound together in one volume.
In these times of rapid technological progress engineers still face their most
important challenge: how to translate the needs of humanity to technical solutions
which meet with safety, durability and economy. I sincerely hope that this seminar will
largely contribute to this noble objective, and that this volume will serve as a constant
reminder of technical achievements.
I am convinced that the Belgian Geotechnical Society will offer you a stay that you
will remember. Not only due to different approaches for pile design you were faced
with, or due to the astonishing design approach of other colleagues, but also due to the
good climate in the seminar, the appreciation you build up for each other and the warm
friendship you never will forget.
L.Maertens
Chairman of the Belgian Member Society of ISSMFE
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Foreword

For several decades, the vivid enthusiasm supporting the research linked to pile
foundation design, resulted mostly in very interesting, but rather esoteric, academic
uplevelling of the knowledge without actual great benefit to the daily contractors'
practice.
Several explanations can be found for such discrepancy between scientific progress
and on site work:
- There first of all, till the late seventies, was the favourable economic afterwar
booming of the construction activities; over conservative design was not severely
punished by the clients;
- the pile type variety remained negligibly small until two decades ago; the large
experience with the wellknown existing pile type could cover the daily design needs;
- most of the existing codes and standards were restrictive to the extent of even
slowing down new initiatives and engineering spirit.
The world economics, since the late seventies, pushed contractors for opening new
horizons, creating new pile type and pile installation techniques. The overwhelming
lack of clear understanding of pile installation parameters and of design impact of
quality of pile work on site, became scaringly obvious.
The ISSMFE interacted promptly and installed many technical committees on deep
foundations. But even at the end of this millennium, some fundamental questions
related to scientifically and economically justified design of piles remain to be
answered.
This is all the more important since Eurocodes are gradually standing up. More
particularly for pile design, the philosophy and the principles to be followed are
gathered in the EC7. It fortunately only gives a framework for design methods without
too specific rules. Within such framework, completed by some prescriptions of the
various National Application Documents, the geotechnical consultants and foundations contractors could still interact and implement their engineering skills into the
final concept and design of the pile foundation.
The European Technical Committee ERTC3, hosted by the Belgium Geotechnical
Society, has taken up the challenge to provide us, at the occasion of the ISSMFE
Hamburg Conference event- September 1997 - with both a comprehensive report on
the single axially loaded pile design practice, relevant for the European academic and
XIII

on site approach, and the possible implementation of Eurocode 7 in such design and
pile performance philosophy. The Brussels' seminar in April 1997 organized by the
ERTC3 group of experts therefore can be considered as a main contribution to our
state-of-the-art knowledge and understanding of advanced modem single pile
design.
The ISSMFE, and the European Member Societies more specifically, are grateful to
its chairman and all ERTC3 members for the strong involvement and important
scientific support required to comply with goals specified in the terms of reference of
this committee work. I may wish the committee a 'very fruitful seminar and all the
success in preparing the report of their work for presentation during the coming
ISSMFE conference in Hamburg (September 1997).
Prof. Dr Ir W. EVan Impe
ISSMFE Vice-President Europe
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Influence of screw pile installation on the stress state in the soil
WF.Van Impe & H.Peiffer
Laboratory of Soil Mechanics, Ghent University, Belgium

ABSTRACT : In the doctoral research of the second author, one sub-topic was focussing on
the experimental evaluation of change in stress state due to pile installation. Especially
measurements before, during and after pile installation were carried out. The experimental
results have put the problem of prediction of the shaft capacity in a new context. The experimental results are in contradiction with simplified prediction models for evaluating the
influenced zone and the magnitude of the soil stress changes.

1. INTRODUCTION
Auger cast in place piles became increasingly popular over the last 15 years . There can be
listed several reasons for preferring screwed or auger piles, such as the absence of vibrations in the surrounding soil or important reduction of noise during pile installation. Moreover, some of the auger pile systems are called to be of the soil displacement type, which
should be reflected in a favourable load-settlement behaviour. However, the influence of pile
installation on the real behaviour of the pile is very important, since the pile behaviour
quality seems to be extremely sensitive to it.
To evaluate the pile installation one can use a monitoring system registrating the characteristics of pile execution or execute comparable in situ tests before and after pile installation. In this contribution the dilatometer is discussed as a tool for monitoring the pile installation and to evaluate the change in stress state close to the pile shaft due to such pile installation.

2. DILATOMETER TEST (DMT)
The initial scope of the dilatometer was the evaluation of the horizontal stress and stiffness
of the soil close to a driven steel pile, in order to make a reliable estimation of the behaviour of a horizontally loaded pile. Extensive research programs in the years lateron resulted
in an important number of correlations for the determination of a wide spectrum of soil
characteristics.
Regarding the suitability of the DMT test for the evaluation of change in stress state in
the soil during pile installation, it is important to focus on two important features :
1. The soil distortion due to the DMT blade insertion remains small, as compared to other
in situ tests, mainly because of the shape of the DMT-blade (fig. 1).
2. Based on a theoretical analysis (theory of Durgunoglu and Mitchell (1975)) it can be
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shown that the basic DMT parameter K0 is more sensitive to changes in K0 as compared
to the CPT test results (fig. 2) .
Based on this we could reasonably well expect more pronounced results related to the
DMT-quality of pile installation evaluation, as discussed by e.g. Van Impe (1989). One has
however to take in account that the disturbed zone around the blade will influence those
measurements. In the doctoral research of the second author, the influence of the soil disturbance around the DMT blade due to insertion was investigated theoretically and experimentally.
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First of all one has to make a distinction between drained and undrained penetration.
Fully drained penetration occurs in soils with I0 (material index) greater than 1.8. Fully
undrained penetration occurs in soils with I0 ~ 1.2.
A theoretical analysis shows that for cohesive soils, the DMT-Iift-off pressure P0 is
dominantly determined by the pore water pressure (80 to 100 % of the total stress immediately after penetration, decreasing with increasing overconsolidation ratio). These results are
in good agreement with the experimental results for normally consolidated to slightly overconsolidated clays (OCR < 4). For the evaluation of change in stress state due to pile installation, using the DMT test, one has to deal in such cases with a total stress approach (for
soils with I0 ~ 1.2). An effective stress approach only comes in for soils with I0 ~ 1.8. Although only total stresses are known, one can use these stresses to judge (qualitatively) for
the change in stress state. Indeed the excessive pore water pressures are determined by the
undrained shear strength, stiffness of the soil, overconsolidation ratio and soil structure.

3. GLOBAL CLASSIFICATION OF SCREW PILES
Nowadays one can make a global distinction between the different types of screwed or auger
piles, (fig. 3), referring to the in time rather well defined generations of screw pile developments:
1. auger piles allowing for excavating the soil during pile installation : type CFA
(CFA = continuous flight auger), being the first (and oldest) generation (early sixties).
2. auger piles with unique lateral displacement of the soil, second generation (seventies).
Some types of pile, like the PCS-pile (PCS = "Pressured Concrete Screw") belong to
both categories. Also there is a big variety in type of soil displacement. The displacement
is dominantly unique (in the stage of screwing down the casing) as in the Fundex-auger
pile type.
3. Auger piles with double soil displacement action (third generation : starting from the
eighties). The basic feature is the twofold soil displacement (in both the stages of screwing in and out of the casing) as in the case of the Franki-Atlas auger pile and the latest
development such as the Omega screw pile.
Such type of classification based on changes of the soil stresses due to installation can be
extended towards other types of pile. The distinction is determined by what happens at a
considered depth between the moment the pile tip or casing passes the first time (downward
movement) and the moment the concrete has built up sufficient resistance to resist the horizontal possible inward soil displacements.

Screwing in with
soil excavation

Screwing in with
lateral displacement

Figure 3. Different types of screwing
5

4. NUMERICAL AND ANALYTICAL APPROACH FOR THE DETERMINATION OF
THE STRESS STATE IN THE SOIL DURING PILE INSTALLATION
The expansion of a soil cavity has been studied by an important number of authors. Only in
cases of fully undrained expansion, reliable theoretical approaches are available for continuum materials. For the expansion in drained conditions, when no excessive pore water pressures are generated, or even in partially drained conditions, however, the number of available theoretical models is still limited. Experimental results only refer to experiences with
the quasi static penetration of the piezoblad, where the membrane of the dilatometerblade is
replaced by a porous stone (Davidson and Boghrat, 1983). The dissipation of the excessive
pore water pressure due to penetration after 1 minute was ± 15 % for silty soils, ± 25 % for
sandy silts, ± 80 % for silty sands and 100 % for sands.

4.1 Partially drained expansion
Datta (1982) derived from his experiments with driven piles an excess pore pressure dissipation time in coarse sand of less than 5 minutes, and in fine silty sand of less than 45 minutes. He also measured a maximum excess pore water pressure in such soils of about 20 %
of the vertical overburden.
Moller and Bergdahl (1981) found for fine sand (D'r = 80 to 90 %), based on their experiments, changes in pore pressure to a distances of 5 to 7 times pile diameter. These results have to be interpreted cautiously. First of all neither the influence of the granulometry,
nor of the stress 'State around the pile was investigated. Moreover the tests were carried out
in a small sand box, height 40 cm and diameter 23 cm, for piles with diameter 2 cm. The
scaling of the soil-pile stiffnesses, soil stresses and boundary conditions was not properly
taken care for.
4.2 Undrained expansion
When excess pore water pressures are generated, an additional parameter comes forward.
For the undrained expansion of a spherical or cylindrical cavity one can refer to Butterfield
and Banerjee (1970), vesic (1972), Randolph and Wroth (1979), Carter et al. (1979). For
our research, the results of the measurements close to piles during installation are compared
with the results from theory of cylindrical expansion. Therefore we went out from cylindrical expansion, using the elastic-perfectly plastic model of Tresca for the soil. This· criterium
coincides with the criterium of Mohr-Coulomb for a shear angle cp = oo, so for cohesive
and fully saturated soils under a quick (undrained) loading.
Considering :
- the soil to be homogeneous and isotropic
- the deformations occur only in a horizontal plan (Bz = 0)
- the pore water being incompressible
- undrained condition : a fast enough expansion in order not to have dissipation
during the expansion stage.
The plastic radius Rp around the pile is given by (fig. 4)
(1)

with G
sion.

= shear modulus;

Cu

= undrained shear strength ; r0 = radius at the end of expan6

/

Figure 4. Cavity-expansion model

The stresses close to the piles, in the plastic zone, are given by (r = distance at the end
of expansion) :
RP
.1.crrr = 2. Cu. Inr

+ Cu

(2)

RP
.1.cree =2.Cu.ln- -Cu
r

(3)

RP
.1.crzz = 2c,.. In r

(4)

RP
= 2c,. I n r

(5)
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4.3 Consolidation around the cavity
One can evaluate the consolidation around a cavity using one of following consolidation
theories :
- the coupled consolidation theory (Biot (1941)), assuming that the mean total stress varies
with time and the variation is determined by the variation of pore water pressures
E.k

38w(1 - 2v).

2

au ap

Vu= Ot

(6)

Ot

the uncoupled consolidation theory (Terzaghi (1923) and Rendulic (1936) assuming a
constant mean total stress :

au =c .V 2 u
at

-

(7)

5. OVERVIEW OF PILE TYPES EXAMINED
The research was mainly focused on the experimental determination of the stress state close
7

to the pile shaft of screw piles of the displacement type. Besides of the torque available, also
the design and the shape of the drilling tip is of big importance, not only to easily reach the
bearing layer but also for the assurance of a good pile shape.
The auger tip of a screw pile of the soil displacement type has a specific shape, designed
to penetrate with displacement as quickly as possible, depending on the mechanical soil
properties (fig. 5). Following piles were examined (tests executed indicated in the table 1) .
6. PROCEDURE FOR THE EXPERI~1ENT~ DETERMINATION OF THE INFLUENCE OF PILE INSTALLATION ON THE STRESS STATE IN THE SOIL

6.1 General considerations
I

Generally, foundation piles are installed to transfer the load from the surface to a deep
bearing layer. The pile shaft is mainly surrounded by weak layers (weak clays, loose sandy
layers). In order to obtain reliable data of the influence of pile installation on the stress state
in the soil, one has to make a judicious choice for the interdistance piles haft to DMT -blade.
Table 1. Overview of pile types examined
Type of pile
DMT before
Omegapile
Atlas pile
Tubelar screw pile
PCS-pile
gravel column
driven cast in situ pile

DMT during
pile installation

DMT after

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Full
'""==-.,.,helical
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,,

II

I

Drilling
tip

: 11
.. •I
•I I

,..,

aj Atlaspile

bj Omegapile

Figure 5. Different types of auger tip

8

X

This distance has to be as small as possible in order to measure important variations in horizontal stress. Preferably one measures in the zone where plastic soil deformations have occurred. This zone is determined by
- the diameter of the pile
- the soil characteristics, (especially for cohesive soils the deformation and shear resistance
characteristics and for non cohesive soils also the relative density).
Taking into account :
- the distance pile shaft to DMT-blade has to be as small as possible in order to perform
reliable measurements in the plastic zone around the pile
- the distance to be sufficiently large on the other hand in order to avoid damage of the
membrane and the blade on one hand, and to reduce the influence of non-verticality on
the other hand
- the extent of the plastic zone varies with depth
- preferring only one procedure for all tests, the DMT-blade is placed at a distance smaller
than the theoretically predicted plastic radius Rp (Cavity Expansion theory).
For the model characteristics, the characteristics for the Ypresian clay were taken, because
the research was mainly dealing with pile installation in this type of soil.

6.2 Theoretical prediction for the distance DMT-blade -pile shaft
The expression for Rp is given by (1). The Ypresian clay is a tertiary overconsolidated fissured clay. For the relation between cone resistance and undrained shear resistance, the
extensive research of the Ghent University lab in this type of soil, allows for the evaluation
of the Ypresian clay parameters as :
(8)

where crv.o = vertical total stress at the depth considered and Nk = 27 for stiff fissured clay
having a marine origin
For the test site in Koekelare where the Ypresian clay was situated beneath a depth of
five meters and taking in account a pile length of 13 m one can estimate Cu as follows : crv.o
"" 180 kPa and qc ""2.7 MPa. This results in Cu = 93 kPa. This is in good agreement with
De Beer (1979) : Cu = 64 + 16.5 . z (z = depth in m, Cu in kPa). For slightly overconsolidated soils, M"" (1.3 to 3.3) . qc or M"" 6.25 MPa for the test site in Koekelare. Out of the
theory of elasticity one can derive G0 = 1.04 MPa (v = 0.40); eq. (1) results finally in RP
"" 3.3 . r0 . Based on this result the interdistance between pile shaft and dilatometerblade is
taken equal to the pile diameter. The same interdistance is taken for non-cohesive soils,
because of the lack of a reliable theoretical model on the one hand and the required uniformity for the test procedure on the other hand.

7. CHANGES IN TOTAL HORIZONTAL STRESSES DURING PILE EXECUTION

7.1 Omegapile at Vorst test site
In a research program on Omega piles (Socofonda) the test site of Vorst was selected. The
pile diameter was 51 cm. The dilatometer blade was placed at a distance of 97 cm from the
pile axis and a depth of 10.60 m. The total pile length was 25 m. Out of the available
geotechnical maps the Ypresian clay appeared to be situated between 9.60 m and 23.60 m.
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On figure 6 one can see that the pressure P0 reaches a first peak value the moment the auger
tip passes the installation depth of the DMT-blade (downward movement) . A second peak
value is reached when the auger tip passes again this depth (upward movement) . Immediately after reaching these peak values there is a considerable drop down of the total horizontal pressure. This can be explained by exceeding the tensile strength in the soil leading to
the formation of micro fissures. This results in temporary faster pre pressure dissipation
until the fissures again are closed by the inwand soil deformation. This theoretical explanation is discussed under 8. Besides this, the decrease of P0 is explained by· decompression of
the soil after the passing by of the auger, the dissipation of the excessive pore water pressure and the changes in total stress state around the dilatometerblade.

7.2 Franki-Atlaspile at Koekelare test site

For this program the test setup is presented in figure 7. Two dilatometerblades and 1 pore
water pressure transducer (CPTU-cone) were installed close to the pile, all at the same distance from the pile axis. The results are presented in figure 8 for the four piles examined.
One can detect only a small change in total horizontal stresses at a depth of 5 and 7.5 m. At
a depth of 10 m and 13 m the stress change is more pronounced. This probably can be explained by an inappropriate the installation of the dilatometerblade (outside the plastic zone
around the pile) .
7. 3 Tubelar screw pile at Koekelare test site

The same test setup as for the Atlaspiles was taken . The results are presented in figure 9.
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7.4 PCS-piles in sand
Two PCS-piles of Socofonda company were examined. The details are gathered on the following table
Table 2
Site
Doe!
Dendermonde

Pile length

Pile diameter

19.07 m
16.52 m

0.40 m
0.45 m

Installation
depth DMT
8.5 m
7.5 m

Material index
Io
2.9
2.0

Both test programs were performed this time in a sandy soil. The DMT test measures therefor predominantly during most of the pile installation period changes in effective stress
around the pile. At Doe! test site, the dilatometerblade was directed tangentially
(deformation of the membrane perpendicular to the radius from pile axis)

Doe! (fig.JO)
When the installation depth of the DMT-blade is reached, the total stress shows a sudden
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peak value, what can be explained by a sudden pore water pressure peak followed by an
immediate dissipation.
Afterwards, due to arching, the tangential stress will increase because of soil decompression. During casting the concrete a similar phenomenon can be seen. At the moment the
augertip passes, pore water pressures are induced but they immediately are dissipated. At
the end, when the concrete overpressure is taken away, some decrease in tangential stress is
induced leading to an increase in tangential stress. One can notice that the difference in tangential stress for the upward movement is much less than during the downward movement.
This can be explained by higher decompression during the boring stage of pile execution,
what could be expected, since the PCS screw pile is basically only a CFA type, with some
precautions on high enough vertical downward speed and pressurized concrete casting.
Dendermonde (jig. 11)

Here one can see a quite similar picture as at the Doel test site. The dissipation of pore water pressure goes on however more slowly. This can be explained by the more silty sand
character of the soil. A second remarkable difference comparing with the Doel test site is
only a partial reduction of this radial horizontal stress after taking away the concrete overpressure. Also this can be explained by a somewhat delayed dissipation in this soil type.

8. MICRO FISSURES WHEN EXCEEDING THE TENSILE STRENGTH IN THE SOIL
('FRACTURING' )
Excess pore water pressures arise when a saturated soil with low permeability is suddenly
loaded.
Assuming that
- the soil is homogeneous, isotropic and elastic
- the soil is saturated
- the water and the grains are incompressible
- no water can drain from the soil volume considered (undrained behaviour)
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So, the relative volume change ( .1.;) = 0
One can prove that for triaxial conditions the a-coefficient from Henkel and the Acoefficient from Skempton are interrelated as :

J2

a=-

2

(3A-1)

(9)

This leads to the following effective stress ratios (Peiffer, 1997) :
1

Cicr'
_rr

=

1 - - (3A-1)

(10)

J3

cu

66
.1.cr'= - ( 1 +1- (3A- 1) )

cu

Cicr'

1

cu

J3

_z:z = - -

J3

(11)

(3A- 1)

(12)

The tangential effective stress becomes zero (fracturing could start) when :
Ko . cr'v

+ Cicr'ee

= 0

(assuming cr' h

=

cr' rr

Out of (11), (13) leads to
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=

cr' se : isotropic soil)

(13)

Ko .cr'v

(14)

= 1.73 A + 0.42

In table 3 the data for the site in Koekelare are gathered
Table 3.
Depth
5m
7.5m
lOm
13m

cr' V
(kPa)

53
78
103
133

(~cr~-

Ko

~(JIII failure

1.8
1.7
2 .0
1.5

(kPa)
116
206
211
259

~Ufailure

(kPa)
40
38
73
59

lm.....,.

K, .er',

K, . er', cu

Aer, - Aerm

c.

0.42-1.73A

0.34
0.18
0.35
0.23

0.65
0.71
0.90
0.91

-0.36
-0.02
-0. 12
+0.09

A=

Out of these theoretically predicted results, one can see that, with the exception of the
depth of 13 m, the effective stresses became negative, what the probable explanation can be
for the microfissuring in the plastic zone, the (temporarary) increased dissipation and shorter
reconsolidation time.

9. COMPARISON DMT MEASUREMENTS BEFORE AND AFTER PILE INSTALLATION
The scope of these measurements was to evaluate the stress state, as finally changed by the
pile installation. In fig . 12 the results of this comparative analysis are compiled. In order to
evaluate these measurements, P0 was normalised with respect to an approach of the mean
total stress around the dilatometerblade. The normalization procedure is the same as prop
P
0
posed by Fretti et al. (1989) : P0 = __Q_ = (
) • In this way the horizontal stress in the
<JP
Po +crv
2

direction parallel to the largest DMT cross section is not take into account. This can be accepted by the fact that the stress in this direction is much smaller than P 0 .

9.1 Discussion of the general pattern of the results 'graph
p

The normalized curve ~ as a function of Po,i,N shows some general trends. The shape is
Po,i,N
determined by :
the stress state in the soil around the pile shaft before pile installation
the distance dilatometerblade to pile shaft
type of pile
the installation procedure and execution parameters of the pile
the time Jag between pile execution and the DMT-measurements (influence of the consolidation around the pile)
the time Jag between the moment the DMT blade reaches a certain depth and the moment
the A-pressure is measured (influence of the consolidation around the DMT-blade).
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Iv :!: I. 2 (undrained penetration of DMT)

When we consider the mechanical overconsolidation as a measure for eventual soil improvement due to pile installation, then the degree of soil improvement decreases for increasing stiffness of the cohesive saturated soil.
In our opinion, logically expected is that in such soil the maximum (P0 .r/P0 .;)-ratio was
about 10 % for all type of displacement pile, independent the degree of soil displacement
they forced. A stronger piled soil displacement so not necessarily implements (more pronounced cohesive soil improvement). In fig. 12 the results for the different types of piles are
presented.
Iv 2 I. 8 (fully drained penetration)

For these soils the variations of the ratio (P0.r/P0 .;)- of horizontal normalised stress were
more pronounced : 75 % for the Omegapile, < 20 % for the PCS-pile (maximum). The
difference (compared to soils with I0 ~ 1.2) can be explained by the fact that here directly
the effective stress state is influenced. Soil decompression appeared for the Omegapile from
an initial normalised horizontal stress of about 1.6 on, (for the PCS-pile already from 1.2
on). This is a clear boundary for the applicability of this pile as a displacement pile. For the
other pile type this as far is not get investigated ; which is a serious limitation for the determination of a reliable field of application. In fig. 13 the results for the different types of
piles are presented.
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10. EXTENSION TOWARDS SHAFT CAPACITY
An attempt was made towards the method of direct evaluation of the unit shaft capacity
of piles by DMT. For the Atlaspiles, at the Koekelare test site, evaluation of the shaft bearing capacity was available out of pile instrumentation.
This resulted in following successful preliminar, semi-empirical, relationship for the type
of piles performed overthere :
(15)

qu.s = 0.0035 . Po . KD1. 25

One can expect this method to be promissing also for the prediction of the unit shaft
bearing capacity for other soil displacement type of pile; because for each of these types a
relationship between the horizontal effective stress before and after pile execution, depending on the pile execution parameters should anyhow be quite clear (see 9). More research
in this respect for the various pile types mentioned is necessary for the moment.

11 . CONCLUSIONS
The execution of DMT tests close to piles leads to a better understanding of the changes in
stress state in the soil due to pile installation. The DMT test at this stage offers a qualitative
tool for the judgement of the quality level of execution of the piles . Extension of the procedure towards the direct evaluation of the shaft capacity becomes plausible and is highly recommended. It is not a real (type A) design method because such estimates are obtained after
the pile is executed , nor is it a real type (load test) because the bearing capacity is estimated
from soil properties and not by loading the pile. It is widely recognized that pile capacity
largely depends on execution next to the soil type. Hence one can not pretend to estimate the
pile bearing capacity based only on measurements on the original soil ; one should more
rationally base such estimates on measurements on the soil parameter before and after pile
installation.
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Some comments about United States practice of design of axially
loaded piles
William E Loftus
William F. Loftus Associates & Deep Foundations Institute, Englewood, N.J, USA

Due to the vast difference in subsurface conditions North to South and East to West in the
United States, various design practices have evolved which, when analyzed, have at times defied
uniformity. Each of the states, particularly those which have major cities, developed procedures
which fit one state forgetting that some day a bridge may span the river, separating that state from
its neighbor. The abutments of that bridge may have to have different design, subsurface
investigation and construction standards.
This paper will highlight some of the examples of the above and present the strides that
were made toward unifYing these variations.
To give some examples of some design peculiarities, we must first have a look into the
construction process in the U.S. and hope that the European process may be or may be made
simpler.
Aside from the major city building codes, there are state codes which generally are cited
by each of the smaller cities. At this writing, variations exist among all of these municipalities.
Next, there are other agencies which operate outside the jurisdiction of the city and state, among
them would be the federal agencies- Federal Highway; Federal Aviation; Department of Parks,
U.S. Army Corps of Engineers, both civilian and military; Navy, civilian and military; NASA;
Voice of America; various Port Authorities (New York, Houston, Baltimore, Philadelphia, San
Francisco, Oakland, San Diego, etc.); major River City authorities (St. Louis, New Orleans,
Pittsburgh, Cincinnati, Memphis, etc.); major Lake City authorities (Great Lake cities); and so
forth. Any one of these (or more) may claim jurisdiction over a project and each will try to
impose its own set of rules, if only where the granting of permits is concerned.
A)
With respect to "driven piles", there is general agreement that allowable stresses in the
three types of pile materials - steel, concrete, and timber - be addressed and quantified. Since
these are given in most codes, let us first examine them.
Steel - Allowable axial stresses given in the texts vary from state to state, from
I)
30% to 35% of yield (yield always given as 36 ksi. Only by special amendment or over-riding
specifications do the codes acknowledge that higher yield steels exist.)
2)
Concrete - Allowable axial stresses given in the texts vary from 25% to 30% of
design-mix yield. Most often used is 4 ksi concrete. Higher strength mixes aren't discussed but
can be used providing a good discussion of the use of admixtures to deal with the higher
temperatures of the mix is presented to the examiners.
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3)
Timber- Allowable axial stresses will vary with wood species but generally are
listed as 1000 to 1200 psi.
Applying these ranges of allowables to some of the cities, a 254 mm end-bearing H-pile
can support 74 tons in New York, Los Angeles, and Chicago, but only 57 tons in New Orleans and
Denver; a cast-in-situ light corrugated shell pile, 254 mm diameter can support 35 tons in San
Francisco, Los Angeles, Denver, Atlanta. and New Orleans, but in Boston, 43 tons, and in
Houston, 62 tons; a timber pile can support 50 tons in Cleveland and only 35 tons in Atlanta.
B)
Most codes do not address the soil considerations ofthe project within the pile section
except that pile tips may not be founded in loosely placed fills nor in soft, highly sensitive and
weak soils. Some will allude to the local soil conditions but only obliquely. For example:
I)
Along parts of the Gulf Coast, bedrock is very deep. Alabama, Northern Florida,
Louisiana, and Southeastern Texas, all have rock elevations up to 1000 meters below the surface.
Yet, the codes often speak of End Bearing! In areas of varved clays, very high gains of pile
capacity are acknowledged not necessarily by code but more by practice. So, too, pipe pile
collapses in these clays may cause heavier wall piles to be used, this by practice rather than codes.
2)
In those same areas, soil subsidence is prevalent but little or no discussion of
"negative-friction" (down drag) can be found in the codes of some of these cities.
3)
Where coral and sinkholes are found cautions to those attendant problems do
exist. Both codes and practice address them very well.
4)
All codes require that an adequate and sometimes very extensive soil
investigation program for any project be conducted . SPT's and/or CPT's will be used at the
discretion of the Geotechnical Engineer. He will instruct the driller as to number of borings
(generally set by codes as one hole per unit of building area.) As to depth, the Engineer will
determine that with strong aid from local practice and his own experience in the area.
5)
In the design, the engineer will consider all loads, i.e. dead. Live, roof (snow),
wind, earthquake, buoyancy, scour (in streams and rivers), overturning, sliding (in dams), and
negative friction (downdrag). These will translate into pile choice and capacities to be reached
for (and tested for.)
C)
Job Plans and Specifications are set with the joint efforts of the Structural and
Geotechnical Engineers, each being guided by the code and local practice. 1) In the U.S., it is
prevalent that once the pile and its capacity are set, cost proposals from General Contractors (GC)
are received. The pile drivers in turn will present their cost proposals to the GC. If the pile
capacity is to be over 40 tons, most codes require a number of test piles to be statically tested but
only to prove that the axial capacity of the pile is at least enough to satisfy the design. More
capacity is not sought after since the design is already made. Little or no attempt is made to
change the design by either pile choice or higher capacity.
1)
Dynamic testing of piles although being used minimally is not wide spread and
still requires that static testing be done.
2)
equipment.

D)

Virtually no attempt is made toward using newer and innovative pile types and/or

Most codes do not discuss equipment. Energies of hammers are usually considered such
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that the hammer and pile are at least compatible. Wave equation analysis is becoming prevalent
as a requirement of the Engineers, not the codes. Little discussion of hammer types is given,
however. In the major cities of the northeast - New York, Boston, Philadelphia, etc. - air-stream
hammers prevail, while diesels are predominant elsewhere. Air pollution problems, however, are
causing a move to hydraulic hammers and now vibrators are being used even for piling in
structures. For the latter, some proof testing with impact hammers is generally required, however.
In the very "early" times of construction, say mid 1800's, pile installation was used only
at marine structures and then only timber piles were used. Treatment of the wood came into play
enabling structures to last considerably longer. Very little thinking in the technical sense was
incorporated in the art of pile driving but when it was, the formula
P
2E
where P
Design Load
S+O.l

E
Energy delivered by the hammer system
And
S
Unit oflength (inches) per blow
came to be relied on. To this day, that very same formula is found in many of the codes even
though the 50 year old Michigan Test Study found this formula to have Factors of Safety of as
much as eight built in to it.
E)

As to specifics, the types of piles prevalent in the U.S. are as follows:

1)
H-Piles. These are usually designed as end-bearing piles and an example of
disparity would be the splicing detail. To support an elevated highway designed by the New
Jersey Department of Transportation (NJDOT), 12 HP 53 piles were used for which splices called
for "full-butt-weld" with plates on webs, and flanges. The highway passed over an older bridge
which had been founded on H piles too. The splices of these piles utilized the "Channel Splice"no plates at all. When asking if the "Channel Splice" could be used on the new structure, the
contractor was told "--it's not approved!"
Near St. Louis on the Mississippi River, a Lock and Dam was being constructed
between Missouri and Illinois. The contractor wishing to use a vibrator to install the H-piles
petitioned the U.S. Corps of Engineers to do so. The answer was delayed only because Illinois
had never used the vibrator before even though the request stated that each pile would be seated
with an impact hammer.
2)
Cast-in-place piles (CIP). Perhaps the most discussed and variable type of pile,
it is defined as a shell driven either with or without an internal mandrel (top driven or bottom
driven.) For years (1930-1980), the bottom driven pile, either tapered or cylindrical, was
protected by patents in the U.S. As such it was accepted minimally throughout the country since
it was considered a contractor's tool and thus mistrusted by the engineering community. The
loading and reinforcing was thus over designed due to this mistrust. At times, no reinforcing was
required, in others full=length cages were required. Rules were temporarily instituted, however,
which limited the unreinforced capacity to 40 tons, regardless of the concrete design or diameter
of the pile. If greater than 40 tons was needed, full-length internal steel was designed sometimes
using square bars (50 mm x 50 mm) inserted into the pile. Centering of this bar was a problem
but worse the cost of this pile almost put it out of reach. Finally, cooler heads prevailed and
proper designs were allowed and capacity became a function of concrete cross section only.
The bidders who were not protected by patents started to use heavier wall pipe piles;
combinations of various diametered piles with still varied wall thicknesses; tapered fluted piles;
newer splicing methods; and newer end-closure plates or cutting shoes; virtually any shape or
form that would fit the loosely written, somewhat confusing and "non-standard" code
specifications. Often, the state highway projects would have abutments and piers of one span of
a bridge having one type ofCIP piles while a second span of the same bridge would have another.
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Timber and precast piles. In an effort to allow competition to exist, these two piles were
by code given design parameters such that they were equal. Having warm climates in the south,
precast (and later, prestressed) piles are prevalent since outdoor casting and storage is readily
available. Wood on the other hand, though the growth and treatment facilities are also in the
south, can be trucked north on easily unloaded flatbed trailers. With 20 or 30 pieces per truck.
So precast remained prevalent in the south, wood in the north.
Treatment of the timber, originally all creosote, now is changing to the environmentally
friendly salt treatment. The piles are more brittle with the salt however. Being tapered, the
question of"What and at what elevation" is the proper pile diameter to figure the piles' capacity.
This varies throughout the codes at anywhere from the tip to the top.
Precast/prestressed piles are widely used in the southerly coasts both east and west mostly
in the sandy areas. Handling is a big cost and often precludes its use elsewhere.
CONCLUSION
The problem as I see it is that the code writers and enforcers are not experts in foundation
design and performance. They must know about roof construction, plumbing, heating, windows,
flooring bathrooms, pavement, recreational facilities and pile driving. Who is so talented? If they
could be convinced, they would allow us - the members and experts of our industry - to write the
codes, to review the new innovations and bring the state-of-the-art to the level it belongs.
In the U.S. it is slowly happening but our impatience is wearing thin. Either turn us loose
or get them to attend the conferences such as this one so that they will understand that: 1)
Aggregate separation does not occur while pouring concrete into a dry pile; 2) Vibrations from
pile driving do not effect freshly poured concrete in a pile after its initial set; 3) Poured concrete
in a pile need not be vibrated; 4) Up to 50% of yield stress should be considered in foundation
design; 5) Driveability location and alignment tolerances should be analyzed on a job basis; 6)
Static testing when implemented should always be carried to higher than twice the design value
to perhaps give more capacity to the pile; 7) Quick testing should be considered; 8) Dynamic
Testing with restrike should be used 9) Wave Equation with better pile/soil modeling capability
should be developed. 10) Group testing should be implemented 11) Understanding of hammer
systems should be learned, including types, energies, differences, cushion materials,
leads/guides/cranes/power, etc. 12) Air and Noise Pollution should be addressed. These are only
some of the items that are being addressed in the U.S.A. when piling is necessary for a project.
Also, as if in cooperation with the intent of this paper and this conference, the Deep
Foundations Institute in this month's issue of Fulcrum reports that although early, the
International Building Code (IBC) is to be produced by the year 2000. It is hoped that all of the
codes will then be unified into one in the U.S .. More discussion on this will follow in future
issues.
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ABSTRACT: Existing methods for predicting pile axial capacity are relatively unreliable. This
paper illustrates the vital role that research involving static load testing can play in
improving deep foundation design, describing an extended study undertaken by a group
from Imperial College into the axial capacity of driven pipe piles. A precis is given of the
main features of the new design procedures which have been developed from the work.
The latter are shown to offer considerable theoretical and practical advantages over existing
calculation procedures.

INTRODUCTION
Statistical assessments of the reliability of existing procedures for calculating axial pile
capacity show that none of the currently popular methods is particularly reliable. As an
example, Figure 1 shows the probability distributions generated by Briaud and Tucker
(1988) on the basis of 98 pi le load tests performed in the southern states of the USA. In
such a plot an ideal method would present a Gaussian type curve centred around
[predicted/measured] = 1.00, with a narrow spread of data falling to either side. None of
the thirteen methods considered gave highly reliable results; several showed severe skews
or very wide scatter bands.
Briaud and Tucker's data base mainly involved relatively short piles, of various types,
installed for highway structures. In such circumstances static load tests can be used to check
performance, and modify designs when necessary, so reducing the risk of failure or poor
performance.
Most offshore (usually hydrocarbon producing) structures rely on large driven pipe piles to
carry their foundation loads safely. The design of their piles merits special attention, as site
specific load tests are rarely feasible and the consequences of failure to human life and the
environment are enormous, as are the potential economic disbenefits. To meet this need,
the international working groups of the American Petroleum Institute (API) have sought for
many years to improve and update offshore pile design, and to optimise their foundation
design recommendations. The work of the API has been recognised internationally and has
been adopted as the basis for the new ISO recommendations for offshore structures. In
addition, many Civil Engineers follow the API/ISO procedures when designing large driven
piles for major structures such as bridges or harbours.
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Figure 1. Probability distributions assessed by Briaud and Tucker (1988) for thirteen
methods of predicting pile axial capacity. Based on 98 pile load tests.

The statistical rei iabi lity of the API RP2A 20th edition (1993) recommendations for assessing
the axial capacities, Q, is generally considered to be at least as good for large driven pipe
piles as that of any other conventional method. As detailed later, when distributions of
Ocatculat.JQmeasured (or Q/Qm) are assessed for test piles analysed according to the API
procedures, the Coefficients of Variation (COV defined as the standard deviation, s, divided
by the mean value, JJ) fall between 0.5 and 0.7. While these COV values are better than
those of most methods, they are not compatible with the relatively low safety margins
(typically 1.5) adopted for most offshore pile designs.
At the same time, many offshore engineers consider the existing API methods to be overconservative in certain circumstances. For example, it is recognised that in sand the
approach leads to strong and systematic skewing of Q/Qm with respect to pile slenderness
and sand relative density, leading to underpredicted capacities for short piles in dense
strata.
Foundation problems are relatively rare among the existing population of piled offshore
structures. However, a clear need exists to improve predictive methods to obtain economies
-in some cases and enhance performance, and safety, in others. The development of
improved methods needs to be co-ordinated with parallel developments in reliability theory
and the characterisation of environmental loading.
A group from Imperial College, London has undertaken a research programme to improve
the reliability of driven pile design. A brief resume of the work is given in the following
paragraphs. More detailed descriptions of the experimental work, background theory and
validation procedures are given in the references listed in the bibliography given at the end
of the paper, while Appendix I defines the notation and symbols used to describe the
results.
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RESEARCH PROGRAMME
The Imperial College research programme has been aimed towards achieving: (i) a more
fundamental and thorough understanding of pile behaviour and (ii) practical simple design
methods that capture the basic mechanics of driven piles . The main tasks were to identify:
•

How piles behave in different soils and layering sequences

•

The scaling laws that relate the behaviour of models to that of full-scale piles

•

The effects on capacity of pile properties (dimensions, wall thickness, end
conditions, surface roughness, material hardness etc) and installation methods

•

Any changes in capacity and stiffness associated with time after pile installation

•

The response to different loading types, including group effects and cyclic loading

•

The controlling soil parameters that should be measured in site investigations

Field tests with instrumented piles
Unli I recently, the stress conditions surrounding driven piles have been open to conjecture.
A central feature of the recent IC research has been the development of accurate and
reliable on-pile instrumentation to study the pore pressures, radial total stresses, local shear
stresses and temperatures developed on pile shafts. The gauges were mounted on 6m to
20m long, 102mm diameter, closed-ended, steel pipe piles (termed ICPs) and used in
intensive test programmes involving a wide range of geomaterials between 1986 to 1994
at the six sites identified in Table 1 and Figure 2.

Table 1. Summary of recent Imperial College pile research sites.
Soil conditions

Site
1.

Canons Park

London clay: stiff to very stiff, high plasticity Eocene
marine clay; high YSR

2.

Cowden

Cowden till: stiff to very stiff lean glacial lodgement till;
high YSR

3.

Bothkennar

Carse clay: soft, high plasticity, moderately organic
Holocene marine-estuarine day-silt, lightly cemented;
moderate YSR

4.

Labenne

Dune sand : loose to medium dense, medium sized,
Holocene; low YSR

5.

Pentre

Glacio-lacustrine day-silt and laminated clays: very soft to
firm, low plasticity and low YSR

6.

Dunkirk

Marine sand: dense to very dense shelly medium sized
sand, Flandrian; low YSR

Note: Yield Stress Ratio (YSR) is the apparent OCR, as defined in Appendix I
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The ICPs were installed by fast jacking, allowing comprehensive measurements of the
effective stress conditions developed close to the shafts to be made at multiple levels
during installation, long-term equalisation and load testing to failure. Detailed site
investigations were also performed, involving in-situ tests and advanced laboratory
experiments. 'Strain Path Method' numerical simulations of the ICP tests performed at
Canons Park and Bothkennar were also carried out in conjunction with Professor A.
Whittle from MIT as described by Bond (1988) and Lehane (1992) .
The Pentre piles (Figure 2) were installed close to the large-scale (termed 'LDP') driven
piles described by Clarke (1993); tests on less intensively instrumented open-ended driven
piles were conducted at Canons Park, Cowden and Dunkirk.

Results from Phases 1, 2 and 3
The research has taken place in three Phases. The first involved developing the ICP
instruments and experimental procedures, and performing multiple ICP tests and other
experiments at the Building Research Establishment (BRE)'s Canons Park test site. The
research was summarised by Bond (1988) and Bond and jardine (1990).
The scope was broadened in Phase 2 to cover tests in sand at the French Ponts et
Chaussees test site at Labenne, the BRE's stiff till site at Cowden and the EPSRC's national
soft clay test bed-site at Bothkennar. At each location an advanced site investigation was
performed, a field pile testing facility established and a programme of multiple (closedended) ICP tests carried out. Clear and striking results emerged from the experiments which
allowed new design approaches to be proposed for closed-ended piles. The Phase 2 work
was reported by Lehane (1992) and jardine and Lehane (1994).

_,Dunkirk

(

Canons
Park

Labenne

Figure 2.

Location of Imperial College test sites
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The third Phase, which has recently been completed, involved:
1.

Establishing test facilities and performing advanced site investigations and multiple
ICP tests at the Pentre (clay-si Its/laminated clays) 'LOP' research site and at the
Dunkirk 'CLAROM' dense sand research site.

2.

Interpreting and performing tests on full-scale driven open-ended piles (with
diameters up to 760mm ) at the ICP sites to assess the effects of scale, installation
methods and pile end conditions.

3.

Experiments to assess pile group and ageing effects in dense sand.

4.

Using the above to refine the new approaches for closed-ended piles and extend
the design methods to cover open-ended driven piles.

5.

Collating an up to date and critically approved data base of full-scale pile tests
which met rigorous quality criteria.

6.

Using the above to calibrate and validate the new methods for a wide range of
practical applications.

The work is reported by Chow (1997) and jardine and Chow (1996).

IMPROVED DESIGN PROCEDURES

New effective stress design procedures have been derived from the research for tubular
piles installed in sands and clays. As summarised by jardine and Chow (1996), completely
new approaches have been developed for predicting the local distributions of radial
effective stress developed on the pile shaft (i) once equilibrium has been reached after
installation and (ii) during loading to failure (in either tension or compression). Listed in
order of importance, the equilibrium local radial effective stresses, a',0 developed in
granular soils were found to be controlled by:
•

The initial state of the sand, as expressed by the local CPT tip resistance qc

•

The relative position of the pile tip, characterised as the distance h between the pi le
tip and the layer in question, as identified in Figure 3, divided by R*, where:

•

The free field vertical effective stress a' va

The most appropriate equation for local a',c in granular soils is:

a',c

=

0.029 qc (a'vJP/ 13 (h/R*).o 38

With clays the values of local a',c depend on the following factors, given again in the order
of their importance:
•

The free field vertical effective stress a' vO
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Figure 3. Definitions of terms for radial effective stresses
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Terms used to define clay sensitivity from oedometer tests.
I" = (e0 - e 0 ')/Cc'; dlvr = (ey- ey')/Cc'; YSR = u'Ju'vo·
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•

The initial state of the clay, as expressed by the local value of apparent
overconsolidation ratio, or Yield Stress Ratio (YSR)

•

As with sands, the relative depth to the pile tip, h/R*

•

The initial sensitivity of the clay, expressed by either the conventional measure 51
or two new parameters lv, or t.lvy, which are obtained by comparing the oedometer
curves of intact and reconstituted samples, as shown in Figure 4.

The corresponding equations for local a',c in clay soils are:

a',c

= a'vo [2 - 0.625lv,l YSR042 (h/R).o·20

a',c

= a'vo [2.2 + 0.016YSR - 0.870t.lvy]YSR042 (h/R).o 20

Note that for points where h/R*
with h/R * = 8.

>

or
where

8 the granular and clay equations should be evaluated

The new methods also specify the changes that should be expected in a', as piles are
loaded to failure in either clays or sands, with the changes in sands being generally more
significant due to interface dilation and principal stress rotation effects. In clays:

a' rf = 0.8 a',c
While in sands

a' rt = a',c + t.a',d in compression and
a' rf

=

0.9 (0.8 a',c + t.a',d) in tension

Where:

With R being the pile radius, Rcia the pile's centre-line average roughn ess (typically 10pm
with steel piles) and G is the operational shear modulus. jardine and Chow (1996) relate
G to CPT resistance via a simple equation; the t.a',d term is relatively small for large
diameter piles.
The local shaft resistances rrf are then evaluated as:

Where a' rf is the local a', value at failure and o is the ultimate interface shear friction angle,
which should be measured in appropriate laboratory tests or evaluated from the charts
given by jardine and Chow (1996) . There are no upper limits to rrf in granular soils and
is independent of relative density and tends to decline with particle size. With clays, o may
be controlled by residual strength phenomena and often tends to decline with plasticity
index. jardine and Chow (1996) present strong evidence showing that shaft capacity grows
with time in sands; the above equations predict the medium term capacity available at a
nominal 50 days after driving.

o
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In many respects the experimentally proven trends ford r1' Tr1 and o completely contradict
those assumed in the API method of pile design. One vital feature of the new methods is
the scale effects that they imply. In both sands and clays d, decreases systematically as
h/R* increases so that, when all other factors are constant, the average unit shaft resistance
decreases markedly as the pile slenderness ratio, UR, increases. With sands the local shaft
friction capacity decreases with pile radius, because the component of capacity associated
with 11d,d is inversely proportional to R.
The new design methods incorporate different rules for evaluating base resistance, and the
potential for plugging with open ended piles. These rely principally on the local CPT
resistance and incorporate a strong scale effect for piles in sand. Generally they predict
lower resistances with large diameter piles than the API procedures. For the two case
histories considered here the piles did not plug and following base capacity equation
applies:

VALl DATION BY FULL SCALE STATIC TESTS
jardine and Chow (1996) report how a large data base of full scale, high-quality, pile tests
was assembled and used to validate the new procedures for practical use by Industry. As
detailed below, the new methods are more than twice as reliable as the existing API
procedures.

Piles in sand
Table 2 summarises the ranges of Ocalculat.JOmeasured = 0/0m found for predicted and
measured shaft capacities when the new method and the API RP2A recommendations were
tested against a new data base of 65 high quality pile tests. the three methods. We recall
that Coefficient of Variation (COV) is defined as standard deviation (s) divided by the mean
(J.l). The COV and s should all be as low as possible.
The new IC method is clearly far more reliable than the API RP2A recommendations: it
leads to a mean 0/0m close to unity, and a 50% lower COV. jardine and Chow (1996)
show that the new IC method eliminates the strong skewing produced by the API method
with respect to relative density, D, and normalised pile length, UR. The new IC methods
gave far better results and were equally reliable for open-ended and closed-ended piles and
can be applied confidently to a wide range of conditions.
Similar results were obtained when the new procedures for estimating base resistance were
tested against another data base of 42 pile tests, with the API predictions being strongly
skewed with respect to pile diameter.

Piles in clay
The reliability of the new method for predicting medium term, single pile shaft capacity was
assessed through comparisons with 55 test cases which met the stringent quality criteria set
by Chow (1997). Table 3 summarises the ranges of 0/0m found for the new IC method
and the API RP2A procedure.

34

Assessment of shaft capacity predictions for 65 pile tests in sand

Table 2

Standard deviation
Method

COY

Mean,

API RP2A(1993)

J.l
0.86

0.56

0.65

New IC method

0.97

0.28

0.30

Table 3.

Assessment of peak clay shaft capacity predictions for 55 pile tests
Mean,

Standard deviation,

s

COY

API RP2A (1993)

J.l
0.98

0.33

0.34

New IC approach

1.01

0.18

0.18

Method

The assessment confirms that the new Imperial College approach gives good predictions
for axial capacity under a wiue range of circumstances. In comparison with the API
approach the method was marginally non-conservative, but produced less scatter.
jardine and Chow (1996) show that the API procedure leads to systematic skewing with
respect to the length ratio (UR) and apparent overconsolidation ratio, or YSR. The new IC
method works well with both open and closed ended piles and offers alternative ways of
characterising clay sensitivity. These changes lead to significant improvements in reliability.
A similar exercise demonstrated that the new IC methods for base resistance in clay are also
far more reliable than the existing API RP2A procedure.

SUMMARY
1.

Existing procedures for calculating pile axial capacity have a low reliability. Site
specific pile tests and research involving field experiments with piles are the key
activities required to improve deep foundation design.

2.

The value of field research has been illustrated by showing how new methods for
designing piles driven in clays and sands have been developed through a long term
research programme carried by a group from Imperial College, London.

3.

No mention has been made of predicting load-displacement behaviour, but
previous research on this area, including field measurements, has been reported by
jardine and Potts (1988), (1992) .

4.

The new capacity calculation procedures are relatively simple and can easily be
applied in practice.

5.

Some of the input soil parameters (particularly interface shear tests) are not normally
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measured in routine site investigations and a new emphasis is placed on the
importance of CPT testing (particularly with sands). Site survey practice will need
to be revised to deal with this. Some parameters, such as clay sensitivity and YSR,
may be derived by more than one type of procedure.
6.

The new methods offer major advantages over the existing API approaches. When
tested against a newly assembled data base of high quality field tests, they lead to
much more reliable predictions for the medium-term shaft and base load capacities
of single piles in both sands and clays.

7.

The research work has also identified important effects of time and group action for
piles in sand.
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APPENDIX 1:

LIST OF NOTATION

COV
C"
Cc
C/
D,
e
e*
G
h/R
lvr

Coefficient of variation: s/Jl
Undrained shear strength
Coefficient of compressibility = -~e/~loga'v for natural soil
Coefficient of compressibility = -~e/~loga'v for recon stituted soil (on ICL)
Relative density (%)
Void ratio of natural soil (see Figure 4 for e0, eY etc)
Void ratio of reconstituted soil on ICL (see Figure 4 for e* 0, e\ etc)
Operational shear modulus
Normalised height above pile tip
Relative void index, see Figure 4
Relative void index at yield, see Figure 4

~Ivy

K
P.
qc
qb
Qb
Q,
R

a'/a'va
Atmospheric pressure
CPT end resistance
pile end bearing stress
Base capacity
Shaft capacity
Pile radius
Centre-line average roughness
Equivalent radius for open-ended piles
Standard deviation
Clay Sensitivity
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a'ho
a',
a' re
a'rt

l!a',
a'vo

a'vy
Tt

Jl

Yield Stress Ratio, or apparent OCR, = a'v/a'vo
Interface angle of friction
Radial normal movement (also o,)
Free-field horizontal effective stress
Radial effective stress
Equalised radial effective stress
Radial effective stress at point of shaft failure
Change in a', during loading [also l!a',d in sands]
Free-field vertical effective stress
Vertical effective yield stress
Peak local shear stress
Mean value

General meaning of subscripts

c
f
0

at equilibrium (after consolidation)
failure
free-field, before pile installation
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Some comparisons of safety for axially loaded piles
R.Frank
CERMES (ENPC-LCPC), Cite Descartes, Champs-sur-Marne, France

ABSTRACT : The various factors of safety for designing axially loaded piles in ultimate limit
state situations are reviewed, as given in Eurocode 7-1 (CEN 1994) and in the French code
Fascicule 62-V (MELT 1993). The overall safeties of both codes are compared, whether the
bearing resistance is determined from ground test results (PMT rules) or from load test results.
The results are found to be quite consistent. Finally, a proposal is made for replacing cases B
and C (for fundamental combinations) of Eurocode 7-1 by a unique case, which is easy to
establish for the bearing resistance of axially loaded piles.

1 INTRODUCTION
For designing axially loaded piles with regard to the ultimate bearing resistance, Eurocode 7 Part 1 (CEN 1994) contains all the factors of safety to be applied, when calculations rules from
ground test results are available or when pile load tests are performed. The document describes
how to go from the measured value(s) of the ultimate bearing resistance to the characteristic
value and, from the characteristic value, to the design value. The factors to apply to the loads in
ultimate limit states (ULS) is also known.
In the Codes of practice of most countries the entire route for designing piles with regard to
axial loads is also given.
Thus, it is possible, for the axial ultimate bearing resistance problem, to compare the overall
safety brought by the Eurocodes with the one of national practices.
In the following, the comparisons are made with the French code of practice F ascicule 62-V
(MELT 1993). Piles in compression only are examined and no group effect is taken into
account, for simplicity reasons.

2 BASIC RELATIONS
The basic relations of Eurocode 7-1 for ultimate bearing resistance are :
(1)

Re= RckfYt
(2)

or Re= RbrJ'Yb + RskiYs

where Rem = measured value of ultimate bearing resistance, Rck = characteristic value, and Re
= design value, with Rbk = characteristic base resistance and Rsk• = characteristic shaft
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resistance, ~ = factors to apply on measured values, Yt , or 'Yb and Ys = partial factors of safety
on the characteristic pile resistance, or on the base and shaft resistances, respectively.
On the other hand, the applied characteristic loads F are multiplied by factors
in order to
establish the compression design load Fe :

yp

(3)

The basic condition to fulfil for all ultimate limit states (ULS) is :

(4)
Relations 1 through 4 lead to :

(5)
FS

= YF·Yt·~ can be called the global factor of safety. Note that it is understood in rel~tion (5)

that YF synthesises loads of different nature, if relevant, and that Yt synthesises 'Yb and Ys , in
case different factors are used on base and shaft.

3 VALUES OFyFACTORS
3.1 Eurocode 7-1
For Eurocode 7-1, in fundamental (persistent and transient) ULS situations, the values of YF for
cases B and C and Yt , or 'Yb and Ys , for case C are given in Tables 1 and 2, respectively. For
case B, Yt , or 'Yb and Ys = 1.00. In accidental situations all these factors are equal to 1.00.

3.2 Fascicule 62-V
For fundamental ultimate limit states (persistent and transient situations), the partial load
factors of Fascicule 62-V are very similar to case B of Eurocode 7. In particular : 1.35 on
unfavourable permanent loads ; 1.00 on favourable permanent loads and 1.5 on the basic
variable action (except for well known service loads, or loads having a specific character). The
combination of loads for accidental situations is the same as in Eurocode 7 (for more details,
see Frank 1994).
In Fascicule 62-V, the same factor is used for the base resistance and for the shaft
resistance. This value is :
'Yb = Ys = Yt = 1.4

Table 1. Eurocode 7-1 : Partial factors YF - ULS fundamental situations.

Case
B

c

Actions
Permanent
UnfavouFavourable
rable
(1.35)
(1.00)
(1.00)
(1.00)

Variable
Unfavourable
(1.50)
(1.30)
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Table 2. Eurocode 7-1 : Partial factors Yb· Ys and Yt - ULS
Component factors
Yb
Driven piles
(1.3)
Bored piles
(1 .6)
CFA (Continuous flight auger) pile
(1.45)
Note that for case B, Yt, Yb and Ys = 1.00.

fundamental situations, case C.
Ys
(1.3)
(1.3)
(1.3)

Yt
(1.3)

(1.5)
(1.4)

for the ULS fundamental combinations;
Yb = Ys = Yt = 1.2
for the ULS accidental combinations.

4 ASSESSMENT OF CHARACTERISTIC VALUES OF BEARING RESISTANCE
Two different cases must be distinguished (see 7.6.3 in Eurocode 7-1) :
i ) the design is made on the basis of ground tests results ;
ii) the design is made on the basis of pile load test results.

4.1 Design from ground test results
When ground tests results are used, the requirement of Eurocode 7-1 is stated under clause (4)P
of§ 7 .6.3.3 :
"The characteristic values %k and qsik shall be derived from calculation rules based on
established correlations between the results of static load tests and the results of field or
laboratory ground tests. These calculation rules shall be devised such that ultimate bearing
resistances using the characteristic values qbk and qsik do not exceed the measured ultimate
bearing resistances used for establishing the correlation divided by [1.5], on average." (where.
%k = characteristic value of the resistance per unit area of the base and qsik = characteristic
value of the resistance per unit area of the shaft in layer i) .
In other words ~ must be equal to 1.5 'on average' : ~ave = 1.5
In Fascicule 62-V, calculation rules for two field ground tests are given : Menard
pressuremeter tests (PMT) and cone penetration tests (CPT). Details of these rules are
described in the national report for France by Bustamante and Frank (1997) . Both set of rules
come from correlations with the results of numerous static load tests (originally developed by
Bustamante and Gianeselli 1981). Note also that static load tests are performed, in France, in a
very consistent manner with the procedure ofiSSMFE (1985) recommended by Eurocode 7-1.
For comparison with Eurocode 7-1, the key problem for all the calculation rules is to know
the value of ~ave· For the PMT rules contained in Fascicule 62-V, a preliminary assessment has
been made on a limited number of pile load tests (Renault 1996). This assessment leads to
~ave = 1.25, without distinguishing between driven or bored piles for the time being (see
Figure 1).

4.2 Design from pile load test results
The values of ~ proposed by Eurocode 7-1 are given in Table 3. The minimum bearing
resistance obtained from the application of both conditions a) and b) is to be used.
In the case of Fascicule 62-V :
- if only one single pile load test is performed :
~ = 1.2
(6)
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Figure 1. Values of ~ = Rcnf Rck for 42 pile load tests in the case of the PMT rules of
Fascicule 62-V (Renault 1996).

Table 3. Eurocode 7-1: Factors~ to derive Rck
1
2
Number of load tests
(1.35)
(1.5)
a) Factor ~ on mean Rem
(1.5)
(1.25)
b) Factor ~ on lowest Rem

>2
(1.3)
(1.1)

Table 4. Fascicule 62-V : Values of factor~· .

3
0.20

4
0.07

5
0.00

- if several load tests are performed :
Rck= Rmin (Rffiin1Rmax)~'

(7)

where Rmin and Rmax are the minimum and maximum measured values and ~· is given in
Table 4.

5 COMPARISONS OF GLOBAL SAFETY

In the following, the values of FS = 'YF·Yt·~ (Equation 5) is established for Eurocode 7-1 and for
Fascicule 62-V. For the ULS fundamental combinations all the actions are considered to be
unfavourable.

5.1 Design from ground test results

In the case of Fascicule 62-V, the PMT design rules are used. For Eurocode 7-1, as in
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Fascicule 62-V, the same factors Yt are used for the base and shaft resistances.
i) fundamental combinations :
Eurocode 7-1 :
Case B : 100% of permanent loads :
FS = 1.35 X 1.0 X 1.5 = 2.03
67% of permanent loads and 33% of variable loads :
FS = 1.4 X 1.0 X 1.5 = 2.10
50% of permanent loads and 50% of variable loads :
FS = 1.425x 1.0 x 1.5 = 2.14
Case C:
driven piles, 100% of permanent loads:
FS = 1.0 X 1.3 X 1.5 = 1.95
67% of permanent loads and 33% of variable loads :
FS = 1.1 X 1.3 X 1.5 = 2.15
50% of permanent loads and 50% of variable loads :
FS = 1.15 X 1.3 X 1.5 = 2.24
bored piles, 100% of permanent loads :
FS = 1.0 X 1.5 X 1.5 = 2.25
67% of permanent loads and 33% of variable loads :
FS = 1.1 X 1.5 X 1.5 = 2.48
50% of permanent loads and 50% of variable loads :
FS = 1.15 X 1.5 X 1.5 = 2.59
Fascicule 62-V :
100% of permanent loads :
FS = 1.35 X 1.4 X 1.25 = 2.36
67% of permanent loads and 33% of variable loads :
FS = 1.4 X 1.4 X 1.25 = 2.45
50% of permanent loads and 50% of variable loads :
FS = 1.425x 1.4 x 1.25 = 2.49
ii) accidental combinations (all 'YF = 1.00) :
Eurocode 7-1 :
FS = 1.0 X 1.0 X 1.5 = 1.50
Fascicule 62-V :
FS = 1.0 X 1.2 X 1.25 = 1.50

(8)
(9)

(10)

(11)
(12)
(13)
(14)
(15)

(16)

(17)
(18)
(19)

(20)
(21)

It can be seen that the overall safety of both codes is very similar. On average, Fascicule 62V (PMT rules) is slightly more conservative for driven piles under fundamental combinations
(up to+ 16 %). These comparisons will have to be confirmed when the assessment of Save will
have been completed.

5.2 Design from pile load test results
A simple (theoretical) case
A CFA (continuous flight auger) pile is considered and the results of only one pile load test is
available, without separate measurement of base and shaft resistances (i.e. for Eurocode 7-1, as
in Fascicule 62-V, the factor Yt is used).
i) Fundamental combinations and permanent loads only :
Eurocode 7-1 :
Case B : FS = 1.35 x 1.0 x 1.5 = 2.03
Case C : FS = 1.0 x 1.4 x 1.5 = 2.10
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(22)
(23)

Fascicule 62-V:
FS = 1.35 X 1.4 X 1.2 = 2.27
ii) Accidental combinations :
Eurocode 7-1 :
FS = 1.0 X 1.0 X 1.5 = 1.50
Fascicule 62-V :
FS = 1.0 x 1.2 x 1.2 = 1.44

(24)

(25)
(26)

Here also, the overall safety of both codes is very similar, Fascicule 62-V being slightly
more conservative for fundamental combinations(+ 8%).

Comparison on real cases
The two examples come from a real project for whiCh the application of Eurocodes was
requested. The project included several important bridges and viaducts on piles. The design of
the pile foundations can be summarised in the following way (Baguelin and Frank 1995).
Bored piles, results of one load test
i) Fundamental combinations and 50% of permanent loads and 50% of variable loads :
Eurocode 7-1 :
Case B : FS = 1.425x 1.0 x 1.5 = 2.14
(27)
Case C : FS = 1.15 x 1.5 x 1.5 = 2.59
(28)
Fascicule 62- V :
(29)
FS = 1.425x 1.4 x 1.2 = 2.39
ii) Accidental combinations :
Eurocode 7-1 :
(30)
FS = 1.0 X 1.0 X 1.5 = 1.50
Fascicule 62-V :
(31)
FS = 1.0 X 1.2 X 1.2 = 1.44
Driven piles, results of 4 pile load tests
i) Fundamental combinations and 67% of permanent loads and 33% of variable loads :
Eurocode 7-1 :
(32)
Case B : FS = 1.4 x 1.0 x 1.3 = 1.82
Case C : FS = 1.1 x 1.3 x 1.3 = 1.86
(33)
Fascicule 62-V:
(34)
FS = 1.4 X 1.4 X 1.14 = 2.23
ii) Accidental combinations (yP = 1) :
Eurocode 7-1 :
FS = 1.0 X 1.0 X 1.3 = 1.30
Fascicule 62- V :
FS = 1.0 X 1.2 X 1.14 = 1.37

(35)
(36)

Again, for the real cases examined here, both codes are in good agreement, Fascicule 62-V
being more conservative for fundamental combinations in the case of 4load tests(+ 20%).

6 A UNIQUE CASE REPLACING CASES B AND C
It appears that, in the case of axially loaded piles, cases B and C of the fundamental ULS of
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Eurocode 7-1 could be replaced by a unique case U, which would have the following features:
- use for YF the values of case B, see Table 1 ;
- use for Yb and Ys , or Yt , values slightly lower than for case C, but respecting for Yb and Yt
the hierarchy of the piles (see Table 2) :
'Y(driven) ~ 'Y(CFA)~ 'Y(bored)
- as a consequence, the value of ~ave for the design from the ground test results, and the
values of ~ in Table 3 for the design from load test results should be lower, perhaps near those
of Fascicule 62-V.
The following values are proposed for the time being :
'Yt(driven) = 1.2; 'Yt(CFA) = 1.3 and 'Yt(bored) = 1.4
~ave= 1.2 for ground test results , ~ = 1.2 when the results of one pile load test are available and
~

= 1.1 when the results of more than two pile load tests are available.
The application of this unique case U to the above examples is now given.

6.1 Design from ground test results
driven piles, 100% of permanent loads :
FS = 1.35 x 1.2 x 1.2 = 1.94
67% of permanent loads and 33% of variable loads :
FS = 1.4 X 1.2 X 1.2 = 2.02
50% of permanent loads and 50% of variable loads :
FS = 1.425x 1.2 x 1.2 = 2.05
bored piles, 100% of permanent loads:
FS = 1.35 X 1.4 X 1.2 = 2.27
67% of permanent loads and 33% of variable loads :
FS = 1.4 X 1.4 X 1.2 = 2.35
50% of permanent loads and 50% of variable loads :
FS = 1.425x 1.4 x 1.2 = 2.39

(37)
(38)
(39)
(40)
(41)
(42)

These results are, in most cases, very near the ones of Equations (8) through (16) and never
differ more than 10 %. Incidentally, the PMT rules of Fascicule 62-V (Equations 17 to 19) are
now more conservative, on average, in all cases of fundamental combinations (+ 22% for driven
piles and+ 4% for bored piles).

6.2 Design from ground test results
Theoretical example : CFA pile, one pile load test
FS = 1.35 x 1.3 x 1.2 = 2.11
(43)
This result is to be compared with the ones of Equations (22) and (23). It is quite satisfactory.
Fascicule 62-V (Equation 24) is 8% more conservative.
Real case : bored piles, one pile load test, 50% permanent and 50% variable loads :
FS = 1.425 X 1.4 X 1.2 = 2.39
(44)
This result is to be compared with the ones of Equations (27), and (28). It is quite satisfactory.
It is exactly the same as for Fascicule 62-V (Equation 29).
Real case : driven piles, 4 load tests, 67% permanent and 33% variable loads :
FS = 1.4 x 1.2 X 1.1 = 1.85
(45)
This result is to be compared with the ones of Equations (32) and (33). It is quite satisfactory.
Fascicule 62-V (Equation 34) remains some 20 % more conservative.
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7 CONCLUSIONS
Though the approaches may seem different and there are some differences in the values of
partial factors of safety, the overall safeties of Eurocode 7-1 and Fascicule 62-V are quite
similar, when designing axially loaded piles with regard to the ultimate bearing resistance.
The design rules from field test results (PMT and CPT) given in Fascicule 62-V need
to be further compared to the results of pile load tests in order to check their compatibility with
the requirements of Eurocode 7-1.
For the problem of bearing resistance of axially loaded piles, a unique case for ULS
fundamental combinations, replacing cases Band C ofEurocode 7-1, can easily be found.
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Pile dynamic testing, driving formulae, monitoring and quality
control: Background for discussion
A.Holeyman
UCL., Louvain-la-Neuve, Belgium

ABSTRACT : Background information is provided for discussion on pile dynamic testing, driving
formulae, monitoring and quality control as those practices relate to the design of piles. A general
framework to classify pile dynamic testing is presented. Topics for discussion are suggested.
1. PILE DYNAMIC TESTING
Dynamic testing of piles has become part of many modem civil engineering projects as a result of
the increased availability and performance of testing equipment and interpretation procedures
(Holeyman, 1992). Two major classes of methods can be distinguished on the basis of energy
level and intent, as presented in Figure 1 : high-strain dynamic testing methods primarily intended
to provide bearing capacity information and low-strain dynamic testing methods primarily
intended to provide information on pile integrity. Amongst the dynamic testing methods, the
impact method is the most closely related to pile design considerations. The most common highstrain dynamic testing involves dropping a mass on the head of a pile and is addressed by ASTM
Standard D-4945-89 (1989).
The load-bearing behaviour may be summarised by an allowable load or described by a
complete load-settlement curve generally derived from distributed shaft and toe resistance terms.
The interpretation following that procedure is based on the wave-equation theory and both force
and velocity signals measured at the pile head during impact. The dynamic nature of the load and
the time consumption for the shock wave to travel down and back up allows one to relate time to
position down the pile and resolve soil reactions distributed along the shaft and at the toe.
Resolution of the shaft resistance terms versus depth (depth resolution) is afforded by the sharp
increase of the force at the wave front and by the short length or duration of the original wave
form. The sharpness of the wave relative to the pile characteristics can be used as a criterion to
separate different types of "dynamic" pile tests. Table 1 provides a summary of key attributes of
several known pile test types. Of particular significance to this discussion is the relative wave
length A, which represents the length of the force pulse in terms of the double length (2L) of the
pile. It can be noted from Table 1 that integrity testing is typically characterised by a relative
wave length of 0.1, which provides for the sharpest depth resolution available. The dynamic
bearing capacity test is typically characterised by a relative wave length of 1, which still allows
for depth resolution while providing high-strain testing.
Longer-duration impacts, such as generated by the Dynatest (Gonin et al., 1984) or the
Statnamic Test (Bermingham and Janes, 1989), are characterised by a relative wave length A of
10 or higher and, therefore, do not allow for depth resolution. It is suggested that, although those
tests resort to inertial actions on masses to generate their extended force pulse, they be referred to
as "kinetic tests" mainly because the inertial forces within the pile are small compared to the
current force being applied and because the interpretation of these tests does not significantly
benefit from the use of the wave equation framework.
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PILE DYNAMIC TESTING METHODS

HIGH-STRAIN PRIMARILY
FOR BEARING CAPACITY
IMPACT ·
Using

Using

- Pile driving equipment
- Pile testing equipment

- Hand held hammer
-Explosion
_ pio7.nf'r'Ho>f·<>l<>

Measuring

Measuring

- Strain and velocity

- Velocity and optionally force

1997 State-of-the-practice

VIBRATION
Using

Using

- Pile vibratory driving equipment

- Pile testing vibrator

Measuring

Measuring

- Strain and velocity

- Force and velocity

Using

- Crosshole
- Single hole
- Parallel seismic using
piezocrystals/hand held hammer
and measuring pressure at depth

- Soft springs with heavy hammer
- Explosives slowly burning in
engineered chamber
Measuring

- Head displacement and force
1997 State-of-the-art

Fig. 1 - Pile dynamic testing methods

Figure 2 provides a representation of the pile tests available in terms of relative wave length A
and of acceleration. Figure 2 also presents typical times expressed in terms of relative wave
lengths required to reach 90% consolidation around a pile in sand, silt and clay. lbis diagram
allows, in the writer's opinion, the separation between dynamic, kinetic, and static testing.
Compared to static tests, one is faced with the difficulty in kinetic tests of sorting out the velocity
dependency on the soil resistance, and in dynamic tests of resolving dynamic effects with,
however, the advantage of depth resolution.
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Table l. Typical Key Attributes of Different Types of Pile Tests

Mass of Hammer
Pile Peak Strain
Pile Peak Velocity

0.5-5 kg
2- 10 f.!Str
10-40 rnm/s

2,000- 10,000 kg
500- 1,000 f.!Str
2,000- 4,000 rnm/s

2,000 - 5,000 kg
1,000 f.!Str
500 rnm/s

Peak Force

2-20 kN

Force Duration

2,00010,000 kN
5-20 ms

2,00010,000 kN
50-200 ms

Pile Acceleration

500 g

0.5 - 1 g

Pile Displacement
Relative Wave
Length A

l0-30mm

1,000 f.!Str
10-3 rnm/s
2,00010,000 kN
107 ms
10-14 g
>20mm
: 108

Primary difficulties and limitations associated with high-strain testing are the conversion of the
dynamically mobilised resistance measured during the test into static resistance and the limited
transient displacement enforced by the impact. Conversion of dynamic resistance into static
resistance is rendered difficult in part because of the following effects:
Inertial and radiation-damping effects, which are frequency-dependent,
Differences in the deformation pattern along the shaft and at the base between dynamic and
static loading,
Effect of pore-pressure generation and dissipation, and
Dependence of the soil's modulus and shear strength on velocity.
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Fig. 2 - Sharpness and duration of force pulse for different pile tests
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For driven piles monitored during driving, one must also contend with the effects of cyclic pore
pressure generation and soil set-up (or relaxation). Also, and less often mentioned, reliability
problems of measurements, especially of the force for cast-in-place piles, and velocity and
displacement in general must be contented with. Finally, the development, commercial success,
and persistence of early simplistic models, which still represent the bulk of the practice, have
deterred most end users from addressing the complexity of the phenomena at hand.
High-strain vibration, although easily implementable in practice, has not seen many
applications. Vibrators are regularly used to install sheet piles; however, in that case, axial
capacity is not usually a primary concern. Also, vibrations imply cyclic loading, which generates
an additional difficulty in the interpretation because of pore-pressure generation and fatigue
effects (Holeyman and Legrand, 1996).

2. DRIVING FORMULAE
Pile driving formulae can be viewed as a particular case of using installation monitoring to derive
information on the performance of piles. Generally based on energy considerations, those
formulae strive to provide a direct relationship between the set and the total downward ultimate
bearing capacity (some say "driving resistance" or resistance during driving). Driving formulae
usually take into account the rated or observed energy of the hammer, some loss of energy within
the driving system, and an assumed or measured rebound of the pile.
Most driving formulae are a particular case of the following general expression :
I
17; llc Mgh=-QD se/ +QD ·S
2

in which

'7i

17c
M
g
h

Q0
se1
s

is the efficiency of impact
is the efficiency of drop
is the mass of the hammer
is gravity (9.81 m s-2)
is the stroke of the hammer
is the pile driving resistance
is the transient displacement or "elastic" rebound.
is the set

Driving formulae still appearing in special provisions of some specifications include those of
Eytelwein (or Dutch formula), Janbu (or Danish formula), Hiley and Delmag (after Crandall).
Their parameters are summarised in the following table :

1
-1 + j.l

Danish

1

Hiley

Delmag

Se]
0

17c
1

'7i

Dutch

0.7 to 1

(
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The large factors of safety typically used (4 to 12) to adopt the allowable value of the pile
resistance form the interpreted driving ultimate resistance underline the low reliability of that
approach as a design tool.

3. INSTALLATION MONITORING
Besides driven piles discussed above, it appears that little information is available to relate
installation parameters to the bearing capacity of a pile. The writer anticipates that efforts
pursued in that direction could provide, if not the bearing capacity, at least some confirmation of
the installation dependent portion of the bearing capacity. More specifically, methods should be
developed and promoted to reward and recognise increases in bearing capacity that depend on
monitored processes and workmanship (e.g. lower soil relaxation around excavated piles).
Installation monitoring, as perceived by the writer, appears to be considered as a component of
the quality control of the installation, more than a design related tool.

4. QUALITY CONTROL
The quality and resulting performance of piles can be controlled from "cradle to grave".
Components of a quality control program relate to materials, installation and fabrication process,
and the finished product. In present piling practice, materials are systematically controlled,
installation and fabrication often controlled, and the finished product less often controlled. As
shown in Fig. I, low-strain dynamic testing can provide means to verify the integrity of the
finished product.
The most common low-strain dynamic testing involves hitting the pile head using a hand-held
hammer and monitoring the pile head to obtain its transient velocity, and optionally the impact
force. This test is well documented, but is not, to the writer's knowledge, the object of a national
standard. The primary objective of the low-strain dynamic test is to assess the integrity of the pile
as a structural member. Anomalies that impair the integrity of a pile and that are expected to be
identified by integrity tests include the presence of material of poorer quality than expected
(locally and overall) and variations in the cross section of the shaft (e.g., crack, necking, and
bulb). Additionally, some idea of the pile and soil behaviour at low-strain may be inferred.
Because the primary information offered by the test is the manner in which waves travel and are
reflected within the pile material, pile material strain during those integrity tests has a typical
maximum of only 2 to I 0 J.LStr.
Primary difficulties associated with low-strain integrity testing are:
Test repeatability (improved to some degree by signal averaging),
Elimination of spurious vibrations (in hammer and Rayleigh wave effects),
Discrimination between soil resistance and shaft impedance effects,
Difficulty in identifying gradual changes in shaft section,
Masking of potential necking below bulb,
Historical distrust of engineering community towards results stemmed from early days, and
Lack of one simple, quantitative, and rational interpretation method.
Other low-strain methods are used to investigate the integrity of piles, although not exclusively
relying on the transmission of longitudinal waves. These are the Parallel Seismic Testing,
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Crosshole Sonic Logging, and Single hole Sonic Logging (Stain, 1982). These three methods
require the provision of casings outside or within the pile shaft.
Parallel Seismic Testing is typically used when the pile head is not accessible. A bore-hole is
drilled immediately adjacent and parallel to the pile, and a slotted tube is installed. The boring is
usually drilled to within 1 m of the shaft and at least 3 to 5 m deeper than the presumed pile depth.
The cased hole is filled with water, and a hydrophone is lowered down the hole to monitor, at
regular depth intervals (typically 0.5 m), the water pressure wave resulting from the impacts
imparted on a structural element directly connected to the pile head. Wave arrival time delays are
plotted versus depth in order to identify the deep foundation bottom.
Crosshole and single-hole sonic logging are typically used to evaluate the concrete condition of
drilled shafts and slurry walls. Casing within the pile generally consists of water-filled tubes
attached to the reinforcement cage before the casting of concrete. Ultrasonic pulses are generated
by a piezoelectric motion generator (source), and the resulting water pressure waves are recorded
by a hydrophone (receiver). Pulses have a typical duration of 50 microseconds (!ls) and result in a
concrete strain on the order of 0.1 11str. Crosshole logging is performed by simultaneously
lowering source and receiver into separate tubes; single hole logging is performed by lowering a
source/receiver assembly, separated by a fixed depth interval, into a single hole. Wave arrival
time delays and amplitudes are interpreted with a view to identifying zones with poor quality
concrete, voids, intrusions, and breaks.
Difficulties and present limitations associated with seismic and sonic logging are:
Planning requirement and interference with construction process,
Control of casing positions,
Quality of mechanical contact between tube and concrete,
Defect must fully separate receiver from source (i.e., defect boundary must ideally intercept
casing to be detected), and
Qualitative more than quantitative interpretation.

5. SUGGESTIONS FOR DISCUSSION
As a preliminary approach to be adjusted based on a more complete review of questions raised at
the Seminar, the following topics are suggested for discussion :
5 .1 Pile dynamic testing
•
•
•
•

Dependence of mobilised load on energy level
Need for correlation with static loading tests
Use for non driven piles
European standard.

5.2 Pile Driving Formulae
•
•
•
•

Standard for set measurement upon retap
Soil set up factors
Use of complete driving history versus last blows to assess bearing capacity
Automatic set recording systems

5. 3 Installation monitoring
• Availability of monitoring systems for various pile types (e.g. screwed; continuous flight
auger (CFA), grouting, ... )
• Correlation between installation parameters and bearing capacity
• Case histories documenting different performance of a given pile type resulting from
different installation records

52

5.4 Quality control
•
•
•
•

Limitations of integrity tests
Characterisation of anomalies in term of nature, volume, shape
Addressing identified anomalies (repair, discount of capacity, etc ... )
European standards for low-strain dynamic tests
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Design of axially loaded piles- Belgian practice
A.Holeyman (UCL, Louvain-la-Neuve), C. Bauduin (Besix), M.Bottiau (Socofonda),
P. Debacker (Federal Public Buildings Agency), F. De Cock (Franki Foundations),
E. Dupont (Fundex), J. L. Hilde (Technical Control Office Seco ),
C.Legrand & N.Huybrechts (CSTC!WTCB, Belgian Building Research Institute),
P. Menge (Ministry of the Flemish Community, Ghent University), J. P. Miller (Tractebel),
G. Simon (Ministry of Equipment and Transport of the Walloon Region)

PREAMBLE : This report has been put together by combining individual contributions provided
by the authors listed above, reviewing assembled drafts in plenary meetings, and allowing the
General Reporter to edit the report for general consistency. The sole intent of the report is to
provide our foreign colleagues with a pragmatic representation of the current piling design
practice in Belgium. It is therefore explicitly stated that this report should not be construed as
superseding work products presently elaborated by several professional bodies such as
Committees, Ministries, and Institutes. As no final decisions have been made regarding the
Belgian National Application Document (NAD) for EC7 so far, references to the NAD contained
in this report have to be considered as tentative.

I REGIONAL GEOLOGY
The Belgian territory is rather flat with a continuous transition from a plain at the North Sea and
the Dutch border to the highlands of the Ardennes, the highest point being situated at Botrange
(694 m above sea level). The geology of the Tertiary and Quaternary formations in Belgium is
characterised by a Southeast Northwest oriented epirogenetic axis [34], which follows the valleys
of the rivers Haine, Sambre, Meuse and Vesdre (Figure 1), and which divides Belgium into
approximately two equal parts.
In the North, the stratigraphy has been governed by fluctuations in the coastal line.
Consequently the bedrock is covered by alternating Tertiary clay, sand and (occasionally) gravel
sediments, with thickness up to hundreds·ofmeters. The Quaternary Pleistocene formations have
been heavily influenced by the glacial periods, giving rise to the formation of marine, coastal,
river, lake or wind deposits of sand, clay, peat and silt (loess). Holocene erosion and river
sedimentation, as well as human activities, have further influenced the actual subsurface. In the
South of the epirogenetic axis, the bedrock is often found at rather shallow depths, overlain by
colluvium layers consisting of weathered rock and river sediments.
As a result of the geological history, one can find in the North a wide variety in stratigraphy,
with complicated and heterogeneous soil layer patterns. It is not therefore surprising that the
North of Belgium (like the Netherlands) has to face serious foundation problems, requiring
particular foundations such as piling or ground improvement. In accordance with those geological
conditions, depths for deep foundations generally range between I 0 and 25 meters, and more
typically between 13 and 18 meters.
2 PRACTICE FOR SOIL INVESTIGATION
Table 1 provides a summary of the Belgian practice for soil investigation, based on differences
identified from the standpoint of usage, major applications, pile design objectives, and results used
for pile design in common practice.
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Figure 1. - Geological Map of Belgium (After de Bethune [21 b])
The scope of the soil investigation performed for a particular project at a given site depends on
a large number of project and site dependent factors. The project dependent factors such as the
magnitude and distribution of loads, settlement sensitivity, and Owner requirements are mainly
discussed in Section 5.1 relating to the general design philosophy supporting a piling project. This
section 2 attempts to present the Belgian general practice for soil investigation as far as it relates
to site dependent factors.
As a result of Belgium's high population density and intensive development, an extensive soil
data base has been generated over the years. That data base consists not only in informal libraries
of soil investigation files in private firms but also in formally accessible libraries or publications.
Two main official sources of information are noteworthy: the library of the Belgian Geological
Survey which contains logs ofborings (copies ofborelogs provided by boring companies) and the
published Geotechnical Maps. The geotechnical maps currently cover parts of the most developed
areas of the country (Cities of Antwerp, Brussels, Charleroi, Ghent, Mons, and Liege).
Geological maps covering Belgian territory can also be consulted.
Based on this wealth of information and experience allowing for correlations, most soil
investigations consist exclusively in CPT tests where feasible, i.e. where the CPT tests can be
performed to a depth allowing the piling project to be designed. This is particularly the case for
the very heterogeneous quaternary soil layers encountered in large areas in Belgium, where soil
profiling is essential. For the reasons explained in Section 1, sites located in the northern part of
Belgium, where piles are required, generally fulfil those conditions.
The use of the CPT was developed in Belgium by De Beer and Verdeyen from 1945 on. De
Beer did pioneering work in developing his own interpretation and calculation methods based on
the simple cone with closing nut (M4). In addition to interpretation methods providing a friction
angle and the compression index, a particular method was published to derive the axial bearing
capacity of a pile, based on the results of a CPT test (see Section 5.4.). The history, equipment
and use ofthe CPT in Belgium are discussed in detail in Nuyens e.a. [31].
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Table l. Belgian Practice for Soil Investigation for Axially loaded Pile Design
Type

Sounding/
Testing

Usage

Major applications

Pile design objectives

IN SITU

CPT(Cone
Penetration
Test using I 0
cm 2 cones M4,
Ml,M2and
El)
PMT
(Pressure meter
TestMenard
type)
Destructive
Boring with
parameters
logging

Extensive

- Northern part of
Belgium (M and E)
- Southern part of
Belgium(M
exclusively)

Soil profiling,
identification of
potential end bearing
layer, quantification of
base and shaft
resistance
Quantification of base PJ, pr, Em
and shaft resistance,
settlement

(Belgian
Practice
First
Choice)

Rare to
- Southern part of
occasional, Belgium
but growing - Settlement
sensitive structures
Occasional - Combined with
CPT
- Southern part of
Belgium
- Combined with
non-destructive
borings for
calibration
Non-destructive Occasional - Combined with
Boring
err
- Southern part of
Belgium
DMT (Dilatometer Test)
Vane

Identification

Experimen- Research
tal
Rare
Clayey sites,
friction piles
Occasional, South of Belgium
growing
(seismic and
resistivity surveys)
Occasional General

Oedometer

Occasional

Geophysical

LABORATORY
(in combination
withiN SITU
testing and when
IN SITU testing
is not feasible)

Soil profiling and
classification (to
complete that inferred
from CPT, where
applicable), control of
continuity and quality
potential end bearing
layer
Same as above +
Quantification of base
and shaft resistance

Quantification of shaft
resistance
Quantification of base
and shaft resistance
Identification of end
bearing layer
General

Results used for
pile design
(see note below)
qc and f, vs. depth
qc and Q,, vs. depth

Penetration and
rotation velocity,
crowding force,
torque, vibration,
pressure of flushing
fluid

Results of
LABORATORY
Testing (see below)
performed on
collected samples
Cu, Ko
Cu
Vp, V,

Grain size,
Atterberg limits,
Organic content,
CaC03 content, w,

Yct, y, Ys

Unconfmed
compression
Triaxial
Compression
Vane

Compressible layer Pile group settlement
below pile toe
analysis
Quantification of shaft
Rare
Rock
and base resistance
Base and shaft
Exceptional Soil and rock
resistance
Base and shaft
Exceptional Clayey layers
resistance

Cc
qu
c'' <p'
Cu

Note : ISSMFE Symbols used for soil propert1es, spec1al1sed literature symbols used for test results.

Investigation methods other than CPT testing are performed to complement CPT tests where
warranted or where CPT testing is deemed unfeasible. The major components of those alternate
piling investigations will still include in situ testing, leaving a minor role to laboratory testing.
Information complementary to the normal CPT practice is warranted when investigation is
performed far away from prior developments or when settlements must be specifically evaluated.
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Table 2 Piling technologies used in Belgium
GROUP I
PILES EXECUTED WITH HIGH SOIL DISPLACEMENT
IMPACT DRIVEN PILES
Type A:
Prefabricated (concrete and timber) piles
Steel tube piles, close ended or open ended with plugging
Type B:
Cast-in-situ piles (with or without enlarged base)
Type C:
SCREWED PILES
Type A:
Type B:
Type C:

Cast-in-situ piles with screw shaped shaft
Cast-in-situ piles with smooth shaft
Prefabricated (concrete or steel tube) piles

JACKED PILES
Type A:
Type B:

Prefabricated concrete elements
Steel elements

GROUPII

PILES EXECUTED WITH LIMITED SOIL DISPLACEMENT OR LOW
SOIL RELAXATION

IMPACT DRIVEN OR VIBRATED PILES
Type A:
Prefabricated concrete piles with enlarged base
Steel beams with or without partial plugging
Type B:
Steel open ended tubes
Type C:
TypeD:
Steel beams with enlarged base
Steel piles with grouting (low or high pressure)
Type E:
DRILLED PILES
Type A:
GROUP Ill

PILES EXECUTED BY EXTENSIVE EXCAVATION OF THE SOIL

DRILLED PILES
Type A:

Typ,e B:
Type C:
TypeD:
GROUP IV

Cast-in-situ piles with special provisions to limit soil relaxation

With prefabricated concrete shaft
With steel tube shaft
Cast-in-situ piles (a) executed with temporary casing, (b) executed under
thixotropic liquid, (c) continuous flight auger (CFA)
With post grouting (low or high pressure)

MICROPILES

More sophisticated soil mechanical parameters may be needed when pile design is enhanced by
means of finite element programs. As these calculation methods are getting more popular in
geotechnical practice, in situ and laboratory tests to define specific parameters such as the shear
modulus may also become a larger part of the investigation practice.

3 PILING TECHNOLOGY
Table 2 provides a classification of piling technologies available in Belgium, according to
installation process and its potential resulting influence on design.
The evolution of the piling techniques used in Belgium has been originally mainly influenced
by the historical development of the Franki-type rammed driven pile with dry concrete. The
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original system has evolved with the years while its Belgian and foreign competitiOn has
developed alternative systems of impact driven piles with a shaft concreted with plastic concrete
and with or without enlarged base. These systems are still widely used in Belgium, amongst
driven piles.
Cast-in-situ piles are the predominant type. Precast piles are used where the soil geotechnical
conditions are homogeneous enough and usually for limited bearing capacities or special
applications. In recent years, major concerns have arisen around the problems of noise and
vibrations, and vibration-free systems were extensively developed. One of the particularities of
Belgium is the coexistence of different types of soil-displacement screwed piles which are well
suited to our soil conditions.
Driven piles (Group I in Table 2, and Group 11 to some extent) are thus preferred in many
cases, specially in weak subsurface conditions where soil failure governs the design. When a hard
layer is encountered (intermediate or bearing layer), piles with partial or extensive soil excavation
(Groups 11 and Ill) are generally preferred, specially when pile embedment into the hard layefis
required. The classification provided in Table 2 also lists other types of piles which can be used
more marginally or for special purposes.
4. NATIONAL RELEVANT DOCUMENTS
To this day, there is no single Belgian standard (norm or code) available to officially regulate the
national piling practice. In the absence of truly relevant national documents, several owners and
engineers have developed their own specifications or recommendations.
For the public construction markef, me calculation and the choice of the pile system is always
governed by the specifications of the different Administrations. This means that the relevant
documents for the public market depend on the owner. These particular piling specifications from
each Administration change from time to time, taking into account new technologies or/and
relevant calculation criteria. For each tender on the public market one can ask for the general
provisions of the piling specifications of the relevant Administration (e.g. Public Works, Federal
Public Buildings Agency, National Railways, etc.) while special provisions for the project are
normally part of the tender documents.
In the private construction market, every private consultant, small or large, uses his own piling
specifications. Beside the lack of standards it is perhaps interesting to mention the so-called
"Type Specifications 104", dated 1973, which are often used as a basis by administrations and
consultants to draft their own specifications. On the other hand, the Federal Public Buildings
Agency is drafting its own technical specifications "STS 21" on pile foundations [55], as an
accompaniment to Type Specifications 104.
Belgium is also working on its National Application Document (NAD) for pile foundations, in
order to implement the Eurocode 7 in Belgium. This document is expected to be available in the
short-term future.
5 NATIONAL DESIGN METHODS
5.1 General Philosophy
5 .1.1 Background
The general philosophy supporting the design of piles within a construction project stems from
historical and structural factors influencing the organisation of the Belgian profession in general
and of the project in particular. Those factors provide an imperfect framework that yet facilitates
the achievement of the goal of pile design: "identify, within the physical (mainly geotechnical) and
human environment of the site, the most adequate foundation system taking into account the loads
and the deformability of the structure".
As a result of the paucity of national standards, the Belgian approach to pile design and
construction is characterised by a truly integrated process combining the responsible contributions
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of key members of the piling project team: the Owner, the Civil Engineer, the General Contractor,
the Piling Subcontractor, and, when adopted, the Technical Controller. It is common practice that
the Engineer recommends the pile type(s) and specifies the so-called "nominal" load(s) Qsp (more
strictly called "specified" load) based on actions, pile layout, and identification of the bearing
layer. It is also common practice that the Piling Contractor assumes the responsibility for the
performance of the piles and for their design as far as toe level and soil bearing capacity are
concerned. His assessment of the allowable value of the pile resistance (Re. or R,.) is however
reviewed by the Engineer and the Technical Controller. The advantage of that division of
responsibility is that the project benefits from the piling specialist's (subcontractor) know-how.
Because Belgian piling specialists remain competitively involved and rewarded in the design
process, they have developed an engineering and problem solving expertise that is respected.
Conflicts between "smart engineer" and "dumb contractor" are also thereby reduced. In the case a
Technical Controller is assigned to the project, the project is covered by an umbrella insurance,
which then further enhances the co-operative atmosphere of the design team, and permits more
creative divisions of responsibility.
It should also be noted that civil Engineering has been and is being taught and practised in
Belgium as an integrated field of engineering revolving around the construction process. There is
no professional segmentation of the civil engineering practice, such as sanctioned abroad for
example by titles distinguishing "Structural Engineers" from "Geotechnical Engineers ... The
structure of the civil engineering profession in Belgium also tends to facilitate communication
between engineers employed by key members of the design team.

5 .1.2 Basis of design .

In the vast majority of cases, piling solutions are designed on the basis of a geotechnical
investigation, performed as discuss.ed in Section 2, with the objectives to identify possible bearing
levels and provide quantitative data to determine pile ultimate capacities. Methods to derive pile
capacity from the geotechnical investigation data are often imposed in the special provisions of the
project specifications. Although the methods specified are generally uniform, thereby confirming
the existence of a body of generally accepted design principles (GADP), some differences can be
noted between sets of specifications regarding the numerical value of coefficients.
The scope of the investigation programme depends on the size of the project and requirements
from the Owner. However one has to acknowledge a strong tendency from the owners to limit the
cost of the geotechnical investigation, fuelled by the lack of incentive attached to the present
GADP.
Pile design methods generally accepted in Belgium are characterised by the semi-empirical, yet
direct transformation of soil bearing parameters measured using in situ testing or sounding, as
discussed in more detail in Section 5.4 . Mostly used in Belgium are design methods based on the
CPT test: the unit base resistance is obtained from a scaling procedure of the cone resistance
diagram [15, 38, 53] while the pile shaft friction is obtained from the CPT total friction, local
friction, and/or cone resistance diagrams. The De Beer method has been validated and further
calibrated thanks to an extensive experimental basis spanning 30 years of full-scale co-operative
research, as described in Section 8.
Because the basic CPT-based design method provides the ultimate base and shaft resistance of
jacked or driven compression displacement piles, installation coefficients have to be introduced to
account for the installation effects of each pile type with reference to the displacement pile types
which were used to validate the basic design method. Tension piles are also designed based on
CPT tests, but with a higher degree of conservatism, reflecting the limited tension pile test data
base . When PMT is used in Belgium, the French design approach [52, 54] is followed.
As discussed in more detail in Section 5 .3, static load testing of piles is rarely used as a design
tool and generally confined to the control of designed piles. Safety and serviceability issues are
discussed in Sections 5.7 and 5.8, respectively.
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5.2 Definitions and symbols

Pile settlement; at the toe and at the head, respectively
Load corresponding to a pile settlement sb (subsript) at the toe and sh
(superscript) at the head, respectively; m indicating the value measured
from a static load test.
Specified (or "nominal" per Belgian usage) ·pile "load". Used as reference in
the piling contract and for control testing, the "nominal" load is specified
generally by the engineer based on an envelope analysis of the reactions
needed from isolated piles and piles in groups, when considering "normal"
actions and the identification of an economical reaction module. "Normal"
actions include all loads except for accidental and exceptional loads;
exceptional wind but no snow is however considered if less favourable;
negative skin friction if applicable should be accounted for. In all rigor,
the "nominal" load Qn is a reference loading level on the pile (i .e. a
reference action) while the "specified" load Qsp can be viewed as a
reference value to establish the required performance of the pile (i.e. a
reference value of the pile resistance, which could be labelled Rsp).
Allowable pile resistance in compression obtained from a pile load test and
from a calculation, respectively.
A satisfactory load test implies
R:;:, ~ Qsp; a satisfactory design for an individual pile, as generally
guaranteed by the Piling Contractor, implies R;a ~ Q" .
pile base resistance; ultimate and allowable value, respectively \
·
idem for pile shaft resistance
idem for total pile resistance in compression
idem for total pile resistance in tension
unit values for pile base resistance and shaft resistance, respectively

Rbun Rba
R'"" Rsa
Rcu,, Rea
Rru, Rta
qb, q,
q (m)

bu '

q(m)

su

d
ab, lib

as, f3s, cs, §, 1'Jp
Ab, Xb, Db
A., X., Ds

ultimate unit pile base resistance and pile shaft resistance, respectively,
directly derived from the qc values in the natural ground conditions
CPT values : cone resistance, local unit side friction, and total side friction,
respectively
diameter of the CPT sounding tube and/or cone
empirical factors for pile base resistance
empirical factors for pile shaft resistance
respectively the cross section, perimeter, and diameter of the pile base
respectively the cross section, perimeter, and diameter of the pile shaft

5.3 Static load tests

A clear distinction between design load tests and control load tests is made in Belgium. Because of
the proven reliability of in-situ tests based design methods and of the high cost and time
consumption of static load tests, loading test piles with a view to design production piles is used
only in extreme projects where the large quantity of piles is able to leverage out the benefit of an
improved design. The Belgian practice of pile load testing is therefore primarily motivated by the
need to control the conformity and intrinsic quality of the piles and should in principle, be
discussed in Section 7.2. However because control static load tests also provide assurance of the
design and may occasionally warrant its fine-tuning, procedures and interpretation of results are
discussed in this section.
The three main documents available in Belgium covering the execution of a static pile load test
place the emphasis on the Control type tests. These documents are the Recommendations of the
former National Committee on Pile Foundations [49], Draft provisions of the Federal Public
Buildings Agency (STS 21) [55], and Specifications of the Flemish Community [50). A waiting
period of 1 to 12 weeks must be respected between the installation of the pile and the execution of
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a static load test, depending on soil type and pile material. The loading procedure belongs to the
maintained load type (ML) and uses the specified load as a reference. The maximum load of 1.5
or 2.0 Qsp is achieved after 6 to 10 load increments, followed by complete unloading achieved
after 3 or 4 steps. The loads are maintained for at least half an hour and as long as the pile head
settles more than 0.05 mm per half-hour.
The load that is allowed on a pile depends on several criteria relating not only to the amplitude
of settlement at given load levels but also to the shape of its load-settlement curve. Alternatively,
the load test data can be interpreted to evidence a creep load [54]. The Belgian settlement criteria
to assess the reference value of the pile resistance R;:,1 on the basis of one measured loadsettlement curve are as follows:
Q;;'Ol7D b Q;;'025D • )
135
1.70 ,
Q 0.015Db
= min ( Q0.0075D b
m
)
· ( Qm

mm

O.OIOD b

m

,

'

1.5

'

. (Qm
Q:'mm)
3mm

mm

according to [49],
according to [55], and
according to [50]

'15 ,

Settlement criteria specified for the pile toe are converted to pile head settlement criteria, allowing
for the shortening of the pile shaft (either determined experimentally or calculated from the elastic
compression assuming a given transfer of the load to the pile toe). In addition, a pile is not
acceptable according to [49] and [55] if its load-settlement curve does not fulfil the following
shape criterion: the measured settlement at any load step may not exceed by more than 3 mm the
value obtained for the same load step by linear interpolation between any couple of other
measured points.
The ultimate load R:;:. is usually assessed based on a 10% settlement criterion for the pile toe.
In case that condition cannot not be experimentally evidenced, it is inferred from an extrapolation
of the load settlement curve using procedures suggested by Van der Veen [34bror Chin. The
value of R;:, is deduced either from R;:,1 or from R:;:. after taking into account effects not
included in the testing situation such as downdrag. In case the testing condition is deemed
representative of the service conditions, one usually adopts R;:, = R;:,1 .
5. 4 Design by calculation on basi~ ofsoil ground test results
5. 4 .I CPT-related direct method for the ultimate resistance design of compression piles
At least 90 %of all pile design in Belgium is based on semi-empirical formulae, directly assessing
both base and shaft resistance of compression piles from CPT data in the natural ground
conditions (i.e. before pile installation). The formulae include pile and soil depending empirical
factors, which are calibrated based on various research programs (see Section 8). The method
itself is conceptually the same for most common pile types (displacement as well as bored piles)
and for both non-cohesive and cohesive soils.
It should be noted that in most research work undertaken to date, the simple mechanical cone
(M4) or the electrical cone (El) have been used for the soil investigation, and thus also for
calibrating the calculation of the ultimate pile resistance with the measured pile resistance. All
empirical factors given hereunder are in principle applicable to M4 or El tests only. In practice
however, many engineers are unaware of this limitation with the result that in many cases,
correction factors for other CPT methods are not considered in the design.
In order to improve that situation, the Belgian NAD is anticipated to establish the electrical
cone El as the reference cone and to require that data from other cones be transformed to Elvalues. Studies on the influence of the CPT method on test results suggest that conversion factors
should depend not only on cone type and penetration mode, but also on soil type. qc.M values have
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been noted to be approximately 35 %higher than qc,E values measured in OC Clay, but have been
observed to be approximately I 0 % lower than qc,E values measured in sand. Conversion factors
for intermediate soils are expected to belong to the range covered by those two soil types. Total
side friction (Q.t) does not appear to significantly depend on the CPT method.

Basic formulae
The pile ultimate base resistance Rbu is deduced from the CPT data by
(m)

(1)

Rbu=/3 x qbuxAb=j3xabxeb x qbu xAb

with:
13 = a shape factor introduced for non circular nor square-shaped bases; (e.g. for barrettes);
/3 -- I+0.3B I L
with B = width and L = length of rectangular base
1.3
ab
an empirical factor taking into account the method of installation of the pile and soil
type;
&b
a parameter referring to the scale dependant soil shear strength characteristics (e.g. in
case of fissured clay)
ultimate unit pile base resistance derived from the CPT results in the natural ground
conditions
Ab
the nominal pile base cross-sectional area.

qi:)

Estimation of the ultimate shaft friction Rsu is based on one of the following CPT values : the
total side friction Qsr (easiest and most common method); the cone resistance qc; and/or the local
unit side frictionfs.
The total pile shaft resistance Rsu can be directly evaluated by proportioning the pile shaft
resistance to the CPT total side friction increment tlQst in the relevant shaft bearing layer(s) :

xs

Rsu = m:1 x,; f x l:iQst

or

xs

= 7TXl x

L,; fix

(2)

l:iQsti

with :
~~

X, resp. nd

=

an overall empirical factor (=a.. j3,. E,) introducing the effects of pile installation
method (as), of the nature of the shaft's material and roughness (13s) and soil
structure scale effects (E,);
the perimeter of the pile shaft and of the sounding rod, respectively.

The pile shaft friction can also be evaluated from a semi-empirical correlation between the
ultimate unit shaft friction q,u and the cone resistance values qc:
qSU;1JpXqC

Or further detailed as:

qSU;<;f

X

1Jp

xqC

(3a)&(3b)

and thus:

•

Rsu=XsxL.Hi X1Jpixqci=Xsx"'[.Hi x!;fix'lpixqci

(4)

wherein l]p = an overall empirical factor depending on both soil and pile type. For clarity, the
correlation 1']p = qsu lqc can be split into (I) a pure soil parameter 17~ equal to the ratio of qc and
the average unit side friction q (m), and (2) a pile/soil dependant empirical factor
su
defined in equation (2). Values for q

(m)

~~as already

•

and 17 p have oeen suggested for Belgian practice in
su
[48], and are summarised in Table 3 for ease of reference.
A third method relates the pile shaft friction to the directly measured local unit side friction Is by
qsu=afsxfs

(5)
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Table 3. q

(m)

su

and

•
1] P

values (in Eq. 3b and 4) commonly used in Belgian Practice, after [48]

qc [Mpa]
CLAY

SAND

~

0.075

0.2

0.5

1.0

1.5

2.0

2.5

3.0

q (m) [kPa]
su

5

10

18

31

44

58

70

82 qJkPa] 136.6

qc

~

q

(m)

su

10 < qc < 20 MPa
Linear interpolation between
qc I 200 and qc I 150

10 MPa

qc I 150

3.0

> 20 MPa
qc I 200

Again, one can expect that aft depends on pile and soil type, and should hence be defined by
calibration with static load tests. This method is not widely used for direct pile design (except in
the Begemann concept for cyclic loaded piles; See section in §5.4.6.2), because little calibration
data or available in Belgium and because experience has revealed the high sensibility of the fs
values from cone type and cone wear.

Calculation of ultimate unit base resistance

q (m)
bu

One fundamental aspect of the Belgian pile design is the introduction of the so-called "scale
effect" for the pile base resistance. The scale effect aims to take into account that the base
resistance of a pile is defined by the failure pattern, which extends over a certain height below and
above the pile toe, this height being related to the pile base diameter. The approach aims at
transforming the CPT diagram (generally obtained with a 3.6 cm diameter cone) into the CPT
diagram that would be obtained with a sounding rod having a diameter equal to that of the pile
base.
While in foreign countries this scale effect is calculated by rather simple mathematical
approaches (smoothing and averaging the qc-values over a certain range such as in France and
The Netherlands, a more analytical method has been developed in Belgium in the 70's by De Beer
[15] and then been widely introduced in the Belgian design practice. The method and later
modifications have also been reported in ECSMFE and ICSMFE [48] proceedings by De Beer
and Van Impe among others. It has been observed that the method aims to predict the limit load
(Qo.o2snb) near the upper and lower boundaries of the bearing layer but provides the conventional
rupture load (Qo.lODb) at large depths in that layer.

-4kE-

___ hcr~qt=-ncnt. -hcnt. do

·l D I·
I

_l ____ _

Figure 2. Scale effect principle
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Figure 4. Comparison of calculated q~;l with experimental data
The De Beer method is based on a thorough application of the principles of the scale effect,
when transition_0.$_irom a soft to a hard soil layer as shown in Figure 2.
This application of the scale effect is done in 4 steps, designated by the terms (a) homogeneous
values, (b) descending or downward values, (c) upward values and (d) mixedor blended values.
These final mixed values

q (m)
bu

are the basis values for the further base resistance calculation of

the pile. To demonstrate the procedure, step by step results of a De Beer calculation are given in
figure 3 for a simplified soil profile. A practical calculation example is provided in figure 4,
showing

q (m)
bu

for a given displacement pile, as calculated according to the basic De Beer method

as well as the slightly modified method as proposed by Van Impe and as measured at several
depths. The example design provided in section 6 provides an other illustration of the De Beer
method [15]
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Installation factors in design formulae
Installation empirical factors for a given pile in a given soil type should be deduced from
calibration with static pile load tests. It is most often assumed in Belgian specifications, that for
traditional piles of the displacement type, all empirical factors = 1. 0, so that :
(m)

X

Rcu =Rb u +Rsu =q bu xAb+ilQstx~
711i

(6)

More refined factors are however discussed hereafter.
The &b factor in equation (1) has been introduced to take into account the scale effect of the
size of the failure mechanism of a pile base relative to the failure mechanism of the CPT cone, as
recognised in the stiff fissured OC Boom clay [16]. Although size dependent shear resistance
might also exist in other soil types, that phenomenon has been explicitly introduced only in stiff
OC clay, where, one applies in Belgium:
0.476 $; eb

~

(7)

1-0.01 (Db Id-!)

Table 4. Commonly used ab factors (in equation (1)) for various pile types
Pile type
ab factor for
sand
stiff OC clay
Gr•Ll!Q..I - High soil displacement
0.8-1.0( 1)
0.8-1.15( 1)
Impact driven piles
0.8 -1.0(2)
1.0
Screwed piles
1.0
1.0
Jacked piles (smooth)
Group 11 - Low soil displacement or low relaxation
Impact driven
Drilled with special provisions

see [20,21 &46]
0.6-0.8

see [20,21 & 46]
0.8

Group Ill - Soil excavation
0.33-0.67
0.8
Cast-in-situ bored piles (large diameter and CFA)
(I) :
highest value for expanded base with semi-dry concrete only; for cast-in-situ with plastic
concrete, function of the diameter of the bottom plate relative to diameter of driving tube;
C2l ·
depending on the allowance or not for vertical soil displacement near the pile base

Table 5. Commonly used {[factors (in Eg. (2) and (4)) for various pile types and shaft material
~~

{[~~

sand

stiff OC clay

Group I - High soil displacement
Shaft in compacted semi-dry concrete
Shaft in plastic concrete or prefabricated concrete
Screwed piles - plastic concrete
Steel shaft

1.6
0.8-1.0( 1)
0. 8-1.25(2)
0.6

1.15
0.65-1.0
0.8-1.25(2)
0.45-0.65

Group 11 - Low soil displacement or low relaxation
Impact driven - steel shaft
Drilled with special provisions - wet concrete

see [20,21 & 46]
0.6-0.8

see [20,21 & 46]
0.65-0.85

Group Ill - Soil excavation
Cast-in-situ bored piles (large diameter and CFA)
0.4 - 0.6
0.5
(I) : for cast-in-situ with plastic concrete, function of diameter of the bottom plate relative to
diameter of driving tube;
CZl · highest values for screw shaped shaft.
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The ab, g and 7Jp factors in equations (l), (2), and (4) have been deduced from static pile
load tests in various research projects (see Section 8). Tables 4 and 5 are giving an overview of
values commonly used in the Belgian design practice for sand and stiff OC Clay, Intermediate
values between those listed are adopted for intermediate soil types. For certain pile types,
installation factors that have not yet been calibrated, based on an objectively conducted full scale
load test program, require the input of some judgement and are therefore the subject of some
debate. For the 7Jp factors, Van Impe [42] has summarised the values resulting from Belgian
research work. In some cases, the factors prescribed in e.g. the Dutch code (NEN 6743) or the
French regulations f52, 54] are applied.
Extended research work, on the other hand, has been performed on the bearing resistance of
steel H-beam piles, with or without base or shaft enlargements [21,2la & 46]. That research
indicates that basic formulae similar to formula (I) for the base resistance and to formula (2) or
(4) for the shaft resistance can be used. However, the design is based on the most conservative of
two possible rupture models : (I) the H-beam penetrates into the soil like a knife, without any plug
formation; and (2) a partial plug (in granular soils) or a full plug (in cohesive soils) is formed in
the space between the flanges of the H-section.

5.4 .2 Other methods for ultimate resistance design of piles on basis of in situ ground tests
Beside the widely used direct method on basis of CPT results, as detailed above, other methods
are occasionally used in Belgium. CPT-based design is sometimes performed according to codes
or recommendations from neighbouring countries, (e.g. Dutch codes NEN6740 and NEN6743 and
French DTU 13.2 or Fascicule 62). PMT-based design most likely follows the French methods
(DTU 13.2 or Fascicule 62) as well. When dynamic penetration tests (DPT) or standard
penetration tests (SPT) have been used, the geotechnical engineer generally transforms the test
data into more familiar CPT values to apply the methods detailed in Section 5.4 .I, but may
occasionally refer to Bustamante (1993).
Micropiles are most commonly designed according to the LCPC method, published by
Bustamante e.a. [3]. As the design charts are elaborated in terms ofPMT values, CPT qc data are
converted into limit pressure pz values. The conversion is often based on the comparative
research work by Van Wambeke [44], and may be simplified into a 3-6-9 rule:
qc1Pe"'='3.0 forclays, ::::<6.0 forsilts,and ::::<9.0 forsands.
Although currently being used in Belgium for e.g. tension piles, very .little experimental data is
available for post-grouted piles. Design most likely is performed using the French
recommendations [52,54].
5.4.3 Design methods based on laboratory tests
Calculations of pile bearing resistance on basis of shear parameters ($, c or eu) using static
formulae are usually not used. Their exceptional use is limited to the calculation or verification of
the shaft resistance and in that particular case, for instance :
-to define a lower limit of the shaft resistance for bored piles in granular soils;
- to calculate the shaft friction in cases where the in situ performed soil tests are insufficient, or
doubtful, or where they might not be representative of the soil conditions (e.g. in case of deep
excavations after soil testing);
-to calculate the shaft friction of tension piles (see below).
5. 4. 4 Design methods for tension piles on basis of ground test results
For straight-sided tension piles, the uplift capacity (or tensile resistance) Rtu is mostly calculated
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Figure 5. Pile uplift failure mechanisms

by assuming a slip failure along the shaft-soil interface (fig. 5a). The shear resistance along this
interface is generally calculated by direct methods on basis of the CPT data, applying the same
formulae and factors as those detailed above for the friction on compression piles. An occasional
alternative consists in applying a capped Mohr-Coulomb failure criterion assuming drained and/or
undrained soil conditions. In case of small Ds/Lp ratios, the uplift of the block of ground cooperating with the pile, has also to be checked (see figure 5b).
For piles which are strongly embedded at their lower end, the governing failure mechanism will
be rather similar to that of a plate anchor. In this case, an internal slip line will occur, at least over
the depth of embedment into the bear.ing layer. Conditions for such a slip line are generally
fulfilled for piles with cast in situ expanded base (e.g. Franki type) and for piles installed with
lateral displacement of the soil (e.g. helicoidal screw piles), both conditions being combined with a
rough shaft-soil interface.
For granular soils, the tension resistance of such a piles is often calculated on basis of the
analytical methods, elaborated by Lousberg e.a. [29]. The assumed slip line is given in figure 5c.
The height of the trumpet shaped slip line along which the shear resistance is taken into account is
limited to the minimum 4 Db and the embedment height He into the dense layer.

5.4.5 Particular load cases

Downdrag

The downdrag Fn generally is calculated following the method of Zeevaert [47], further detailed
by De Beer [11]. For a given critical height he over which the downdrag is estimated to occur, the
downdrag caused by a surcharge p0 on a pile with perimeter X, and an area of influence A
amountsto:

(
Fn =Fn,o +Fn,r =Ap
o o 1-e

-mh)
(
1-e-mrhcJ
oc + Ayrkhc 1 -m-h- -

r
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c

and
The influence areas A 0 and Ay are calculated following the hypothesis of influence cones that
extend over a top area of Ao = trh; I 4 and Ay= trh; I 16 respectively.

Cyclic loading

Particularly for piles supporting pylons for high voltage lines, specifications often require a
verification of the side friction on the piles under cyclic loading by the method suggested by
Begemann (1969). The side friction resistance is then calculated on basis of the local friction as
directly measured in the CPT, following formula (5) : q,u.= ar, x f,. On the other hand, it is
proposed by Begemann [2] for alternating loading (compression/tension), to reduce the friction
over the middle half of the embedded length of the shaft by a factor of 3. 0.

5.5 Driving Formulae

In Belgium, piles are not designed based on driving formulae. However the final blow counts can
be used to check and fine-tune the penetration required by design as follows.
During driving the first pile at the very location or at least in t.e close vicinity of a CPT test,
the set is measured at the proposed level. This set is then imposed within a narrow margin
(typically 20 %) when driving the neighbouring piles. Driving is thus to be continued until each
pile is placed in the same layer as the test pile and at such a depth that the set criterion is fulfilled.
For calculating the set (or penetration per blow), the mean value over the last 10 or 25 cm or the
mean value of 5 consecutive observations of I 0 blows is taken.
For Franki-type piles, the set recorded at base level governs the volume of dry concreted
required to form the expanded base.

5.6 Wave equation analysis
The deduction of the static bearing capacity from dynamic measurements is still considered by
several Belgian engineers as controversial because of two considerations: ( 1) the dynamic loading
behaviour is not necessarily representative of the static one, and (2) the displacement induced
during driving or dynamic testing is much smaller than what is recognised to yield significant data
about the ultimate bearing capacity of a pile. Development of pile dynamic testing in Belgium is
however further discussed in Sections 7 and 8.

5. 7 Factors ofSafoty

5. 7.1 General Concept
The factor of safety that establishes the ratio between the calculated ultimate bearing capacity and
the allowable load is meant to cover a sufficient margin of safety with regards to failure but also
encompasses uncertainties attached to e.g. subsurface conditions, calculation methods, quality of
the piles, and actual working load. In the Belgian practice, factors of safety are applied within a
deterministic framework, i.e. they are globally applied to components of the bearing capacity.
When bearing capacity is evaluated from CPT tests, Belgian engineers generally use a factor
of safety of 2 on the end bearing term and a factor of safety of 3 on the shaft resistance. In the
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case of a PMT based evaluation, French prescriptions are followed. There exists a current trend to
assign identical factors of safety to all pile types after allowing installation coefficients to account
for differences in the ultimate bearing capacity between different pile types. The working load of
piles is generally assessed based on the most conservative CPT test within a given zone of the site,
thereby neglecting the favourable effects due to load redistribution amongst piles and discounting
the design advantage offered by a potentially more extensive geotechnical investigation.
5.7.2 Factors of safety with respect to ultimate bearing resistance
In the deterministic method, global factors of safety are used :

R:a = Rbu I Sb + Rsu I Ss

with:

Sb=2.0andSs=3.0

One verifies that :
R:a (for all CPT's individually)~ Qn
In the case a downdrag Fn s R;,u is expected, one generally uses :

e - Rbu - Fn R:U
Rea+

sb

ss

'th

Wl

R:U : pile shaft resistance accrued below the neutral point.
with : Sw = 1.0 to 1.3
and Ss= 3.0 to 5.0, depending on project type
R 1~

One verifies that :

(for all CPT's

individually)~

Qnt

Alternatively, De Beer e.a. [19] suggested for displacement piles, using the results of several
CPT's within a design zone:
R
ea,!

=_2_ [Rbu,~ax + Rsu,~ax]

rt

Rca,2 =_2_
y
t

sb

S,

with : y1 = 1.4, S~ = 1.5 and S~ = 1.3 and R:a =Reed s Rca.2

[Rbu,mm. +Rsu,mm. J

That approach has been extended by Van lmpe (1986) who suggested Yt = 1.7 for bored piles and
a statistical determination of s~ and s~ .
Partial factoring is still to be decided in the Belgian NAD.

5.7.3 Structural Safety
Belgian norms available for the design of structural elements made of reinforced concrete are not
applied to design pile shafts. It is the practice to conduct that calculation on the basis of an
equivalent composite cross section equal to the concrete section plus 14 times the steel cross
sectional area and characterised by an allowable compressive stress. That allowable compressive
stress varies little between current specifications (typically 5 to 7 MPa), but is always lower than
that allowed to design reinforced concrete columns, on the grounds that the quality of concrete can
not be enforced and exposed as easily.

5.8 Serviceability

In regular present Belgian practice, serviceability conditions are not usually explicitly analysed.
Experience has indeed shown that for piles designed under usual conditions and for regular
structures, the factors of safety indicated in Section 5. 7 are conservative enough to satisfy the
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service states. A settlement analysis is explicitly performed however for pile groups located above
potentially compressible layers, for settlement sensitive structures, or for marginal and challenging
subsurface conditions. That analysis is conducted first for a single pile using mobilisation curves
for the shaft and the end bearing reactions derived from pile load tests performed under similar
conditions, and later refined using the results of control load tests performed on the site.
Alternatively, mobilisation curves can be derived from the results of CPT tests, as suggested by
Verbrugge [56]. Settlement of the pile group is then evaluated using stress distribution theories
(e.g. Buisman) and a linear or logarithmic stress-strain relationship for the soil.

6 PARTICULAR EXAMPLE
The following example illustrates the widely used procedure described in Section 5. 4 .1.
Pile: Cast-in-situ pile (group I type C), wet concrete shaft, D = 520 mm
Pile base depth: 10.5 m
Soil : Loam (0 m - 8 m) and sand (8 m - 12 m)
CPT: M4
Total side friction (kN)

Base resistance (Mpa)
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q~;l = 10.3 MPa (De Beer method)

~Qst

=55 kN

~r =

1.0

ab= 1.0
Eb = 1.0
1r X

0.52 2

~u = !.O x !.Ox - 4-

sb = 2

60

40

0

x 10300

= 2184 kN

R, = 1.0 X 55 X
u

0520
--

0.036

S,=3

R.. = R.,.!Sb + R..IS, = 1.09 + 0.27 = 1.36 MN
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= 801 kN
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7. QUALITY CONTROL AND MONITORING

7.1 Monitoring ofpile installation

In addition to controlling the quality of the used materials such as concrete and reinforcement, one
can also monitor the different execution parameters during the installation of the pile. To ensure
the reliability of the monitoring, some basic data is always recorded, such as date and time of
installation, co-ordinates of the pile location, etc. The following paragraphs address specific
aspects of the monitoring of impact driven piles on one hand and drilled and screwed piles on the
other hand.
The blow count which is normally recorded against the penetration of the pile by the piling
foreman can also be registered by a monitoring device. The monitoring of the end of driving is
discussed in section 5.5. Monitoring devices (such as Pile Dynamic Analyser (PDA) or blow
count recorders versus depth) are not currently specified, although some piling contractors are
equipped with those systems.
Drilled and screwed piles are monitored with regards to the drilling or screwing process as well
as the concreting process. Depending on the pile system and monitoring system, several of the
following parameters are generally recorded : speed of penetration, speed of rotation, depth,
rotational torque (usually inferred from the hydraulic oil pressure of the drill table). The
concreting which is most often performed using a pump must be controlled by a monitoring device
measuring the volume of the used concrete, the pressure applied to the concrete and the pull-out
speed. For some pile types used in Belgium, a computer-based monitoring system has already
been implemented. When demonstrated to be reliable, that type of monitoring is asked more and
more often by the quality control department of owners and consultants.
Soil relaxation resulting from the installation process can be evaluated on the basis of
soundings performed alongside the pile.

7.2 Visual inspection, Static Loading Testing, and Core Sampling
Although visual inspection only gives limited information on the top surface and the small portion
of the shaft which may be exposed, it is always performed.
In spite of its rare use, the static loading test is still in the Belgium the least disputed method to
test the integrity and to verify the bearing capacity, as discussed in more detail in section 5.3. In
the case of a control test, a pile is deemed satisfactory when R;'.1 ~ Qsp . In the event that
condition is not fulfilled, further analysis by the engineer and negotiations between the contracting
parties ensue, based on the value of R:;:, or R:;:, evidenced form the static load test.
Especially for bored piles, vertical core sampling is sometimes carried out. The sampling
provides a continuous control of the quality of the concrete in the pile shaft. Continuing the
sampling through and beyond the toe of the pile allows one to examine the tightness of the contact
between the base of the pile and the bearing soil layer.

7. 3 Non destructive tests
Information on pile integrity is obtained using sonic or gamma-gamma logging, the echo method,
and the mechanical admittance method.
Sonic and gamma-gamma logging is usually performed on bored piles using access tubes
mounted on the reinforced cage to evaluate the quality of concrete between emitter and receiver.
Depending on the extent and success of the testing program [23], the evaluations expected
from the sonic echo and the mechanical impedance methods may include the length of the pile, its
cross-section, the extent to which these dimensions vary, the density of the concrete, the
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Table 6. Belgian Pile Testing Expenence - Part I: Programs
Name

Abrev.
ZEL

Zelzate

ANTI Antwerp

Reference

Program information

Summarized soil configuration

Test Sites

Period Depth Nature of upper stratum Depth Nature of lower Num
(m)
stratum(s)
-ber
oftests (m)

[12]

1968

0-21

loose loamy sand

[12,48]

1968

0-11

loose sand

21-26 Boom-day
> 11

Boom-clay

and Type of piles
tested

I

T ensioo bored

5

Tension driven cast-in-situ

Objectives - Results
Skin friction resistance under tension
Skin friction resistance and bulb effect under

tension
~Tll Antwerp (North)

(48]

?

0-8

soft clay and peat. and loose sand

>8

dense sand

I

Tension driven cast-in-situ

Skin friction resistance and bulb effect under

tension
(48]

?

0-13

soft clay and peat. locally sandy

>13

dense sand

I

Tension driven cast-in-situ

Skin friction resistance and bulb effect under
tension

[14, 45, 48]

1969170

0-13

loose sand to sandy silt

> 13

Medium dense sand

4

Driven cast-in-situ

Scale effect for base resistance (medium dense

Kontich I

[8, 16,48]

1975176

0-3

sandy loam (silt)

>3

tertiary Boom-clay

12

Driven cast-irf-situ, and

Scale effect for base resistance (fissured clay), shaft

prefabricated

frictioo

Kallol

(17, 18,48]

1977178

0-8

soft clay and peat

>8

7

Driven cast-in-situ

Scale effect for base resistance (dense sand)

(20, 21, 48]

1977/81

0-8

soft clay and peat

>8

Dense sand
Dense sand

12

Driven H steel pile

OST

Ostend

ZWI

Zwijnaarde (Ghent)

KO!
KAI

sand)

KAll Kalloll

Plugging, influence of pile length, enlargement in
sand. orediction bv stress wave ana]ysis.

KOll Kontichll

[20, 21 , 48]

1977/81

0-3

sandy loam (silt)

>3

tertiary Boom-clay

12

Driven H steel pile

(38, 48]

1982

0-6

soft clay and peat

>6

Dense sand

4

Bored and driven steel tube

........

(]1

KAill Kallolll

Plugging, influence of pile length, enlargement in
clay, prediction by stress wave analysis.

Comparison bored and driven piles in sand (all
same geometry)

ORB

Groot-Bijgaarden

(48]

1983/85

0-8

sandy loam and clay

>8

Fine sand/ dense sand

6

Driven cast-in-situ

Influence of base plate enlargement oo base

resistance
ZWE Zwevegem

[29]

1984

0-15

tertiary leper-clay

> 15

compact sand

2

Screwed (auger) cast-in-situ

(Kortri"k.)
GHI

Ghentl

Design of cast-in-situ displacement screwed piles in
clay

[40]

1985

0-14

silt & silty clay

> 14

Dense clayey sand

2

Screwed (auger) cast-in-situ

Design of cast~in~situ displacement screwed piles in
sand

KAIV Kallo!V

[2la]

1986

0-5

soft clay

>5

Dense sand

3

Driven H steel pile

Influence of geometry and position oflagging,
prediction by stress wave analysis.

GHll Ghentll

(23, 26, 30, 36. 37,

1987

0-10

silt & silty clay

Screwed (auger) cast-in~situ.
Comparisoo different screwed and CFA piles in
CFA & driven precast coocrete sand. Prediction by dynamic loading tests.

>10

Dense clayey sand

12

>8

sand

3

CFA

Design of CFA piles- Use of DMT

2

Screwed (auger) cast-in-situ

Design of cast~in-situ displacement screwed piles in

38, 40, 41]
GEE

Gee!

(32]

1988

0-8

loose sand, silty sand

NSC

North Sea Coast

(24]

1990

0 - 10

soft clay

KOE

Koekelare

(4, 22]

1992

0-5

silty/clayey sand

>5

tertiary Ypresian clay

10

Screwed (auger) cast-in-situ
and screwed steel tube

Design displacement screwed piles in clay.

LIM

Limelette

[28]

1995-96

0-9

loam

>9

dense sand

4

Driven (cast-in~situ. steel tube,

Comparison of driving techniques in sand; induced
vibrations, prediction by dynamic loading test.

VIL

Vilvoorde

[7]

1995

0-7.5

sandy silt

sand

3

10-16 clayey sand

sand. Prediction by dynamic loading test

precast concrete)

~---

-

> 7.5

Prediction by dynamic loading test. Use of DMT

Screwed cast-in-situ Omega and Design of Omega-piles, comparisoo with precast
driven precast concrete

Table 6 (continued). Belgian Piles Testing Experience- Part 2: Piles data (1)
Test Test
site pile

Description

C,T 0 Shaft
(1)

(m)

0 base
(m)

Base
depth

Q.,..

S.,..

Q.,.

(MN)

(mm)

(MN)

ZEL

I

Bored with bucket with casing & under bentonite

T

0.80

0.80

26.4

2.90

40.66

nr

ANTI

B

Franki (normal expanded base. ranuned shaft)

T

0.45

> 0.45

8.3

0.96

3.98

nr

ANTI

c

Frank.i (normal expanded base, ranuned shaft)

T

0.36

> 0.36

8.3

0.90

6.24

nr

ANTI

D

Frank.i (normal expanded base, ranuned shaft)

T

0.45

0.45

8.3

0.90

3.94

nr

ANTI

E

Franki (nonnal expanded base, rammed shaft)

T

0.36

0.45

8.3

0.90

6.28

nr

ANTI

G

Steel tube pile

T

0.32

0.32

8.3

0.90

17.63

nr

ANTII

I

Franki (normal expanded base. rammed shaft)

T

0.52

0.72

10.1

2.48

57.00

nr

OST

I

Franki (normal expanded base, rammed shaft)

T

0.52

0.72

10.1

3.04

35.00

nr

GRB

I

Vibrex pile + very enlarged steel plate

0.52

0.72

20.0

2.44

11.49

nr

GRB

2

Vibrex pile + normal steel plate

0.52

0.52

10.0

2.44

64.95

nr

GRB

3

Vibrex pile + normal enlarged steel plate

0.52

0.62

10.0

2.20

66.09

nr

GRB

4

Super- Vibrex pile + steel plate +cast in-situ enlarged base

0.52

0.52

10.0

2.44

30.14

nr

GRB

5

Vibrex pile + very enlarged steel plate

0.52

0.72

10.0

2.20

72.47

nr

GRB

6

Closed-end steel tube pile

0.51

0.52

10.0

1.46

55.15

nr

ZWE

I

Atlas screw (auger) cast-in-situ pile

0.36/0.46

0.46

12.7

1.58

12.00

nr

ZWE

2

Atlas screw (auger) cast-in-situ pile

0.36/0.46

0.46

12.7

1.76

36.00

nr

GHI

I

Atlas screw (auger) cast-in-situ pile

0.36/0.46

0.46

13.5

2.76

75.00

nr

GHI

2

Atlas screw (auger) cast-in-situ pile

0.36/0.46

0.46

13.5

3.00

75.00

nr

KAIV

I

H Steel without lagging

0.36x0.41 0.36x0.41

14

3.50

112.00

2.78

KAIV

2

H Steel with lagging near the toe

0.36xiJ.41

1.08x0.41

14

4.35

110.00

3.51

KAIV

3

H Steel with lagging and plate near the toe

0.36x0.41

1.08x0.41

14

5.50

167.00

4.97

GHII

3

Fundex screw (auger) cast-in-situ pile

0.38

0.45

13.0

2.04

14.00

nr

GHII

5

Continuous flight auger cast-in-situ pile

0.45

0.45

14.5

1.72

15.00

nr

GHII

6

Atlas screw (auger) cast-in-situ pile

0.3610.46

0.46

12.5

2.01

13.00

nr

GHII

8

Fundex screw (auger) cast-in-situ pile

0.38

0.45

13.0

1.86

14.00

nr

GHII

9

Continuous tlight auger cast-in-situ pile

0.45

0.45

14.5

1.62

15.00

nr

GHII

10

Atlas screw (auger) cast-in-situ pile

0.3610.46

0.46

12.5

2.02

13.00

nr

GHII

11

Driven precast concrete pile

13.3

2.80

16.00

nr

GHII

12

Fundex screw (auger) cast-in-situ pile

GHII

13

Continuous flight auger cast-in-situ pile

GHII

14

Atlas screw (auger) cast-in-situ pile

GHII

15

Driven precast concrete pile

NSC

I

Atlas screw (auger) cast-in-situ pile

GEE

33

Continuous tlight auger cast-in-situ pile

GEE

55

Continuous tlight auger cast-in-situ pile

GEE

99

Continuous tlight auger cast-in-situ pile

KOE

I

Steel tube screw (auger) pile

KOE

2

Atlas screw (auger) cast-in-situ pile

KOE

3

Atlas screw (auger) cast-in-situ pile

KOE

8

Steel tube screw (auger) pile

KOE

9

Atlas screw (auger) cast-in-situ pile

KOE

10

Atlas screw (auger) cast-in-situ pile

KOE

15

Atlas screw (auger) cast-in-situ pile

KOE

16

Atlas screw (auger) cast-in-situ pile

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

KOE

21

Atlas screw (auger) cast-in-situ pile

KOE

23

0.32x0.32 0.32x0.32
0.38

0.45

13.0

nr

nr

1.81..2.60

0.45

0.45

14.5

nr

nr

0.87 .. 1.66

0.36/0.46

0.46

13.0

nr

nr

1.24.. 2.60

0.32x0.32 0.32xiJ.32

13.4

nr

nr

1.64 .. 2.80

0.36/0.46

0.46

12.0

0.68

3.30

1.25

0.35

0.35

10.5

1.78

2.67

nr

0.35

0.35

10.5

1.55

1.97

nr

0.35

0.35

10.5

1.39

6.27

nr

0.35

0.65

13.0

nr

nr

nr

0.3610.50

0.50

13.0

nr

nr

nr

0.51 /0.65

0.65

13.0

nr

nr

nr

0.35

0.65

13.0

1.30

80.03

nr

0.3610.50

0.50

13.0

1.95

60.04

nr

0.51 10.65

0.65

13.0

2.50 I 64.32

nr

0.36/0.50

0.50

13.0

2.05

26.04

nr

0.5110.65

0.65

13.0

2.35

29.63

nr

T

0.36/0.50

0.50

13.0

nr

nr

?

Atlas screw (auger) cast-in-situ pile

T

0.5110.65

0.65

13.0

nr

nr

?

c
c
c
c
c
c
c

0.30

0.30

9.5

1.22

40.64

nr

9.5

1.74

34.42

nr

LIM

5

Driven steel tube

LIM

8

Driven precast concrete pile

LIM

12

Driven cast-in-situ with steel plate

LIM

16

Driven cast-in-situ with enlarged base (Franki)

VIL

3

Screwed cast-in-situ Omega

VIL

4

Driven precast concrete pile

VIL

5

Screwed cast-in-situ Omega

(1) C =compressiOn, T = tens10n
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0.29x0.29 0.29x0.29
0.40

0.40

9.5

2.82

52.39

nr

0.40

0.52

9.5

3.07

174.83

nr

0.41

0.41

14.0

2.08

18.66

nr

0.35

0.35

7.2

1.1

76.6

nr

0.41

0.41

14

1.9

55.93

nr

Table 6 (continued). Belgian Piles Testing Experience- Part 2: Piles data (2)
Test Test
site pile

Description

Base
depth

s....

Q ....
Qo~y.
(MN) (mm) (MN)

C, T

0 Shaft

0 base

(1)

(m)

(m)

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

nr

1.43

12.3

3.60

13.40

nr

0.52

1.47

12.3

3.60

9.10

nr

nr

1.58

7.3

2.38

51.00

nr

0.52

1.33

7.3

3.58

46.00

nr

nr

1.40

11.4

2.16

133.99

nr

0.41

1.45

11.4

3.12

211.85

nr

0.41

1.45

11.4

3.44

160.06

nr

0.41

1.45

I 1.4

3.28

173.40

nr

nr

1.40

I 1.4

2.32

94.85

nr

nr

0.62

10.6

0.62

105.64

nr

0.41

0.64

10.6

1.52

40.60

nr

0.41

0.64

10.6

2.16

192.37

nr

0.41

0.41

10.0

0.88

184.37

nr

0.41

0.41

10.0

1.20

198.69

nr

0.41

0.41

10.0

1.04

173.13

nr

0.41

0.41

10.0

0.72

189.40

nr

0.52

0.90

9.7

6.18

96.39

nr

nr

0.54

9.7

2.87

103.33

nr

0.41

0.62

9.8

3.35

110.61

nr
nr

(m)
ZWI

3

Frank.i (overexpanded base, shaft friction eliminated)

ZWl

4

Franki (overexpanded base, rammed shaft)

ZWI

5

Franki (overexpanded base, no shaft friction)

ZWI

6

Franki (overexpanded base, rammed shaft)

KO!

l

Franki (overexpanded base, shaft friction eliminated)

KO!

2

Franki (overexpanded base, vibrated shaft)

KO!

3

Franki (overexpanded base. rammed shaft)

KO!

4

Franki (overexpanded base. vibrated shaft)

KO!

5

Franki (overexpanded base. shaft friction eliminated)

KO!

6

Franki (normal expanded base. shaft friction eliminated)

KO!

7

Franki (normal expanded base. vibrated shaft)

KO!

8

Franki (normal expanded base. rammed shaft)

KO!

9

Vibrated shaft. steel plate

KO!

10

Franki (no expanded base. rammed shaft)

KO!

11

Driven prefabricated concrete pile

KO!

12

Driven steel tube pile (closed end)

KAI

I

Franki (nonnal expanded base. vibrated shaft)

KAI

2

Franki (normal expanded base, shaft friction eliminated)

KAI

3

Frank.i (normal expanded base. vibrated shaft)

KAI

4

Franki (normal e>.:panded base. shaft friction eliminated)

KAI

5

Driven steel tube pile (closed end)

KAI

6

Driven steel tube pile (dosed end), enlargement 1.6m above
basis, l.6m length

KAI

7

Vibrated shaft. enlarged steel plate at the basis

KAIII

A

Driven steel tube pill! (closed end)

KAIII

B

Driven steel tube pile (closed end)

KAIII

c

Bored with bucket under bentonite

KAIII

D

Bored with bucket under bentonite

KOII

l

H steel pile without lagging

KOII

2

H steel pile with local constant enlargement near the toe

KOII

3

H steel pile with local variable enlargement near the toe

KOII

4

H steel pile with local variable enlargement near the toe

KOII

5

H steel pile with enlargement (plate) near the toe

KOII

6

H steel pile with local variable enlargement near the toe

KOII

7

H steel pile with local variable enlargement near the toe

KOII

8

H steel pile without lagging

KOII

9

H steel pile with steel plate at the bottom

KOII

10

H steel pile with steel plate near the bottom

KOII

ll

H steel pile with local constant enlargement near the toe

KOII

12

H steel pile with local constant enlargement near the toe

KAII

I

H steel pile without lagging

KAII

2

H steel pile with local constant enlargement near the toe

KAII

3

H steel pile with local variable enlargement near the toe

KAII

4

H steel pile with local variable enlargement near the toe

KAII

5

H steel pile with enlargement (plate) near the toe

KAII

6

H steel pile with local variable enlargement near the toe

KAII

7

H steel pile with local variable enlargement near the toe

KAII

8

H steel pile with local variable enlargement near the toe

KAII

9

H steel pile with steel plate at the bottom

KAII

10

H steel pile with steel plate near the bottom

KAII

ll

H steel pile with local constant enlargement near the toe

KAII

12

H steel pile with local constant enlargement near the toe

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

(1) C =compressiOn, T = tens10n
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nr

0.82

9.8

5.21

84.30

0.41

0.41

9.3

1.80

68.02

nr

0.41

0.41

11.4

4.74

81.35

nr

0.41

0.54

9.4

2.87

68.07

nr

0.60

0.60

11.0

5.45

263.00

nr

0.60

0.60

ll.O

6.00

300.00

nr

0.60

0.60

11.0

5. 10

320.00

nr

0.60

0.60

11.0

4.30

290.00

nr

0.39x 0.38

0.39x 0.38

18.0

2.28

48.00

2.11

0.39x 0.38

0.8lx0.38

14.5

1.52

97.00

1.85

0.39x 0.38

0.8lx0.38

15.5

nr

nr

1.62

0.39x 0.38

0 .8lx0.38

19.0

nr

nr

l.l7

0.39x 0.38

0.55x0.55

19.3

nr

nr

1.51

0.39x 0.38

0.80x0.80

14.5

nr

nr

1.50

0.39x 0.38

0.39x 0.38

19.0

nr

nr

0.50

0.39x 0.38

0.39x 0.38

50.0

6.51

119.00

6.85

0.39x 0.38

0.39x0.38

18.5

nr

nr

0.40

0.39x0.38

0.39x 0.38

18.5

nr

nr

0.31

0.39x 0.38

l.l3x0.39

18.0

2.75

94.00

3.86

0.39x 0.38

l.l3x0.39

18.5

nr

nr

3.20

0.39x0.38

0.39x 0.38

18.0

3.10

13.50

3.09

0.39x 0.38

0.39x 0.38

15.0

6.50

41.00

6.54

0.39x 0.38

0 .8lx0.38

14.5

5.30

57.00

4.56

0.39x 0.38

0.8lx0.38

18.0

nr

nr

3.49

0.39x 0.38

0.8lx0.38

18.5

nr

nr

3.20

0.39x0.38

0.55x0.55

14.2

7.40

85.00

5.54

0.39x 0.38

o.8o,-o.8o

18.7

nr

nr

4.53
4.53

0.39x 0.38

0.39x 0.38

18.0

nr

nr

0.39x 0.38

0.39x 0.38

19.0

nr

nr

0.39x 0.38

0.39x 0.38

19 .0

nr

nr

4.06

0.39x 0.38

0.39x 0.38

19.0

nr

0.39x0.38

l.l3x0.39

18.5

nr

nr
nr

4.58

5.15

propagation velocity of stress waves in the pile and the soil, and the pile toe condition in the
bearing layer.
Belgian experience of the sonic echo method has evidenced however several limitations in the
case of cast-in-situ concrete piles (driven, screwed, vibrated, injected or bored) which often have a
very irregular lateral surface. A limitation has been found when one encounters several
discontinuities in a particular pile : the number of echoes which may be partially superimposed is
thereby increased and makes the interpretation of the graphs more difficult. Another limitation
has been identified when heavy damping of the signal due to the corrugated texture of the shaft
prohibits in some cases the interpretation of the test. It has also been observed that the wave
speed travelling in screwed piles shafts is lower than the concrete bar wave speed.
The mechanical admittance method is used when quantification of the pile cross-sectional area
and of the pile-soil interaction parameters is needed, in addition to information regarding the
integrity of the pile.

7. 4 Dynamic load tests
Dynamic load tests with measurement of the strain and velocity of the pile head are increasingly
used to evaluate the behaviour of piles [25b, 26b]. Few dynamic tests have been performed on
non-displacement (bored) piles however, and some judge that there is not enough experimental
data to confirm the feasibility of the method in such cases.
In spite of these arguments, deductions are made using available methods based on the wave
equation, including the "Case" and "Capwap" type approaches. Studies of the "Case" method in
Belgium [25] tend to show that the result depends strongly on the shape of the impacting force
diagram (role of helmet) and on the level of energy.
For the "Capwap-type" procedure, Belgian experience has found a reasonable degree of
reliability for the prediction of the ultimate skin friction and of the loading curve at the base, up to
the mobilised load [25]. The ultimate failure load, if required, is then a matter of extrapolation as
in the case of a loading test not carried out to failure. Tests conducted in Belgium indicate that
the maximum transient displacement at the base can exceed that corresponding to the limit load.
8 PARTICULAR NATIONAL EXPERIENCES
De Beer's method [13] finds its roots in theoretical and laboratory experimental research work
[7,8) dealing with the interpretation of the CPT test. The method was further enhanced using
experimental full scale research conducted on displacement piles at different sites in Belgium
(Zwijnaarde, Kontich, Kallo I and III). Table 6 provides information on those test programs as
well as on other research programs undertaken for other pile types. Three test sites were used to
study the behaviour of H steel piles : two in Kallo II and IV (sand) and another in Kontich II
(clay).
Other comparative tests were undertaken in Groot-Bijgaarden with Vibrex-type piles having
different lengths and base types. More recently, a test site in Limelette with different driven piles
has been undertaken in order to compare driving techniques, performance and induced vibration.
Tensile piles have not been frequently tested (test sites of Ostend, Antwerp I and II, Zelzate
focused on bored piles and cast-in-situ driven piles with an enlarged base). The question of the
prediction of their ultimate tensile load remains open in many cases.
For more than fifteen years, the market of the continuous flight auger cast-in-situ pile and the
screwed (auger) cast-in-situ pile has been rapidly increasing in Belgium, and significant research
work has been undertaken on such piles in different soil conditions (test sites of Zwevegem, Ghent
I and II, North Sea Coast, Gee!, Koekelare and Vilvoorde).
During the last decade, research work has been undertaken in order to improve prediction of
pile behaviour by means of stress wave analysis (Kontich II and Kallo II), dynamic loading test
(Ghent II, North Sea Coast, Koekelare) and the use of the dilatometer test, DMT (Gee! and
Koekelare).
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In total, more than 100 piles have been scientifically tested during the last 30 years in Belgium
in order to develop and improve design methods for axially loaded piles (compression or tension).
All this research work has been accomplished thanks to the financial aid of the National Institute
for Scientific Research in Industry and Agriculture, the services for funding industrial research in
the three Belgian Regions, the Ministry of Public Works, the Belgian Geotechnical Institute, the
Civil Engineering Department of the Universite Catholique de Louvain, the Laboratory of Soils
Mechanics of the University of Ghent, the Belgian Building Research Institute, and Belgian piling
contractors.
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ABSTRACT : On the background of regional geology, piling technology and design methods
in the Czech Republic are dealt with. Soil investigation methods, quality control and
monitoring are mentioned too.

1 REGIONAL GEOLOGY OF THE CZECH REPUBLIC
The diversity and complexity of the geology of the Czech Republic is due to the fact that it is
composed of two different basic geological units. The greater part of the Czech Republic
(Bohemia and Northern and Western Moravia) belongs to the Bohemian Massif while the
Easternmost and Southern Moravia are formed by the Carpathians (Fig. 1). These two basic
geological units differ considerably in the ages of their rocks and decisive tectogenetic
processes and in their palaeogeographic development, structural features and morphology. On
the ground surface, the boundary between these two main geological units runs in a SW-NE
direction along the line connecting the towns of Znojmo, Pferov and Ostrava. At depth,
however, the structures of the Bohemian Massif extend farther to the SE, thus underlying the
Carpathians.
The Bohemian Massif is an old geologically heterogeneous block extending from the Czech
territory into the neighbouring countries of Austria, Germany and Poland (Fig. 1). Having been
affected by older orogeneses such as the Precambrian and Caledonian, the tectonic
development of the Bohemian Massif culminated in the formation of the Variscan mountain
chain during the late Palaeozoic. Thick continental Permocarboniferous sequences consisting
mostly of arkoses, mudstones and shales and containing economically important coal-seams
were deposited as filling in intermontane depressions in the newly formed Variscan orogen.
Consolidated by the Variscan folding, the Bohemian Massif turned into cratogen. Later it was
covered only by the epicontinental Cretaceous sea and by lakes in the Cretaceous and the
Tertiary periods. After the Permocarboniferous period the Bohemian Massif was peneplanized
until the beginning of the Neogene. During the Neogene and Quaternary, the general uplift of
the whole Bohemian Massif and the intensive tectonic activity, causing horsts and grabens,
together with the volcanic activity led to the geomorphological rejuvenation of the Bohemian
Massif. The depressions were filled in by Neogene sandy-clayey and organogenic (coal seams
and diatomaceous clays) deposits up to some hundred metres thick. During the Pleistocene,
sandy and gravely deposits of fluvial and glaciofluvial origin were deposited over extensive
areas.
The Carpathians belong to the Alpine-Carpathian mountain chain. They had a geological
history that was comparable with that of the Bohemian Massif only until the Palaeozoic era.
After the beginning of the Mesozoic, when the extensive Alpine-Carpathian geosyncline arose
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in the southern and eastern vtctmty of the Bohemian Massif, their different geological
development started. The thick sedimentary complexes of the Carpathians were folded and
thrusted from the central part northwards and north-westwards over the more rigid units in
their foreland (including Bohemian Massif) mainly during the late Cretaceous, the Oligocene
and the Neogene. Within the Czech territory only the outer parts of the West Carpathians
occur: the Neogene Carpathian Foredeep, the Flysch belt and the important intermontane
Vienna basin.
Due to the aforementioned complex geological history, foundation soils in the Czech
Republic vary from residual soils (weathered crystalline and sedimentary rocks- Fig. 1, No. 3),
often restricting the use of driven piles, to large areas formed by Neogene stiff clayey
sediments (either of marine or lacustrine origin, with abundant fissuration - No. 7). Sandy
material is often encountered locally (Cretaceous sediments of Northern Bohemia - No. 6:
sandstone's underlain by clays and claystone's or Flysch sandstone's), as are limestone's (No.
4). About 10% of the country is covered by wind-blown sediments (loess, loessialloam, silts).
In many areas, the ground water is aggressive. Alluvial soils represent geomaterials of high
compressibility. Glacial sediments are rare (the Quaternary glaciation stopped at the boundary
of the mountains of Northern Bohemia and Moravia).
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Figure 1 - Geological position of the Bohemian Massif in the Central Europe :
1 - surface boundaries of the Bohemian Massif, 2 - Post-Variscan deposits outside the
superficial boundaries of the Bohemian Massif, 3-4 - basement of the Bohemian Massif
intensively folded by Variscan tectogenesis, 3 - crystalline, Precambrian and Palaezoicmostly
noncarbonate ("hard") rocks, 4 - Silurian and/or Devonian karstified limestones, 5-8 - PostV ariscan cover of the Bohemian Massif, 5 - Permocarboniferous basins, 6 - Bohemian
Cretaceous Basin, 7 -Tertiary basins (mostly Neogene, in Southern Bohemia also Cretaceous
deposits), 8 - Tertiary volcanic rocks, 9 -frontiers between states.
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2 PILING CONDffiONS AND THE COMMON PRACTICE OF SOIL INVESTIGATION
The engineering geological features of the Czech Republic are very varied being complex and
regionally differentiated. Within the cratogen block of the Bohemian Massif, Precambric and
older Palaeozoic well-diagenetically solidified rocks prevail (metamorphic, folded sediments).
The platform cover of the cratogen block consists of sedimentary filling of the Central
Bohemian, Western Bohemian and Eastern Bohemian Permocarbon basins or marine Upper
Cretaceous sediments in Central and Eastern Bohemia. They mostly form fairly resistant rocks
In contrast, the young Tertiary deposits of the Krusne Hoty graben or Budejovice basin, where
pellitic sediments prevail, fluctuate between weak rocks and soils and often require deep
foundations for more sensitive and demanding structures.
The Eastern part of the Czech Republic is less favourable for foundations because of the
softer, diagenetically less solidified rocks of the Foredeep of the Alpine orogen and the flysch
rocks of the Carpathian arch on the border with Slovakia.
Quaternary sediments by their nature and mainly by their relatively small thickness do not
require the application of the deep foundations. Exceptions are some local accumulations of
eolian sediments or thicker alluvial deposits along the banks of the larger rivers.
On the other hand, exogenic factors have exerted an unfavourable effect on the shallow
foundation soil zone, often marked already on the Palaeozoic peneplane. Dominating is the
effect of the periglacial climate of the Pleistocene. This is manifested by the mechanical or
combined alteration of the shallow zone which varies in intensity with depth, eventually
combining with the cryoturbation phenomena.
Deep foundations, especially with piles, will be sometimes chosen even if they are not
essential for the current subsoil conditions. This is the situation where subsoil properties in the
shallow zone cannot be reliably identified or are excessively variable, the control of the ground
water inflow into the foundation pit would be too difficult or expensive or where the water
table lowering could endanger the stability of structures or the capacity of water resources.
As a consequence of the urbanisation and industrialisation of the Czech Republic, more and
more frequently one has to use sites disturbed by the human activity. These include various
waste deposits, landfills, mining tips etc. whose heterogeneity and hardly definable properties
(mostly unfavourable) call for the use of deep foundations.
Piles are current in the Czech Republic. Owing to the distinct interruption in the exploration
for ore deposits at the turn of the sixties and seventies releasing high capacity of the drilling
rigs for use in construction large diameter bored piles came into use, either as point bearing or
floating piles for foundation medium depths (10 -20 m).
Micro piles, irrespective of the foundation soil, are used to remediate the subsoil of
statically endangered bearing elements of old structures or for the underpinning of
neighbouring structures endangered by excavations for foundations.
Engineering geological subsoil investigation is governed by the standard CSN 730090
"Geological investigation for building purposes". Details are given in "Rules for the execution
of the engineering geological and hydrogeological investigation" of the former Czech
Geological Institute which has been revised several times. It is accepted as a standard.
Subsoil investigations follow the principle of progressing in stages: for deep foundations,
starting from the initial incomplete information, the exploration is gradually focused on the
collection and improvement of the information about the properties of the deeper layers. As the
information and the plans for the project develop, the foundation concept emerges.
Knowledge of the geological conditions in the Czech Republic is rather extensive,
especially in the urban and industrial agglomerations and in the mining areas. For over forty
years the central archive (Geofond) has been gathering the results of the majority of site
investigations, mostly in the form of maps and soundings.
Archive information and the knowledge of the terrain often suffice for the design of
common shallow foundations. For deep foundations one has, as a rule, to perform complex

identification and verification investigations requiring both field and at desk work.
The underlying geological structure is verified almost exclusively by core boring. To
identify the important irregular geotechnical boundaries, geophysical methods are used
(geoelectrical, seismic and georadar methods).
The state of granular soils is identified by means of standard penetration procedures. In
weak decomposed rocks, pressuremeters or loading tests in the boreholes are used.
In the course of sounding, soil and rock samples are taken for laboratory testing. The set of
physical and mechanical properties is recorded for evaluation of the pile-soil interaction.
Some important aspects of the soil investigation can be found in the standard CSN 731002
"Pile foundations".
The data concerning the ground water level, its fluctuation and aggressivity, are evidently a
part of the investigation. In some cases, one has to determine, using hydrodynamical testing,
the effect of the depression cone due to pumping on the neighbouring structures.

3 PILING TECHNOLOGY
In the Czech Republic, piled foundations represent the basic and most widespread deep
foundation method for industrial, residential and engineering structures. Among the wide range
of pile systems and methods the most frequently used are bored piles. This results from their
relative universality as far as the foundation soil is concerned which is suitable for the variable
foundation conditions of the Czech Republic (see above).
The major advance of piling technology started in the sixties due to the intensive building
of large numbers of precast high-rise apartment blocks. Until the eighties, the volume of pile
foundations represented more than 20 % of the total volume of foundations and more than 45
% for the apartment blocks alone. Gradually piles were used for bridges and industrial
structures. In the fifties driven reinforced piles prevailed. Since the end of sixties bored piles
started to be used almost exclusively (which was affected by the importing of special pile
systems like Callweld, Terradril, Benoto and Poclain). Early in the seventies Franki and
vibropressure VUIS piles were introduced. Both systems are to some extent still used.
Presently about 70 % of the total pile production in the Czech Republic are bored piles (CFA
piles included) with diameters d = 500 to 2200 mm, Franki piles form about 20 % and VUIS
piles 10 %. Driven piles and other technologies are not in use.
Circular bored piles dominate the Czech market. The rotary method is normally used with
steel casing and, for pile diameter d > 1500 mm, with clayey suspension. Typical bored piles
are telescopic, cased through the upper (granular) soils and encased in the deeper weak rocks
(typical conditions). They are usually 8-15 m long, occasionally longer (the longest recent piles
were L =27 m). Raked piles are not used - from the statical point of view raking is considered
to be useless. Boring is effected by special foreign boring machines like Soil-Mec, Callweld,
Wirth, Delmag, Casagrande and Czech machines G-1300 and G-1500. Typically drilling
buckets and augers are used, to a lesser degree also a grab and drop chisel for the Benoto
system. Piles with enlarged shaft or underreamed base are not used. Concreting is effected
mostly by tremie pipes, less by concrete pumps. Accounting for the frequent considerable
aggressivity of ground water secondary protection of pile shafts is used usually by including a
PVC membrane of 1.1 mm thickness. Recently CFA piles were performed with d = 400 and
600 mm. Piles are usually reinforced by steel reinforcement cages reaching down to the pile
toe, however, piles of plain concrete provided with connecting steel bars in the head only are
also accepted.
For large bridges even elements of trench walls (barrette piles) are used carried out under
bentonite slurry protection. Their thickness ranges from 0.6 to (exceptionally) 0.8 m.
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Franki piles have been in use since the early seventies (when the first KPF machines came
from Poland). They are carried out with d =420 and 520 mm and L < 14 m, vertically or raked
to 8:1. Later on further mobile machines were produced in the Czech Republic. Franki piles
represent about 20 % of all piles. They are mostly applied for foundations on clayey landfills
and thick layers of clayey sands. They are not permitted in urban areas owing to the
considerable vibrations.
The Research Institute of Engineering Structures (VUIS) in Bratislava developed in the mid
sixties vibropressure VUIS piles, with d = 380 and 420 mm. A special casing penetrates (via
induced vibrations) the soil followed by a simultaneous concreting and extraction of the
casing. Modifications VUIS-B, VUIS-P and VUIS-Y possess a conical casing enlargement of
the pile head. The pile is "bored" by open-end casing vibrated down into the soil and extracted
full of penetrated soil. Thus the borehole is carried out either to the full length or to the depth
were its wall is stable. If unstable, the casing is provided with a sacrificial shoe and vibrated to
the required depth. Then the reinforcing cage is inserted and a pressure vessel full of concrete
is fastened to the casing head. Under the effect of pressurised air introduced into the vessel and
simultaneously extracting the casing, concreting is effected. In suitable conditions, VUIS piles
are produced in lengths of 8-12 m and, even nowadays, represent about 10% of the total pile
production.

4 NATIONAL RELEVANT DOCUMENTS
The basic document for the design, execution, control and testing of piles and pile foundations
of plain, reinforced and prestressed concrete, steel and wood is the Czech Standard CSN
731002 "Pile foundations" valid since 1989. It is a revision of a standard with the same name
valid since 1967. It is, however, not applicable to Franki and VUIS piles, to underground
(slurry-trench, diaphragm) walls and to micropiles. With regard to the actual situation in the
Czech Republic, it is, consequently, the standard for bored piles. The Standard contains just
the basic requirements for the design, execution, control and testing of piles. It is linked with
CSN 731001 "Foundation soil of shallow foundations" which is the basic geotechnical
standard of the Czech Republic containing soil and rock classifications for geotechnical
purposes. It is also linked with CSN 731010 "Terminology and symbols for foundations of
structures", CSN 730031 "Structures and foundations. Basic requirements for the design" and
CSN 732400 "Execution and control of concrete structures". CSN 731002 is accompanied by a
separate and extensive commentary (Pochman et al., 1989) explaining individual paragraphs
and recommending some calculation procedures (some of them are exploited in the parts 5.5
and 5.6 of this report). CSN 731002 is not obligatory and other procedures, at least of the same
level as that in the Standard, may be used.
For Franki and VUIS piles no standard exists. The production companies, however, provide
technological rules and catalogues. Presently a , translation of the European standard EN
1536/1996 "Execution of special geotechnical work: Bored piles" is under preparation. The
Czech Republic intends to accept this standard in the course of 1997 when it will become a
member of CEN.
Design, calculation and production of piles and experiences thus gained are dealt with in
many papers published at many conferences and symposia on soil mechanics and foundation
engineering organised in the Czech Republic in the course of the past 20 - 30 years. The most
important are the Brno annual conferences with the international participation organised since
1970.
Piles are the subject of some publications the most important being that of Baiant (1979),
Feda ( 1977) and Masopust ( 1994) who takes into account the experiences gained through the
design and execution of piles in the Czech Republic during the past 25 years.
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5. DETAILED DESCRIPTION OF THE NATIONAL DESIGN METHODS
5.1 General philosophy
The fundamental type of pile, as already mentioned, is the bored pile which is the most
universal and therefore the most suitable for the foundation conditions of the Czech Republic.
Research into the theory and design of bored piles was retarded and the axial bearing capacity
was calculated using the classical static formulae (e.g. according to CSN 731002 valid since
1967 by the Caquot-Kerisel method etc.). Numerous loading tests (formerly more frequent than
now) did not agree satisfactorily with the calculations. The investigation of the real behaviour
of piles using the static loading tests (especially instrumented) showed the substantial effect of
the pile technology. Thus the basic principles of the execution of those piles were established
and the share of the natural and technological effects was set up. These experiences were
incorporated into the producers' technologies and in the former CSN 731004 (now invalid),
one of the first standards in Europe dealing with the design and construction of piles and
attempting to reflect the mechanism of the real pile behaviour.
The bearing capacity of a pile depends on the :
-Natural effects, i.e. the kind and quality of the foundation soil.
- Technological effects, i.e. the effects depending on the complete process of the pile
installation.
- The effect of the mutual interaction of piles in a group.
The design load of a pile foundation may be arrived at
- either by the first group of limit states, i.e. by the ultimate limit state
- or by the second group of limit states, i.e. by the serviceability limit state.
Ultimate limit state calculations are founded on the Rankine theory of limit equilibrium of
granular materials. The ultimate load of a pile is calculated like the bearing capacity of a
shallow foundation with the depth effect. The skin friction follows the Coulomb law with the
normal stress resulting from a modified coefficient of earth pressure. Simek and Sedlecry
introduced into the design a coefficient of technological effects y, The ultimate limit state
calculation does not enable the load-settlement curve to be constructed and thus cannot model
the pile-structure interaction. It is rarely used.
The limit state of serviceability is characterised by the construction of a load-settlement
curve for a bored pile. Either the elasticity theory (Poulos 1972) or quasi-elastic constitutive
relations are used (Desai 1974; Ellison et al. 1971). The methods are modified by means of
back analyses of loading tests and records of the behaviour of structures (Baiant and Masopust
1978, 1981). Recently, the construction of the load-settlement curve of a bored pile has been
based on a non-linear pile settlement theory (Masopust & Muehl1990).

5.2 Definitions
According to CSN 731002 a pile is a foundation element designed according to the theories of
the bearing capacity of piles.
A differentiation is made between small- (d = 0.2- 0.6 m) and large- (d = 0.61 - 2.5 m)
diameter piles. In the first case, min L/d =5, in the latter case 3, min L =2 m. Pile inclination
is not mentioned.
Piles are classified according to :
1. Execution method:
- precast (driven, vibrated, jacked, screwed, etc.)- displacement piles;
- bored (borehole produced by boring, predriving, using a grab, by vibropressure etc.)
nondisplacement piles.
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2. The mutual relation (single and group piles).
3. The diameter (large- and small- diameter).
4. The inclination (vertical and raked).
5. The load transmission (compression, tension, bending, torsion).
6. The material (wooden, steel, concrete, reinforced concrete).
7. The shape of the shaft and toe (cylindrical, conical, underreamed).
The minimum axial distance should amount to 2.5 d (small diameter piles) or 1.5 d (large
diameter piles), but~ d + 0.5 m; for Franki piles 3.5 d.
The axial bearing capacity usually depends on the geotechnical conditions and allowable
settlement, with respect to the dimensions of the shaft and toe, depth of embedment into the
bearing soil layer, loading mode, pile material and technology.
The vertical design bearing capacity of a pile Uvd according to CSN 731002 should be
determined by :
-a static loading test (experimental bearing capacity) Uve:
-using the tabulated values for the vertical bearing capacity Uv,tab
- applying a static calculation based on the strength and deformation parameters of soils and
rocks;
- calculating the failure of the pile shaft.
The vertical component of the extreme design load Vd (due to the structure) at the pile head
cannot surpass the vertical pile design bearing capacity Uvd. i.e.
Uvd ~ Vd
(1)

5.3 Design on the basis of static load tests
Static load tests are:
-preliminary (design) tests,
- verification tests,
- control tests.
Preliminary tests - usually a part of the engineering geological soil investigation of the site are carried out especially in the case of :
- abnormally loaded piles;
- piles of unusual technology;
-complicated structures in exceptionally complex geotechnical conditions (3rd category);
- situations where it is legitimate to assume that the test results will radically decrease the
expense of the foundation work.
Verification loading tests are performed usually before or at the beginning of piling if the
number of piles > 1500. If their number < 1500, they are carried out (following agreement
between the designer and the client) if the geotechnical conditions encountered differ from
those assumed.
Control loading tests are ordered, as a rule, by the client (investor) at the end of piling or if
the quality of the piles is in doubt. At least 3 piles selected randomly should be tested. Because
of the working function of the tested piles, the designer must be involved in their selection.
Static loading tests result in identification of the vertical experimental bearing capacity Uve
which depends on the allowable deformation of the structure to be piled. From the pile
settlement curve one may deduce (Fig. 2) :
- the ultimate bearing capacity Uy defined by an asymptote of the pile-settlement curve
(fig. 2a);
- the bearing capacity Upr at the proportionality limit corresponding to the larger curvature
change of the load-settlement diagram (fig. 2b);
- the bearing capacity at the deformation limit Udef corresponding to the stabilised pile head
settlement equal to 0.1 d (fig. 2c);
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Figure 2 - The detennination of Dve from the load-settlement curve : a - ultimate bearing
capacity Uy; b - bearing capacity at the proportionality limit Dpr; c - bearing capacity at the
deformation limit Uder; d- conventional bearing capacity Ucon·
Uvd;?: UvJ'Yre
(2)
where 'Yre (the coefficient of working conditions) is equal to :
1.4- 1.5 for Uy and Dpr;
1.25 -1.3 for Uder;
1 - 1.1 for Ucon·

-the conventional bearing capacity Ucon corresponding to the stabilised pile head settlement
of 25 mm or to that admitted by the designer.
The vertical design bearing capacity is obtained from the experimental capacity, Dve. using
the relation
SA Tabulated values of the vertical bearing capacity Uv.rab·

Tabulated values of the vertical design bearing capacity Uv,tab may be used for simple
structures and for the first geotechnical category ( first category: simple structures + simple
foundation conditions; second category: either simple structures in complex foundation
conditions or complex structures in simple foundation conditions; third category: complex
structures in complex foundation conditions - see CSN 731001 ), especially for bored piles.
Tables 2-6 are based on a set of 226 static loading tests of bored piles with d = 0.6 to 1.5 m
(Masopust 1978). For foundation soils classified after CSN 731001 (Rl- sound crystalline
rocks; R2- sound sedimentary rocks; R3 -sound claystones, moderately weathered Rl and
slightly weathered R2 rocks; R4 - sound siltstones and claystones but slightly cemented, some
shales, strongly weathered Rl, R2 and moderately weathered R3 rocks; RS - very little
cemented sandstone's, claystones, completely weathered Rl, R2, strongly weathered R3 and
moderately weathered R4 rocks; R6- completely weathered Rl to RS rocks; ID - relative
densit~; IC - consistency index), Tab. 1 shows the frequency of the analysed 226 loading tests.
As a basis for comparison, the load at the total pile settlement of s = 10 mm was accepted.
Some values of the load at s = 25 mm were also recorded.
The extreme design load Vd must fulfil the condition
Vd <= 0,8 Dv,tab

90

(3)

T able I - N urnbero fl oad'mg tests m various types of sm'I s an d rocks
Group
Class according to
Number of tests
CSN 73 1001
fors= 10mm
Rocks and weak rocks
R1
R2
17*
R3
33*
R4
43
RS
22
Gravels and sands
lo = O.S
9
1S
lo = 0.7
39
lo = 1
Fine soils
le= O.S
43
le> I
* Settlement s < 10 mm

s

Number oftests
fors= 2S mm

9
14
9
9
9

s
18

. uv.tab 0 f. pies
'I bored mroc
.
T able 2 - V ertlc
. a1 tab u Iated bearmg capacity
ks R1 to R3
Bearing capacity of piles Uv,tab in kN in rocks class RI to R3
Embedment length le in m
and for pile diameter d in m
in the rock (class R1-R3)
l.S
O.S
1.0
0.3
6000
2300
0.0-0.5
200
600
2SOO
6000
720
l.S
300
'I b ore d mroc
.
ksR4 to Rn
Table 3- Vertical tabulated bearmg capacity Uvtab of PIes
Bearing capacity of piles Uv,tab in kN in rocks class R4 to R6 and
Embedment length le in m
in the rock R4 -R6
for pile diameter d in m
l.S
0.3
O.S
1.0
2000
I 000
0.0- o.s
100
300
1 2SO
2200
400
l.S
1SO
2600
200
soo
1SOO
3.0

. Uv,tab o f· p1'Ies bored.m graves
T able 4 - V ertlc
. a1 tabu Iate d bearmg capacity
I G1 to G4
Embedment
Bearing capacity of piles Uv,tab in kN in sands G 1 to G4 and for pile diameter din m
length lk
0.50
1.00
in m in
1.50
0.30
for relative density 10
sands
0.66
1.0
0.33
0.66
1.0
0.33
0.66
G1 toG4
0.33
0.66
1.0
0.33
400
800
2300
820
1600
200
1.0-1.5
35
70
200
100
600
3.0
160
380
160
330
870
520
1050 2800 1000 2000
80
220
420
1060
630
1300 3200 1100 2300
110
220
500
5.0
800
320
650
1500
840
1700 4000 1450 3050
10.0
180
370
Note: G1 : well graded, G2: poorly graded, G3- G4 : w1th vanous fines contents.

1.0
5000
5600
6300
8000

. uvtabOp!es
f 'I bored.msand s S1 to SS
T able S - V ertlca
. I tab u Iated bearmg capacity
Embedment
Bearing capacity of piles Uv,tab in kN in sands S1 to SS and for pile diameter d in m
length 1k
in m in
0.30
0.50
1.50
1.00
sands
for relative density 10
SI to S4
0.33 0.66
1.0
0.33 0.66
1.0
1.0
0.33 0.66
1.0
0.33 0.66
1.0-1.5
20
50
4200
175
60
120
500
240
480 1900 520
900
3.0
35
110
275
85
235
680
4800
300
700 2300 580 1300
5.0
50
160
370
100
320
5300
820
340
870 2500 650 1600
10.0
280
70
570
140
520 1100 400 1200 3000 750 2200
6500
Note: SI: well graded, S2: poorly graded, S3- SS : w1th variOus fines contents.
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Table 6- Vertical tabulated bearing capacity Uv,tab of piles bored in fine soils Fl to F6, G5
Embedment
Bearing capacity of piles Uv,tah in kN in sands Fl to F6, G5 and for pile diameter d in m
length lk
in m in
0.30
0.50
1.00
1.50
I
I
I
sands
for relative densit) In
SI to S4
0.5
1.0
0.5
1.5
1.5
0.5
1.0
1.5
0.5
1.0
1.5
1.0
1.0-1.5
25
60
120
60
!50
300
230
630
1000
500
1250 2000
3.0
60
130
240
700
1600 2700
130
260
520
370
860
1500
5.0
90
180
340
170
350
700
460
1050 1850
820
1800 3400
10.0
160
320
1430 2600 1200 2400 4200
580
260
550
liOO
700
''
Note: Fl to F6 : loam to low plasticity
clay, G5 : clayey gravel.

The value of Uv,tab depends, first of all, on the embedment depth in the homogeneous bearing
layer - upper non-bearing layers are not considered. For layered bearing soil, the embedment
depth equals its total thickness and Uv,tab corresponds to the layer with the least bearing
capacity. The tabulated bearing capacities are valid if :
- the total pile length ;::: 3 d;
-there is no compressible soil layer beneath the pile toe (to the depth of 3d or 2.5 m);
- the boring is concreted within 36 hours after being finished and cleaned up immediately
before concreting, especially if water-filled;
- when a clayey suspension is used, it is concreted at least within 8 hours and close before
concreting the filter cake of the shaft and toe is cleaned up;
- neither the casing nor a secondary protection are left in the borehole;
- the pile is not underreamed;
- the pile may be considered to be a single one, i.e. the pile spacing ;::: 1.5 d.
Linear interpolation (as opposed to extrapolation) is allowed between the pile diameters and
depths of embedment into the bearing layer.

5.5 Calculation of the bearing capacity of bored piles for the ultimate limit state
Design values of the angle of internal friction <jld, cohesion Cerd or Cud and unit weight Yd are
used. Design values are equal to the characteristic (standard) values (based on laboratory tests
for category 3 or tabulated in CSN 731001 for category 2), divided by the partial safety factor
Ym· For piles and
-for <jl, Ymti> = 1.4;
- for c, Yrnc = 2;
- for the unit weight and hydrostatic pressure Ym = 1.
The basic equation for the design vertical capacity of a pile is
~=~+~;:::~

~

where Ubd is the design bearing capacity of the pile toe and Urd the design bearing capacity of
the pile shaft. The vertical design bearing capacity of the pile toe is equal to
Ubd

=A, Rd K1

(5)

where A, is the toe area, ~ is the design bearing capacity of the pile toe given by (with the
parameters as defined in figure 3)
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Figure 3 - Design scheme for the vertical design bearing capacity of a bored pile for the
ultimate limit state
The coefficients of the bearing capacity are (CSN 731001) :
Ne= 2 + 1t
for<!>= 0
for<j> ~0
Ne= (Nd- 1 ) cot <j>d
Nd = exp (1t tan <j>d) tan2 (45 + <j>J2)
Nb = 1,5 (Nd- 1) tan <j>d
and the coefficient K, indicates the increase of the bearing capacity due to the depth :
L~2
K1 = 1
2<L~4
K 1 = 1,05
4<L~6
K 1 =1,1
L<6
K 1 =1,15
The design bearing capacity of the pile shaft
Urd = 1t E hi hi f,i;
where the skin friction
f,i = O"xi tan(<j>Jyri) + CeriYr2
and the (horizontal) contact stress in the i-layer
O"xi = K2 O"on
where O"ori is the original (vertical) geostatic effective stress at the depth (Zi + d),
coefficient of the lateral earth pressure: for z ~10 m K2 = 1, for z > 10 m K2 = 1,2.

Ql"'-'

Q

6

Figure 4 - Limit load-settlement curve of a bored pile
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(7)
(8)

(9)
K2 the

Coefficients of the working conditions of the subsoil y, 1 and y,2 are :
for z :=:; 1
Yr2 = 1,3
1 < Z :=:; 2
Yr2 = 1,2
2 < z :=:; 3
Yr2 = 1,1
z<3
Yr2 = 1,0
Coefficients y, 1 express the technological effects and are equal to
Yr1 = 1.0 for uncased piles
Yr1 = 1.1 for uncased piles in cohesive soils and weak rocks
y,1 = 1.2 for uncased water-filled borings after pumping, temporary cased borings for
the prepact concreting
y,1 = 1.25 for borings cased by a clayey suspension, piles with the secondary protection by
PVC, PE membranes of the thickness< 0.25 mm
y, 1 = 1.6 for piles cased by a clayey suspension with secondary protection by the
membrane PVC, PE piles of diameter d > 2 m cased by a clayey suspension.
5.6 Calculation of the bearing capacity of piles for the serviceability limit state
This procedure requires the shape of the limit load-settlement curve to be found as indicated
in Fig. 5.
Piles penetrate, as a rule, a layered foundation soil according to Fig. 5.
The ultimate bearing capacity of the pile shaft Q,u may be calculated by means of regression
curves deduced from the statistical analysis of the field loading tests of bored piles mentioned
in part 5.4 (Masopust 1981). The skin friction is given by the relation
q,i =a- [ b I (D;Idi)]
(kPa)
(10)
where a and b are the regression coefficients in tab. 7. Di is the depth from the surface to the
middle of the respective layer. The total ultimate skin friction equals
Q,u = 0,77t~di hi qi
(11)
The value of the toe pressure at the deformation corresponding to the mobilisation of the
skin friction equals
q0 = e- [f I (Lid0)]
(kPa)
(12)
where e and fare the regression coefficients in tab. 7 (do- the toe diameter- fig. 5).
The mean skin friction along the pile shaft is
q, = (~di hi q,i) I (~di hi)
(13)
The proportion of the total load carried by the pile toe (the toe share as shown in fig. 4)
~ = qo I (qo + 4 Lido q,i)
(14)
The (full) skin friction is mobilised at the load (fig. 4)
Qyu = Qsu I (1- ~)
(15)
I
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Figure 5 - Pile passing through a layered soil
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corresponding to a pile head settlement of (fig. 4)
(16)
Sy =I [Qyu I (dEs)]
where I is the influence factor of settlement, E, the mean value of the secant deformation
modulus. The influence factor
I= It Rk Rh
(17)
.
Table 7 - RegressiOn coefftctents
or vanous sot"1s and roek s
Rock (soil)
a
b
R3
246.02
225.95
R4
169.98
139.45
R5 "'
131.92
94.96
62.46
16.06
Io=0.5
91.22
48.44
Io = 0.7
154.03
115.88
Io = 1
46.39
20.81
le= 0.5
108.59
97.31
le~ 1. R6

e

f
1298.96
1155.34
703.89
174.89
445.42
1399.00
150.22
1084.26

2841.31
1616.22
957.61
268.11
490.34
1596.70
197.74
987.60

..b..
d

5

15"

10

Figure 6- The basic influence factor It
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Figure 7 - Coefficient Rk

Figure 8 - Coefficient Rb
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where l1 is the basic influence factor according to fig. 6, Rk the coefficient of the pile rigidity
according to fig. 7 (k = EJE,; Eb deformation modulus of concrete), Rh the coefficient
expressing the effect of the depth of the incompressible layer beneath the pile toe in the depth
(h.- L) according to figures. 5 and 8.
Values of the secant moduli E,i for different types of soils and pile geometry are
recommended in Tables 8, 9 and 10 (Masopust 1980). The mean E, -value
E, =(LEsi hi) I L hi
(18)
The first segment of the load-settlement curve (fig. 4) is a parabola of the second order
S =Sy (Q/Qyu)2
(19)
for the load interval Q E (0, Qyu). The second segment is linear with the coordinates of the
ultimate point (S 25 , Qpu) where

am

~=~+~

and the pile base (toe) load is
Qbu = ~ Qyu S2s/Sy

(21)

6 AN EXAMPLE DEMONSTRATING THE CALCULATION METHODS
The ?hove calculation methods will be demonstrated by an example of the foundation column
Table 8 - Secant deformation moduli E, (MPa) for piles in rocks and weak rocks

h(m)
1.5
3.0
5.0
10.0

R3
50.3
64.5

-

0.6
R4
28.2
43.1
58.2
87.5

R5
20.0
30.8
41.3
61.6

R3
72.3
105.5
-

-

d (m)
1.0
R4
35.0
57.3
75.3
114.5

R5
24.7
41.0
54.8
83.2

R3
85.5
138.3
-

1.5
R4
33.5
58.8
87.9
133.0

R5
22.3
41.2
63.7
97.0

. co h eswn
. Iess sm'I s
Table 9 - Secan t de f ormafton mo duI'1 E s (MP a) f or J>I'Ies m
d(m)
h(m)
0.6
1.0
1.5

lo
1.5
3.0
5.0
10.0

0.5
11.0
15.5
18.8
23.8

0.7
13.7
20.2
26.6
36.6

1
28.3
44.5
56.1
72.1

0.5
12.8
18.4
22.8
29.8

0.7
15.8
25.0
32.5
47.8

1
30.6
47.8
69.1
93.4

0.5
13.0
19.4
24.5
32.6

0.7
15.3
24.5
36.0
54.0

1
29.0
52.5
78.2
107.3

Tabl e 10 - Secant deformation moduli E, (MPa) for piles in cohesive soils.
d(m)
h (m)
0.6
1.0
1.5

le
1.5
3.0
5.0
10.0

0.5
6.9
10.0
12.5
15.5

~1

13.2
22.0
31.2
44.3

0.5
7.9
12.5
15.9
21.3
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~1

13.4
23.9
33 .4
51.3

0.5
8.6
13.7
18.4
24.6

~1

12.3
23.0
36.7
57.4

of a monolithic concrete skeleton loaded by a design load V = 1.8 MN (extreme design load V d
=2.25 MN).
Geological log :
0.0- 0.8: fill- non-loadbearing soill (y1 = 18 kNm-3)
0.8- 1.5 :clayey loam soft- non-loadbearing soil2 (y2 = 19.5 kNm-3)
1.5- 5.3 : sand and clayey gravel, water saturated, dense, soil3 (10 = 0.7; <!>eo= 30°, Ceo =5
kPa, Y3 = 20 kNm·3, Edef = 22 Ma)
5.3-6.7: firm marl, soil4 (le= 1.0; <l>er4 = 24°, Cef4 = 10 kPa, Y4 = 21 kNm'3'Edef = 16 MPa)
6.7- 12.0 : marlstone weathered to slightly weathered, soilS (R5, <l>ers = 30°, Cers, = 20 kPa,
Ys = 21.5 kNm-3 , Edef = 40 MPa)
Ground water level in the depth of 2.20 m.
Rotary bored piles are proposed with steel casing (d = 1220 mm) down to a depth of 5.5 m
and uncased (d = 1070 mm) further down to the final depth of 8.5 m. The casing is recovered
after concreting. The dimensions and stresses assumed in the pile design are shown in figure 9.

6.1 Ultimate limit state design (part 5.5)
Toe bearing capacity: <l>ds= 30/1.4 = 21.420 , Cds = 20/2 = 10 kPa ~ Nd= 7.37;Nb= 3.75; Ne =
16.24
Rd= 1.0 X 10 X 16.24 + (1 +sin 21.42).(18 X 0.8+ 19,5 X 0.7 + 20 X 3.8 + 21 X 1.4 + 21.5 X 1.8)
X 7.37 + 0.7 X 21.5 X 1.07/2 X 3.75 = 194.88 + 1732.09 + 30.19 = 1957.16 kPa
L > 6 m~ K 1 1.15; A,= 1t.l.072/4 = 0.898 m2
Ubd = 1.15 X 0.898 X 1957.16 = 2 021.16 kN
Skin friction in the layers 3, 4, 5 :
layer 3: <Jld3 = 30/1.4 = 21.42°, Cd3= 5/2 = 2.5 kPa, <ior3 = 20.3
~ = 3.4 m< 10 m~ Kz = 1.0, <ix3 = 56.8 kPa, Yrz = 1.0
fg3 = 56.8.tg (21.42/1.5) + 2.5/1.0 = 16.96 kPa

X

4- 10 X 1.2 = 56.8 kPa,
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Figure 9 - Dimensions and stresses assumed in the pile design example.
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Figure 10 - Ultimate load-settlement curve - the example.

layer 4: <j>d4 = 24/1.4 = 17.14°, Cd4 = 10/2 = 5 kPa, <Jor4 = 21 X 6.0- 10 X 3.8 = 88.0 kPa,
4 = 6.0 m< 10 m~ K2 = 1.0, crx4 = 88.0 kPa, Yr2 = 1.0,
fg4 = 88.0.tg (17.14/1.5) + 5/1.0 = 22.79 kPa
layer 5: <j>d5 = 30/1.4 = 21.42°, cd5 = 20/2 = 10 kPa,
<Jor5 = 21.5 X 7.6-10 X 5.4 =109.4 kPa,
Z5 = 7.6 m< 10.0 m~ K2 = 1.0, crxs = 109.4 kPa, Yr2 = 1.0,
f, 5 = 109.4.tg (21.42/1.5) + 10/1.0 = 37.85 kPa
Urd = 1t.(l.22 X 3.8 X 19.96 + 1.07 X 1.4 X 22.79 + 1.07 X 1.8 X 37.85) = 626.66 kN
Uvd = 2 021.16 + 626.66 = 2 647.82 kN > Vd = 2 250 kN.

6.2 Serviceability limit state design (part 5.6)
Computer code VP has been used, fig. 10 shows the result. Settlement at the ultimate skin
friction sy = 13.87 mm, Qy = 2099.09 kN, Qpu = 2530.5 kN; for the working load
V= 1800 kN the settlements= 13.87 (1800/2099) 2 = 10.2 mm.

7 QUALITY CONTROL AND MONITORING
Loading tests of piles and their evaluation follow exactly the standard CSN 731002. A dead
weight up to 3000 kN is used, for higher loads anchorage is applied.
With dynamic pile tests vibrations of the pile are recorded after a horizontal or vertical
impact of a ram. This non-destructive method enables :
- to discover serious deficiencies;
- to reveal any pile discontinuity due to the soil invasion into the pile shaft, concreting
interruption, non satisfactory connection of various concrete batches, water filtration through
concrete at the ground water level, incomplete filling of the boring by the concrete mixture
near the reinforcement, insufficient cleaning of the boring bottom etc.;
- to reveal, for driven piles, the destruction due to the driving procedure or the damage of the
reinforcement-concrete interaction;
- to measure the stiffness of the pile-soil embedment.
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Simultaneously one may measure the concrete strength using Schrnidt hammer. Ultrasonic
test may inform about the homogeneity of the concrete in the pile head.
For the pile continuity, concrete homogeneity and pile length, the reflection and impedance
methods may be used (vibration of the pile body or reflection of the dynamic wave are
recorded using accelerometers).
Another method for checking piles is to use an inclinometer. By its inclination through the
pile body, the depth, direction and rate of various underground movements may be identified.
The apparatus passes through a PVC casing (installed permanently in the pile) provided with a
groove. The accuracy of horizontal displacement measurements reaches ±_2 mm for 30 m
depth.
This method is suitable for measuring of the inclination of underground trench (barrette)
walls and piled walls.
To check the integrity, concrete homogeneity and quality of the underground foundation
elements an ultrasonic ("transparency") method may be used. Several gauge tubes are installed
in advance into the foundation element and the ultrasonic impulses of the transmitter in one
tube are recorded by the receiver in the other one.
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Pile foundation - Danish design methods and piling practice
RikardSkov
cp test a/ s, Vejle

0 INTRODUCTION
Piles have been used all over Europe for many years to carry the loads of various structures
through soft soil layers to soil strata with high bearing capacity. However looking on the national codes today there is a wide variation from country to country regarding pile types, design - and control methods and safety philosophy.
With the new open borders within Europe there is a tendency that building contractors in the
future will consider Europe as one big local market. Efforts have already been made to establish common rules. For the pile foundation industry the philosophy and principles have been
outline in the proposal to Eurocode EC7.
The work has been in progress for many years and experience shows that it is difficult job to
harmonise design methods and traditions for pile foundations in the involved countries. However when the topic is discussed amongst engineers , it is an advantage to have at least a brief
knowledge how piling is carried out in other countries. ERTC3 has taken the initiative to a
seminar where each country is invited to contribute with a short description of how pile foundation is put into practice in their respective areas. The enclosed contribution is intended to
outline a!ld describe the Danish piling practice. Without going to muc~ in details it describes
how piling is handled in the Danish Code. Two foundation cases are enclosed as practical excamples.

1 REGIONAL GEOLOGY
Denmark is situated close to the Scandinavian mountain area and the substratum is built up of
sediments originated in that area. Over time movement has taken place, soil layers have been
eroded and the landscape as we see it today has been formed over at least 3 glacial periods, of
which the last one only covered a part of Denmark. The tertiary clay and glacial deposit can be
strongly preconsolidated. Normal consolidated clay occurs in the northern part of Denmark.
Considering pile foundation the soil layer supporting the piles can typically be:
Limestone
Tertiary layer
Quaternary layer
Figure 1 shows a map of the surface just below the quaternary layers in Denmark.
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2 COMMON PRACTICE FOR SOIL INVESTIGATION
For Structures with pile foundations, boring are usually performed to a depth which ensures
knowledge of soil conditions well below the level of pile base, and to an extent sufficient to
permit a design evaluation of bearing capacity and negativ skin friction.
For clay and silt the undrained shear strength cu is usually determined by measuring the vane
strength Cv· Rules are given how to come from Cv to cu for different soil conditions.
In sand and gravel the angle of friction is obtaind from test on undisturbed samples.
In situ test as SPT and especially CPT are also used more frequently .

3 PILING TECHNOLOGY: COMMON PILE TYPES, EXECUTION METHOD.
During the latest 25 years the prefabricated mild steel reinforced concrete pile has been the
most used in Scandinavia . On a rough estimate this pile type make out a total of 95 - 98% of
all installed piles in Denmark.
Pile fabrication as well as pile driving have undergone industrialisation - and standardisation
process in the same period which secure a high and uniform quality with an economy competitive to other pile systems. Piles in clay are often driven to a specified toe level base on a static
calculation while piles with the toe in sand often are stopped on a driving criteria derived from
the Danish Driving Formula. Over the last 17 years pile capacities in both types of soil are
more often verified by dynamic load test which is obvious to use in connection with driven
piles and secure a reliable foundation. 25 years ago bored piles were more common to use and
some large structures are standing on bored piles. The pile type was brought in disrepute when
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Figure 2.

a large bridge failed down the day before it was opened due to defective quality control. During
the last few year bored piles have been used less frequently
In some larger bridge- or harbour project steel piles up to a diameter of 800 mm have been
applied.
Underpinning of older building is often carried out using jacked segmental concrete piles or
driven steel pile segment of diameter 120 - 150 mm. The piles are usually driven by hydraulic
operated mini driving rigs or normal drop hammers typically 300 - 400 kg.
In average the total Danish piling market is 300.000 metre each year.
3 .I Prefabricated concrete pile.
As standard, precast piles can be delivered with cross-sectional area ranging from 200x200
mm2 to 450x450 mm2 with increments of 50 mm.
The maximum pile length in a single element is 18 metre. Where longer piles are required
one or more pile joints may be used.
Pile joints can be manufactured to take the same bending moment and tension forces as the
precast pile itself. The longest concrete pile used in Denmark is about 50 metre.
Precast piles are mainly manufactured automatically. Reinforcement cages can be manufactured to any length with little waste on a welding robot using steel from coils. See figure 2.
Typical concrete strength is 45 Mpa. Steel area/concrete area is usually between 0.75% and
2.10 %, adjusted according to actual pile length.
With the right soil conditions a safe working load of 10 Mpa ore more on driven precast concrete piles is often obtained.
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Figure 3.

Figure 4.
3.2 Pile driving
The most common equipment for driving piles is a hydraulic pi! ling rig ( Banut,
Uddcomb/Hitachi, Junttan). Hammer weight typically range from 40kN to 80 kN. Leaders are
usually of length sufficient to drive a 18 m pile in one peace.
Environmental considerations are also important. Many pilling rig have adrill attached to one
side of the leader in case it is necessary to predrill through upper hard soil layers to reduce vibrations on neighbouring structures. During pile installation vibration monitoring is often carried out on neighbour houses to ensure that regulations are observed.
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During recent years experiments have been carried out to reduce noise level. On some
occasions a reduction up to 12dB has been achieved. See figure 4.

4 THE DANISH CODE, DS415
The theory of plasticity was used very early in geotechnical design in Denmark. The theories of
Brinch Hansen are also well known in other countries.
The first edition ofthe Danish Code of Practice for foundation engineering date back to 1965.
This code was the first construction code at all based on limit state design with a pertain system
of partial coefficient Latterly all Danish construction codes have been based on this principle.
The present code is the 3rd edition (1984). It is remarkable that the size is only 70 AS-pages
and it contain real code text as well as a guidance for the user.
The code is a legal- and technical document which define general demand on function -and
safety principles. It is characteristic that there are not many specific demands to procedure,
numbers of test and quality of parameters. In this respect it is assumed that the user of the code
has sufficient technical knowledge to be able to make relevant judgment himself. The reason
for this is possibly that Danish engineers are relatively uniformly educated and in addition
there is a practise for how things are done which is not commited to the code text.
It is characteristic when dealing with pile foundation that the code is almost only specific to
driven precast piles.
The code itself is arranged after the different phases in a project.
5 DESIGN METHODS IN THE CODE
5.1 Foundation classe
As a beginning distinction is made between three foundation classes.
-low foundation class
-normal foundation class
-high foundation class
The foundation class determine the minimum requirement for extent and quality of the
geotechnical analysis, design calculations and workmanship control . When determining the
foundation class the following are taking into consideration the nature and size of the structure,
loading conditions, soil conditions and conditions of adjacent structures. However there is also
an economical aspect in the choice of foundation class. E. g. the partial coefficients in the low
foundation class are 25'J.il higher than in the normal foundation class and it might be economically viable to enlarge the extent of the preliminary investigation to carry out the project in the
normal foundation class. The same advantage is not valid by selecting high foundation class in
preference to normal foundation class. Only safety or technical considerations apply in this
case.
5.2 Safety classes.
Depending on consequences offailure, the structure is placed in one of the following safety
classes:
-low safety class
-normal safety class
-high safety class
Only the two last classes are applied in connection with pile foundation. The chosen class determine the partial coefficients to be used in the project. In the high safety class the partial coefficients are 10% higher than in normal safety class.
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5.3 Preliminary investigations.
In low foundation class investigations should aim at establishing :
-the dept and extent of highly compressible layers within the area
of the pile foundations, and the magnitude of negative skin
friction.
In normal foundation class boring must be carried out to a level below pile toe to establish:
- soil strata
- strength- and deformations parameters for compressible layers
- strength - and deformations parameters for layers supporting the
pile.
In clay and silt undrained vane test is often carried out. For sand and gravel the internal
friction angle must be determined from laboratory test. Important parameters are density, grain
size distribution, grain size and grain shape, void ratio stress level. Density can be determined
indirectly by sounding methods. However which sounding methods should be use is not specified . The code allows engineering judgment.
In high foundation class additional investigations are introduced.
5.4 Safety.
Foundation structures should be examined both in the_ultimate limit state and the serviceability
limit state.
Generally, safety can be taken into consideration by one of the three methods:
-actual actions are used, material strengths are limited by division
with a safety factor.
-actions are multiplied by a factor and characteristic material
strengths are used.
-actions are multiplied by a partial factor and characteristic
material strengths are divided by a partial factor.
The partial coefficient method is based on the last principle. The method make it possible by
choosing factors to take into consideration how safe the actions or material parameters are
determined. It can be good economy to spent extra time and money to determine the parameters
with greater accuracy and hence be able to use lower partial coefficients in the design without
reducing the overall safety.
Design actions are found by multiplying the load by a partial coefficients related to failure or deformation analysis.
Design material parameters are in the same way determined by division with a partial coefficient related to failure- or deformation analysis.
The calculations must demonstrate at least equilibrium between design actions and design
material parameters in failure - and deformation analysis respectively.
Partial coefficients used in normal foundation class:
Actions:
Dead load:
Moveable load:
Pile capacity:
Without test loading on site
With test loading on site
Pile subjected to test loading
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1.0
1.3

Safety class
Normal
High
2.0
2.2
1.6
1.75
1.55
1.4

5.5 Design
5.5.1 Ultimate limit state analysis:
Actions:
It is considered important that in addition to actions transmitted from the structure above, a
pile may also be influenced by actions due to consolidation of compressible deposits by surface
actions, fill, lowering of the ground water table, etc.
The magnitude of the negative skin friction may be static calculated or derived from tests.
Negative skin friction may be reduced by bitumen coating the pile surface.
Internal pile capacity:
The ultimate limit state of the pile material should be examined for the design pile action in
compliance with the relevant structural codes.
External pile capacity:
The bearing capacity in the soil can be confirmed by one of the following methods:
Static load test
Dynamic load test
Driving formula
Static calculation
The Danish Driving Formula is commonly used in friction soil, see also example 2. For piles
in cohesive soil static calculations are often used.
Vertical load-bearing capacity.
In the analysis of the vertical load-bearing capacity all soil strata are assumed to be supporting
without taking into consideration deformation. For a vertical compression pile this results in the
criterion
Qp + Qm + Qneg
vd <
where

vd
Qp
Om and Oneg

is the design pile action
is the characteristic pile base resistance
are the characteristic shaft resistance, respectively, in the soil strata where it is
always positive, and in the soil strata where it may be negative, and
is the partial coefficient

Static calculation.:
The load-bearing capacity of a single or cylindrical pile with the base located in clay can be
determined by:

where
QP =

9cuAP in cohesive soil

Qm=

Nmq 'mAm in non cohesive soil
~
lmrcuAm in cohesive soil

r
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Nm

0.6 for compression piles in all foundation classes

Nm

0.2 for tension piles in low and normal foundation classes

m-

r 0.1 for wood
~ 0.8- 1.0 for concrete, depending on surface structure
l 0.7 for steel

For driven piles in firm glacial till twice the specified base resistance (QP- 18cuApp) can be
assumed empirically.
Where no precise determination is carried out, the regeneration factor r may be assumed to be
- 0.4, except in case of calculation of negative skin friction where r should be assumed -1.0.
The following is mentioned about bored piles in the guidance part of the code: The load
bearing capacity of bored cast in situ piles may be substantial less than that of corresponding
driven piles. Provided that the boring process was efficient, so that the concrete may be cast
against intact soil strata, the base resistance may be determined as for footing foundations,
taking into account that use of design load- bearing capacity exceeding 1000 kN/m2 is only
permitted in high foundation class. For bored piles cast in situ, a shaft resistance greater than
30% of the shaft resistance of the corresponding driven pile should not be assumed without a
more detailed analysis. If drilling mud is used for stabilisation prior to casting, the shaft
resistance may be even smaller.
5.5.2Serviceability limit state analysis.
For smaller pile foundations the serviceability limit state analysis may be performed by using
the following design criterion, provided there is no highly compressible deposits below the pile
bases. In compliance with this criterion.
Qr

vd +Q"'S =

I

~y b

where
Vd

is the design pile action with the partial coefficient Yr corresponding to Yr

=

£

Qneg is the negative skin friction with the partial coefficient 1.0
Qr

is equal to Qm + QP, which is the part of the characteristic load bearing capacity of the pile
provided by the layers below the compressible deposits, and

y b is taken from the table in section 5.2
5.6 Workmanship and control
A pile driving contract normally commence with a test driving in which the entire pile driving
process is recorded for a few test piles driven on different locations on the site. The test piles
can be considered as a full scale sounding test to confirm the depth to the load carrying strata
assumed in the borehole investigations. For the remaining piles it is usually sufficient to record
the driving resistance during the final phase of driving.
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6 EXAMPLES DEMONSTRATING THE METHODES
6.1 Example 1, piles in clay
Normal safety class.
Action: Failure analysis
Deformation analysis

V d = 1 · 200 + 1.3 · 250 = 525 kN/m
V d = 1 · 200 + 1.0 · 250 = 450 kN/m

Static calculation:
Pile toe assumed at level -7.5 ~ 3.3 meter in glacial till.
Skin friction:
Sand layer:

= 0.6 (1. 18 + 0.25 . 10) . 4. 0.25. 1.5
= 18.5 kN
Clay:

= 0.9 . 0.4 . 52 . 4 . 0.25 . 2.9
= 54.3 kN
Glacial till.:

= 0.9. 0.4 . 420 . 4 . 0.2 . 3.3
=499 kN
Toe resistance:

= 18.420. 0.25 . 0.25
= 472 kN
Failure analysis:
Total capacity for the pile
Q

=

QP + LQm

= 472 + (18.5 + 54.3 + 499) = 1044 kN
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Q
y
1044
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2

0.992 m

Distance between piles in metre: a
Deformation analysis

(Vd + Qneg) ·a ::;; .2!.(450 + 0) ·a
y

1074

.fi

~

a< 1.69 m

Piles should be 250x250 cm 2 concrete piles. Driven length 8 meter. Toe level: -7.5
Distance between piles a= 1.00 metre
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6.2 Example 2, Piles with the pile toe in sand.
Normal founding class.
Industrial hall:Floor direct on the ground. 4 piles 250x250 mm2 supporting each column. Load
on the floor 10 kN/m2 , 50% of this influence settlement. Original surface loaded by sand fill.
Actions on piles from column:
Failure analysis:
V. (I · 350 + 1.3 · 850) = 339 kN
Deormation analysis:
V. (1 · 350 + 1 · 850) = 300 kN
Failure analysis:
Q > vd · y = 339 . 2

678 kN

Deformation analysis:
Negative load on the pile, minimum of:
1:Calculated resistance in soil strata above foundation soil strata
2:Settlement producing action Settlement producing action
1:Skin friction, static calculation
Sand layer:
Qm = Nm · q' m· Am
Above water table
0.6 (5+0.2·24+1.5·18.5+0.9·18) . 1.8
0.6·53-8·1.8
58.1 kN
Below water table
0.6 (53.8+0.9·18+0.6(20.1 0)). 1.2
54.1 kN
Clay:
Qm = m· r·c. · Am
= 1.0·1.0· 70.3· 4·0.25·2.5
Negative load from skin friction
2: Settlement producing actions after the piles have been installed:
Changes in load during building.
Relief:
Sand fill :
Floor:
Floor load

0.4. 16
1.5. 18.5
0.2 . 24
~q

-6.4 kN/m2
27.8 kN/m2
4.8 kN/m2
5.0 kN/m2
31.2 kN/m2
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The bearing capacity of a single pile - Experience in Estonia
M.Mets
GIB Ltd, Tallinn

ABSTRACT: The present work gives a survey of experience how to fix the bearing
capacity of a single pile in Estonia.
Estonia is located on the Russian platform attached side by side to the Fenno-Scandian
shield where Cambrian clays, Ordovician and Silurian limestone and Devonian sand and limestone and clay are opening. The rocks of the Paleozoic era are covered with
Quaternary sediments: moraine, fluvioglacial, limnioglacial, marine, alluvial and marsh
sediments. The thickness of Quaternary sediments is big in pre-glacial primeval valleys.
Marine and limnoglacial sediments are represented by weak clayey soils and sands and
here and there by sands containing organic matter, alluvial and marsh sediments by peat,
mud and weak clayey soils. There is much moraine, a relatively weak one.
In Estonia the pile foundations are widely used in the areas of weak clayey soils
where they are driven through weak clayey soils and sands containing organic matter
into dense sand moraine. In Southern Estonia, on the area of distribution of a relatively
weak moraine friction piles drilled into the weak moraine or supporting piles driven
through weak moraine into strong moraine are used. In the areas of distribution of weak
clayey soils, in the places where they are covered with a sufficiently thick medium dense
sand layer short piles have been used, driven into the sand.
The picture about the piles' use area in Estonia can be received in the following
classification :
1. Cohesion piles - CP. Piles that are all over in weak clayey soil and the basic part of
their bearing capacity proceeds from the pile's side friction.
2. Friction piles - FP. Driven entirely into the sand or moraine.
3. Hold piles - HP. Piles that have been driven through weak soil into dense sand or
moraine.
4. Point bearing piles - PP. Driven through Quaternary sediments into the overconsolidated clay or lime and sandstone.
In the geotechnical investigations drilling together with testing is used, whereby the best
result by testing is given by vibro-drilling and rotation drilling. Many undisturbed
samples are taken, but to a great extent only the definitions of Wn; Wp and Ware used. In
Estonia very good correlation have been worked out by Wn and WL for the evaluation of
mechanical properties (Cu; Mo; OCR etc.)
Penetration by WPT; CPT and DPT is widely used. By using CPT and using
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correlation the bearing capacity of the pile is fixed, while better results will be achieved
by penetrometre, with the help of which the summary friction of rods will be measured.
The bearing capacity of edge piles can also be exactly measured. The results are
considerably worse while using the friction muff.
By CPT mechanical properties of soils (<p; c; E; Cu; etc.) can be fixed. Especially in
sands and moraines, where undisturbed sampling is practically impossible. For fixing
the mechanical properties correlation are used, based on the correlation between plate
load tests and CPT. Taking into account a great number of such parallel tests (over 300)
with different test plates, these correlation should be seriously considered.
DPT gives good information about piles' counter possibilities and its results
correlation with hammer's power enables to give a rather exact evaluation of rational
countersinking depth of piles.
WPT is used as a specify of the geological section and if there are no CPT data, then
also as the estimator of sand soil properties.
At fixing the strength of weak clayey soils vane tests are widely used.
With the help of vane tests the creep threshold Cuy of the maximum shear strength Cuf
and the residue shear strength Cur are fixed.
For fixing the piles' bearing capacity many dynamic piles tests have been used in
Estonia and also the pile load tests. The number of loaded piles is nearly 2000. There are
good correlation between the dynamic testing and the pile load test and the dynamic
method, due to the before-mentioned, has widely been used in Estonia.
For evaluating the bearing capacity of the pile model piles from steel pipes with a
diameter 89; 127; 146; 209 mm are used. Usually the model piles are dynamically and
statically tested. Dynamic testing gives a picture about pile bearing capacity and the
depth of countersinking. The comparison of pile load tests of model piles and of
industrial piles has shown that for the transmission from one to other there are no unique
different in a different geological section. Good results can be achieved, when the
special side friction of the model pile and special resistance of the toe are fixed. These
numbers are in good correlation with similar numbers of industrial piles in the same
geological section. At the use of model piles with tenso-system is simpler and the test is
cheaper. It is quite probable in the future they would be widely used. The use of model
piles has enabled to estimate the differences in side friction while pulling out and
pressing in.
During the Soviet period only concrete piles were used. Mainly the concrete piles with a
cross-section of 30x30 and 40x40 for driving were used. For linking the piles a jointed
bolt extension was used that has justified itself in the building of more than 2000
houses. Using a rigid joint extension gave bad results and while using the rigid
extensions, many piles were broken. The relevant investigations proved the advantages
of the jointed extension. The lack of other technologies made the geotechnical work out
the methods near the dwellings and using the relevant means, the results were not good,
but acceptable.
At present Fundex and Vibrex technologies are widely used and on the basis of these
technologies the piles up to 30 metres have been made justifying themselves.
In the Estonian market the technologies of Fundex and Vibrex have turned out to be
more competitive than pile drivers and we believe in their future.
The use of 2 .. 3 m wedge piles should be pointed out. Here we have a wedge-formed
pile, which thickness is 30 cm, the point is 8 cm and its head's width is 60 ... 80 cm.
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Figure 1 - Characteristic Points on curve S =f(N)
1. S =f(N) dependence between load and settlement.
2. Division load between pile shaft and toe.
3. b =f(N).
1 - S =f(N) load test date.
2 - S =f(N) calculated final settlement.

Such piles have been used under 200 buildings and they are about 2 times cheaper
than usual foundations . 80 wedge piles are loaded and there is a good correlation
between the wedge pile's bearing capacity and CPT.
For a long time the Soviet pile standards (SNiP) have been used in Estonia, but using
them our own experience was also taken into account and it enabled to avoid many
mistakes. We had got the project of our own standards, but in Soviet conditions we
could not confirm it. Grounding on the last-mentioned, on Eurostandard and SNiP, our
own Estonian standards are worked out now.
Designing the pile foundations the pile load test has been the basis for a long time,
also the pile dynamic test and CPT. In the most cases the permitted load for the pile is
above the proportionality (or creep) limit. It guarantees the work of the pile base in the
linear zone. About the pile tests used for determining it will be the following story.
Basing on pile tests, CPT and here and there on soil properties, thousands of pile
foundations have been designed in Estonia and it must be said that rather successfully.
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From among the buildings built on piles about 70 buildings are under settlement
observation and that is a good feedback with the made. Ones the analysis of buildings
has shown that if the load on the pile N<N0 - from the side friction - the settlements of
buildings are 1.. .3 cm and will be finished in 1.. .3 years. In case Na< N < Ny, the
settlements are 3 .. 6 cm and they last 6 ... 12 years.
Pile load test. The dependence S = f(N) is received by the use of pile load test.
The dependence S = f(N) or the piles's behaviour is in concordance with the growth
of loading. A great number of experimentations with tensiopiles and pile-sounds
(60 piles in all) enabled to evaluate the pile's behaviour in connection with the growth of
the load and to stress the characteristic points which are important for evaluating the
bearing capacity of piles and the settlement of pile foundations (see fig.1) These points
are especially important because of their characterization of the changes of the division
of strength between the pile's toe and pile's side [1]. To evaluate these points on
common pile tests one may use the methodics of EPT [2] worked out by the author.
According to the methodics the dependence between the settlement of the pile and time
is estimated by the formula S = a(t/t0 )b (S- the settlement of the pile at the moment
interesting for us, a initial settlement at the moment to and b- the factor characterizing
the speed of the settlement.
By means -of the mentioned dependence the settlement of the pile could be fixed at
the moment we are interested in, or evaluate (fix) the moment when the pile's settlement
is practically finished.
In the figure 1 there are curves, the 1st one characterizes the settlement of the pile in
the course of the test, the 2nd one - during the long period interesting for us. In the
second part of the figure there is a typical dependence when the load is divided between
the toe and the side of the pile, in the third part - b changed together with the growth of
the load - that- as one can see in the figure- enables more exactly to fix the below
observated characteristic points.
No - characterizes the load which practically lacks the settlements in time- b = 0 and
they are connected with elastic deformations of the pile and the deformations of the
extensions of the pile. As the relative exactness of measurements in this sector is
smaller, in this part the division of strength between the toe and the side of the pile is
not clear.
Na - this load comes rather clearly out almost in all the tests and here the change in
the division of strength between the saft and the toe of the pile takes place. The majority
of tests (95%) gavethe result that Na was equal to the maximum bearing capacity of the
pile's saft at the pile's sond test.
Na -ni - the pile's side receives the majority of the load and the smaller part (15-30%)
from the added load hits the toe of the pile. But surpassing Na the picture changes and
the majority of the load is starting to hit the pile's toe up to the load Ny. The factor b
between the loads Na and No is growing linearily. The settlement of the pile's head Na
depends on many factors ( the length of the pile, the geological cutting, the type of the
pile etc.), but usually (in case of piles with diameter 10 .. .40 cm) the settlement is
1.5 ...3.5 mm and 80% of the piles have the settlement of 2 ... 2.7 mm.
Our investigations and the settlement observations of the buildings built on piles
have shown the great importance of the characteristic point Ny- the proportionality limit.
The dependence between S and N is practically rectilinear up to Ny and especially in the
calculated curve of the settlements 2. The factor b between the loads Na and Ny is
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constant. After Ny the pile's toe and the nonlinear dependence between the settlement of
the pile and the load added to it will begin.
In the figure 2 the dependence between the load fixed in the course of pile test at
settlements S 8; 10; 15; 30 mm and the pile's proportionality limits, whereby the load
relevant to the given settlement has been divided 1.2.
At the observed tests (nearly 300) (concrete piles with diameter 30x30 cm) good
correlative dependence between the load fixed by the settlement (N8 ; N 10 . .• N 30) and the
proportionality limit (in the figure) were received. It could be seen in the figure that not
depending on the length of the pile and the geological section, around the pile at
settlements 8 and 10- mm the fixed load is smaller than the proportionality limit Ny, at
settlements 15 and 30 mm bigger Ny.
The determination of pile bearing capacity by calculations is complicated due to the fact
that practically we have to solve two tasks: to fix the bearing capacity of a pile's side
and its one too. While determining the general bearing capacity of a pile, it is necessary
to additionally take into account the total effect of both factors which in different
conditions will be completely different. Considering the above, following both of them
will be treated separately and their total effect will be also dealt with.
The formation of side friction was investigated by pile tests made by special pile sounds
and tenso-concrete piles. The objective of the investigations was to find out the
influence of engineering geological conditions and loading manner and pile parameters
on the .formation of side friction of a pile.
The piles loaded in different engineering-geological conditions showed that side
friction of a pile does not practically depend on a pile's length, material and diameter
(table 1).
The lack of influence of a pile's diameter on a special side friction could be
explained by the fact that the properties of the weak soil surrounding the pile do not
practically change by driving, side friction of a pile depends only on the soil strength.
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Table 1 - Special side friction of piles kPa in weak soils
Metal piles
Pile's length in m and soil
4 m (Varved clay of Piirnu)
6m (Varved clay of Piirnu)
12 m (Varved clay ofParnu)
4,5 m (Soft silts of Tallinn)
12m (Soft silts of Tallinn)
5 m (Soft moraine of Valga)
12 m (Soft moraine of V alga)

Concrete piles

089

0127

0146

0219

12
10

10
10

10
10

9

8

8.5

10
10
10
9

Number
of tests
20
18
2
14

22

21

20

22
20

8
1

30x30cm
10
10
8
8
8
23
20

Number
of tests
2
11
4
2
8
2
3

Table 2 - Dependence of pile's side friction on loading speed
Duration of loadingstage

180

1200

7200

Side friction

9.5

10.3

11.2

'tk ,

Pa

Standard subsidence (growing of
settlement below 0.2 mm in 2h)
11.1

The lack of influence of a pile's length could be explained by non-changing of depth
of creep threshold fixed by undrain shear strength. The lack of influence of a pile's
material can be explained by the formation of a surrounding "shirt" in the course of
driving-fixing the size of side friction of a pile. The side friction of a pile depends upon
the loading speed of the pile (see table 2).
On a rapid loading the redistribution between the pile's side and its tip could be not
be completed, the load under the pile's tip could quicker reach its maximum value and
the base of the pile will weaken.
The difference in special side friction by rapid and slow loading amounts to soil's
rigid cohesion in its value.
By rapid settlement side friction diminishes also on a limit load and usually leads to
the breaking of the pile's basement. In this case the diminishing of side friction is also
equal to rigid cohesion.
In weak soil the special side friction does not depend on a resting-time pause of the
pile as the made tests have shown (table 3). The lack of increase in a pile's side friction
in weak soils during their stopping-time could be explained by the fact that soil
properties on the pile's side do not practically change in the course of driving due to the
lack of rigid connections in weak soils and to the relatively small sensitiveness of the
investigated weak soils.
In clayey soils of plastic and hard consistency the pile's resting-time has a strong
influence on the pile's special side friction due to which it increases many times over.
The special side friction of piles driven into moraine before the limestone shore of
Tallinn was after the driving 0.02 MPa and during a month it increased up to 0.1 MPa.
The special side friction of the piles driven into Cambrian blue clays immediately after
the driving was 0.01 MPa, after a week's resting-time it was 0.05 MPa and after a
month's resting-time it was 0.1 MPa. The growth of the pile's special side friction in the
time in plastic soils and in soils of hard consistency can be explained by a relatively
large rigid cohesion of the last-mentioned and by the fact that while driving into these
soils the soil structure is completely destroyed. In the course of time the broken
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Table 3 - Dependence of pile's special side friction
Resting time
Name of the soil

Soft silts of Tall inn
Valga moraine
Pamu varved clay

4 hours

1 week

2weeks

3 weeks

7months

8.3
2.2
10.6

8.0
2.5
10.7

8.5
-

8.9
2.5

-

10.6

-

10.7

connections will be restored, a new structure will break out and pile's side friction will
be considerably increased.
The comparison of special side friction measured in the course of pile tests to the
creep threshold fixed at undrain shear test showed that in case of weak soils they
practically coincide (figure 4). In varved clays, in marine silts and in sands containing
organic matter, the coincidence of 'tk and 'tr is very good and usually the difference does
not exceed 10 %. The deviation is greater in case of marine clays, because their
properties are very much changeable in the geological section. Much worse is the pile's
special side friction characterised by threshold in plastic moraine, due to a certain
violence of structure in preparing samples and perhaps due to the soil improvement on
the pile's side in the course of driving.
The soils which shear strength on the creep threshold is characterised by the angle of
internal friction and cohesion, the first one influences the pile's special side friction up
to a certain critical depth that could be considerably well fixed by static penetration,
because from this depth on the special cone resistance (that so far has increased) in this
soil is constant and does not increase together with the increase of depth.
More complicated is the determination of piles' special side friction in dens sands,
hard clays and hard moraines. On investigating the soils mentioned it came out that the
pile's special side friction is here and there greater than the soil's maximum shear
strength. Usually the soil shear strength is fixed in the samples of disturbed structure
and which density is equal with natural density of the soil, but which structure
connections do not respond to the soil of undisturbed structure.
The testing of sand soils of undisturbed structure shows that dens sands at the creep
threshold are characterised by a great cohesion that, together with the hooking
depending upon vertical pressure, bring about a great side friction - 0.06 ... 0.15 MPa.
For hard-plastic clays it is difficult to reach the actual creep threshold values due to
unevenness of overconsolidated cracked clays.
The analysis of pile tests shows that the pile's special side friction is considerably
less dependent upon soil's consistency as compared to soil's clay containing and the
geological history of the surface. The consistency of Parnu varved clays and of marine
clays spread in Tallinn is almost the same, but due to the older age, the creep threshold
of Parnu varved clays is greater and therefore their special side friction is also greater
(fig. 3, groups I and II). The same can also be said about marine and glacio-lakey silts
spread in Tallinn (fig. 3, groups m and IV), whereby here in the last ones the piles'
special side friction is nearly three times greater than in the first ones. In case of clay
soils of the same age the special side friction depends on clay containing. The marine
sediments of Tallinn (fig. 3, groups II and III) having the same consistency, have a
greater pile's side friction in silts than in clays. Piles' special side friction depends upon
engineering-geological section of the pile's base. During the tests in Tallinn, in Kadaka
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tee, the piles driven into the depth of 4.8 m of marine silt were loaded. Their speciaf side
friction was 9 kPa, not depending on the depth, diameter or resting-time. After the
loading the piles were countersunk into the glacio-lakial silt located 20 ... 50 cm deeper,
where by the bearing capacity of the pile's tip increased nearly 2 ... 3 times. All that was
accompanied by the increase of pile's special side friction up to about 16 kPa. That
refers to different working conditions of the pile, depending upon the fact whether the
pile's tip has been driven into weak or hard soils. In the last case the origin of creep
processes at the pile's side is made more difficult due to the smaller settlement of the
pile conditioned by the greater bearing capacity of the tip and the value of pile's special
side friction becomes greater.
In figure 4 the dependence between the pile's special side friction 'tk and the tension
characterising the special pressure cry of the pile's tip at the proportionality limit Ny in
Parnu have been described. The 1st group involves the compound piles with polt joint,
driven through varved clay moraine or through the sands of a glacier river. The special
side friction of these piles does not depend on the bearing capacity of the tip and is equal
to creep threshold of varved clays. The second group is formed of the piles, consisting
of one link and driven through varved clays. In their case the dependence of side friction
upon the tip's bearing capacity is evident. The special side friction of only these piles
which tips are in varved clays responds to the creep threshold.
The special side friction of other piles is growing linearly to the growth of the bearing
capacity of the pile's top. The piles with non-rigid extension have creep possibilities in
the pile's extension and due to that the special side friction of a pile cannot grow
together with the growth of the bearing capacity.
If the weak soils in the pile's base are located under the soils of greater bearing
capacity, the pile's special side friction depends on the creep threshold of the deeper
weaker soil. In the centre of Tallinn there is a complex of yielding clayey soils at the
10 ... 12 m depth under the layer of marine sands which thickness amounts to 20 ... 25 m.
The special side friction in marine sands of the piles with the length of 8 m was 16 kPa.
After driving the piles into the depth of 16 m (in sands 12 m and 4 m in weak clayey
soils), the special side friction of the pile decreased to 10 kPa, characterising the creep
threshold of these clayey soils. In Parnu the special side friction of piles in marine sands
was 20 ... 30 kPa; after driving the tips of piles into the yielding varved clays by
300 ... 350 mm, the special side friction of piles diminishes up to 10 kPa, responding to
the creep threshold of varved clays. In weak soils the creep occurs at smaller shear
tensions, bringing about the origin of creep deformations in the sands located above and
the diminishing of a pile's side friction.
The data about side friction on pushing the piles inside and pulling them out is given
in the figure 5. The graph shows that the side friction of 'tkss pushing in is usually bigger
than that of pulling out 'tkvt. whereby the interval is as big as the side friction. The only
exceptions are these piles (marked with crosses), driven through sands into weak soils.
In their case the side friction of polluting out 'tkn is bigger than the driving-inside
friction.
The dependence between side friction on the grounds of correlation calculations is
'tnvt=0.8'tkss O.S

As the maximum side friction of a pile does not mean the exceeding of maximum
shear strength of a soil, but the formation of creep processes on the side surface of the
pile (depending upon the shear strength of the pile's base and on the bearing capacity of
the pile's tip), it is more correct to consider the pile' s side friction the maximum
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strength that the pile is able to bear to the surface through its side. After the origin of
creep processes on the pile's side, the whole load will be carried to the tip of the pile.
Pile toe. The pile tests made in different engineering-geological conditions showed that
the bearing capacity of the pile's tip at the loads Ny and Nu practically does not depend
upon the loading speed. The strength of the investigated soils does not diminish and
they do not become very much denser under the pile's tip. Depending upon the filtration
modulus of the soil, the settlement characterising the filtration consolidation will occur
either in the course of driving soft silts and moraine or there will be no densening
together with the pile's driving or the pile will be driven on the account of pressing the
soil; side or upwards (soft clay and loam). At the pile's following loading test the pile's
settlement will be caused by skeleton's creep on silts in the dense prism formed under
the pile's tip. On weak clays the process is influenced by the void pressure after the
ramming and the time of loading is usually too short to bring about a remarkable
consolidation densening. Pressing out at greater loads does not involve the soil
densening under the tip.
The made tests showed that the bearing capacity of the pile's tip is influenced by the
depth of pile driving at which the influence of the depth depends upon the angle of
internal friction of soil under the pile's tip and for determining it G.Meyerhoff's
calculation scheme is the best.
In weak soils, as the pile tests carried out in Parnu figure 6 showed, the depth does
not have any impact on the bearing capacity of the pile's tip immediately after the
driving and due to the maximum values of poor pressure, under the pile's tip- Ny =Nu.
In the course of the rest following, Ny reaches its maximum value in 2 .. .4 hours, at
which the depth of dependence will be fixed by 'Yh· The growth of Nu during the rest
will be considerably longer and will end with complete vanishing of poor pressure in the
pile's base cropped up during the driving), which, depending on the value of filtration
modulus, will be reached after a rather long resting-time. After the vanishing of poor
pressure, the depth's influence on the ultimate load in varved clays depends on the value
of the angle of internal friction of the soil on the unconsolidated-drained shear. The
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influence of the pile's diameter on the bearing capacity of the pile's tip depends on the
soil's filtration properties. At the tests made in marine and glacio-lakial silts the bearing
capacity of the pile's tip did not depend on the pile's diameter and the resting-time and
Nu and Ny had reached their maximum value in 4 hours already. At the tests made at
V alga polygon in the yielding moraine, the poor pressure vanished in 3 .. .7 days and
after that Ny and Nu of the piles of different diameter were equal. Further on Nu reached
the maximum. During the resting-time Ny did not change. The influence of the restingtime and diameter on the bearing capacity of the pile's tip in varved clays is
characterised in figure 6. Immediately after the driving and after the 4-hour stopping
time the special load of the pile's tip at N 3 (by) is equal to the pile's tip's special load at
N5(b1). Afterwards when the resting time is increasing, by will remain practically
constant and the growth of bt will begin. It is rather slow and depends on the pile's
diameter, proceeding more rapidly in case of a smaller diameter. At these tests only a
pile with a diameter of 89 mm reached the maximum bJ value after the stopping time of
7 months. But the other piles were relatively far from this result, whereby the poor
pressure of the pile with a diameter of 219 mm, had vanished only in 40 %.
In comparing the made pile tests with calculation formula e, it came out that both of
them by and br will be fixed by G. Meyerhoffs formula. In calculating by the shear
parameters should be the bases, characterising shear proportionality limit and for fixing
81 - the shear parameters characterising the maximum shear strength (see table 4).
Driving piles into silts and moraine, under the pile's tip a densened area of rather
wide spread will arise. In figure 7 one can see a densened area under the pile's tip,
formed while driving of 5 m long piles into the soft glacio-lakial silt, that in the natural
condition is flowing and has moisture of 25 %. After the driving the soil under the tip of
the pile was in a super compact condition (Wn=10%). The thickened zone amount to the
1 m depth and between moisture and depth there is practically a linear dependence, such
thickened zone should considerably increase the bearing capacity of a pile, but as the
calculations show, the bearing capacity of a pile is not determined by the strength of a
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Table 4 - Calculation of different soils cr, and cr1 by G. Meyerhoff's formula
Name of the soil
test

Varved clay
Marine clay
Marine loam
Marine silt
Glacio-lakey silt
Yielding moraine
Plastic moraine
Hard moraine
Cambrian clay
Sand containing org. matter
Medium thick sand
Thick sand

0.22
0.12
0.40
0.70
1.80
2.00
6.00
8.00
12.00
1.40
5.00
9.00

cr, MPa
calculation

0.20
0.10
0.45
0.65
1.70
1.90
5.50
7.50
13.50
1.20
5.50
8.50

<Jr,

test

1.00
0.75
1.25
1.50
3.80
6.00
12.00
16.00
22.00
3.00
9.50
15.00

MPa
calculation

0.96
1.20
2.15
8.00
8.00
9.10
14.00
17.00
24.00
7.25
10.00
16.00

Number
of tests

36
3
4
8
7
5
3
1
6
5
3
2

thickened material, but by the strength of a natural material. Therefore the thickened
cushion is a connecting link transmitting the load and not much increasing the bearing
capacity of a pile's tip. But it diminishes the deformation of the soil under the tip of the
pile, because the active area of the pile is in the pile itself and further up to the
proportionality limit - only dry unit is represented here.
As it can be seen in the table the calculation coincides with the test on the creep
threshold much better than on driving. It is so in case of silts, moraines and in case of
sands containing organic matter. In fixing the maximum shear strength of the named
soils by drained-unconsolidated shear, 'tmax is usually overestimated. In the course of
testing silt and sand become thicker and by the maximum shear strength the soil's
internal friction does not characterise the natural soil, but the soil mass formed in the
course of the test. It does not exist at the creep threshold and therefore the shear
parameters fixed at the creep threshold will suit better.
The comparison of marine and glacio-lakey silts shows that the first ones according
to the pile test data, are nearly two times weaker that is also in accordance with the data
of settlement observations and penetration tests. Testing them at the maximum shear
strength they have similar parameters and using them in calculation schemes we
overestimate the bearing capacity of both of them. The same picture characterises also
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i:he compression tests that usually underestimate marine silt and overestimate the
compressibility of glacio-lakey silts.
The table shows that it is not right to take as the basis of fixing bearing capacity of
the pile's tip the consistency of the soil. In marine clays, varved clays and marine silts of
the same consistency, the bearing capacity of the pile's tip is totally different.
The same picture characterises glacio-lakey silts and moraine and Cambrian clays
and hard moraine. The consistency indicator of the named pairs is similar, but the
bearing capacity of piles is entirely different. On the basis of the aforementioned we
may draw the conclusion that the geological history of clayey soils and their clay
containing have much more influence on their bearing capacity than consistency does
and not considering them, one may receive an incorrect result.
At the ultimate load Nu the settlement of the pile's head Su depends figure 8 on the
geological section of the pile's base, on the geotechnical properties of the soil and on the
pile's length, but as it can be seen in the figure 11, there is a certain dependence between
Su and Nu (YJ=0.55) and generally together with the growth of Nu, the settlement at this
load also increases. Here we can more clearly see the influence of the geological
structure of the pile's base on the named sizes and according to them four groups can be
distinguished in the figure. The group la is formed by the CP piles driven into the
yielding clays and silts. They reach their ultimate condition at the settlement of 10 ... 15
mm. The group h is also formed by CP piles, but they have been driven into the soft
silts; their settlement is considerably bigger - and the dependence between Nu and S4
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could be clearly seen inside the group. The group li is formed by hold piles, which
settlement at Nu is 15 ... 35 mm and increases simultaneously with the growth of the
load. In the group m there are piles of internal friction, driven into moraine and sands
and they are characterised by a very big settlement- 35 ... 64 mm at Nu.
Taking into consideration the fact that the groups lb and m involve the soils which
are characterised by a great angle of internal friction at 'tma.x, it may be concluded that for
the complete realisation of the power of internal friction at such soils a considerably
bigger settlement is needed and only then it is Nu accompanied by the driving of the pile
point's base. Loam and clays belonging to the group I have a small internal friction and
the Nu of piles' bases will arrive at considerably smaller deformations. As to the CP
piles belonging to the group lithe situation is somewhat complicated, because the pile's
side is in the weak soil and its point in the stronger soil and perhaps due to this the
settlement necessary for the base's breaking is smaller than at the piles of internal
friction. The additional influencing factor may be the fact that the hold piles have been
given into the strong layer only with their points, weak soils are straight above the
pressing-out prisms and therefore the trajectory of pressing-out prisms is shorter.
In most of the pile standard the bearing capacity of a pile is found from the load Nu
by the factor of safety and for estimating its size the connection between Nu and Ny was
compared with pile tests made in different engineering-geological conditions. The data
of the comparison is given in the figure 9 and it shows that there is a good correlative
dependence between the named sizes Ny=0.6 Nu (11=0.75).
The first group I is formed by the piles driven into clays and loams, characterised by
a relatively small interval between the named quantities (Ny=0.8Nu). In the second group
there are the connection piles together driven into silts; in their case the difference
between Ny and Nu is considerably greater. The different behaviour of piles in clays and
silts can be explained by the differences of shear strength at the creep threshold and at
the maximum shear strength that is small in clays and big in silts. In silts where the
growth of shear strength at the maximum shear strength is based on internal friction for
realising it (as it could be seen earlier) bigger deformations are needed - causing a
greater growth of Nu. The 3 rd group is formed (in the figure) by hold and internal
friction piles.
It may be concluded from the above that the bearing capacity of the pile is best
characterised by a proportionality limit that sets apart two different stages of the pile's
behaviour: at a smaller load the soil becomes thicker at a bigger load the soil pressing
from under the pile's point will start. The factor b characterising the temporality of
settlements makes a jump in this point. The exceeding of proportionality limit is always
characterised by a considerably bigger final settlement. At the pile' s proportionality
limit the pile's side friction ('tk = 'tr) has completely been realised and the pile's point
behaves itself linearly in accordance with the regularities of the deforming environment.
Up to this load for describing the dependence between deformations and the load it is
possible to use elasticity theory. At bigger loads the use of elasticity theory is not
justified and for describing the piles' settlement it is necessary to use empirical methods
taking into account the temporality of piles' settlement.
The above does not mean that Ny is the maximum permitted load for a pile. The
proportionality limit may be exceeded but the exceeding must be equal for all the piles
under the building in construction with a view that all the settlements proceeding from it
and fixed by some empirical methods, would be more or less equal. The most dangerous
is the condition of a building when a part of the piles has been loaded by the load
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smaller than the proportionality limit and a part of the piles by the load bigger than that
one which due to the increase in the intensity of settlement causes a different settlement
of the building's foundations.
Dynamic Testing of Piles
The dynamic method of determining the bearing capacity of piles is one of the oldest.
Until the present day more than 200 formulas have been worked out to this end. All of
them can be divided into empirical and theoretical ones. The last mentioned take into
account the conditions of energy balance necessary for driving. Some authors eliminate
from balance equation the energy going to constant deformations of soils, others - the
energy spent to elastic deformations. The third ones do not account any of them.
Nowadays such formulas are widely used take all the components of balance equation
into account.
N.M.Gersevanov' s investigations were an essential contribution in this issue, being
the first taking into consideration the pile's behaviour in the soil. N.M.Gersevanov
noted at the beginning of this century already that by dynamic methods it would be
possible to fix only the load of the pile's proportionality limit Ny (elasticity limit). The
investigators posterior to him, among them the authors of standard documents valid in
the Soviet Union, do not often consider this position. It is paradoxical that the formula
of Gersevanov himself should be used up till now on the grounds of standard documents
used for fixing the piles' ultimate load.
In Estonia the possibilities of fixing the dynamics of pile's proportionality limit by
formulas were investigated. Special attention was paid to Gersevanov' s formula as the
most wide-spread in Estonia.
For analyses the test data of 70 concrete piles and 50 steel pipe piles, loaded 1.. .3
month after the driving were used.
Gersevanov's formula for fixing ND 6 can be used at equivalent- set of 2 .. . 15 mm, in
case of smaller equivalents the formula overestimates, but in case of bigger equivalents
it underestimates the actual value (fig. 10).
On the basis of previous investigation results it can be concluded that on piles' static
test loading with the loads exceeding side friction and proportionality limit, the
accompanying settlements will be in the interval of 1.5 .. . 2.5 mm and 5 ... 15 mm.
Accordingly at equivalents of below 2 mm - the side friction is not exceeded and
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therefore it takes more energy to drive the pile, as compared to bigger equivalents,
causing the overestimation of the bearing capacity of the pile. At the equivalents 15 .. . 20
mm bigger the structure of the soil will break, the pressing out if the equivalent will
increase.
According to the previous investigation results for fixing Nv (according to driving
data) Gate's formula is the best (fig. 11).
If to fix the factor k represented in the formula, taking into account only the
equivalent, we get correlation factor 0.9, but if to take into account the energy of blows
and the relation between the weights of the pile and the hammer, the values of Nv fixed
at the pile's static test loading and calculated by Gate's formula are similar in case of
concrete as well as steel pipe piles. If the equivalent of concrete piles e < 5mm, then k =
3, but if e > 5 mm, then k = 2. At steel pipe piles in the interval of equivalents 5 .. .40
mm k = 1.5, at equivalents 2 .. .5 mm k = 3.0 and at equivalents 1.. .2 mm k = 4.
Dynamics formulas are not suitable for evaluating the bearing capacity of piles in the
following engineering-geological conditions:
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Figure 11 -The dependence of loads Ny fixed at static test loading and N 0 (proportionality limit)
calculated b-y Gate's formula
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1. In the geological section there are Paleozoic clays or moraine before the limestone
shore of hard consistency. Under the influence of driving shear strength of such soils
will be decreased in 70 ... 90 % and fixed dynamics ND=250 .. .500 MN. In 1.. .3
month after the driving the shear strength will be restored in a scale of 50 ... 80% and
ND, fixed at static test loading, will exceed 3 .. .4 times the one fixed immediately
after the driving.
2. There is weak silt in the geological section, whereby the equivalent is below 3 mm or
more than 15 mm,. In case of equivalents 3 mm smaller, in the thickened zone under
the pile the pressure is negative, causing a considerable increase in the bearing
capacity. At equivalents more than 15 mm, the structure of silt will break and the
base will become weaker (t=O). Therefore, in this case the blowing energy must be
such one that the equivalent will stay in the interval of 7 ... 15 mm.
3. In driving into the sand, gravel containing colloid organic matter and other soils
sensible to dynamic influence. The soil structure will be partially broken and shear
strength will diminish. ND calculated by the equivalents received in such conditions,
is considerably smaller than the one, fixed at piles' static test loading.
4. In driving into fine sand, containing pressure water. The hydrodynamic pressure of
this water causes a considerable lessening of the equivalent and thus the values of
ND, we shall get, are considerably larger than the actual ones.
Using CPT for the evaluation of the bearing capacity of the pile, has shown that the use
of the equipment enabling to fix the saft friction of the whole sound, gives better results.
The use of the friction muff is not justified in Estonia. Using CPT rather good
correlations between the special resistance of the pile's toe (by Ny) and qc have been
gained. The correlations between the relevant special resistance of Nu and qc are worse.
Recommended dependences are the following :
qy = 0.2 qc (r = 0,9),
fc = 0.8 q a (r = 0.85),
where qy - the special resistance of the pile's toe by Ny.
ta - the pile's special side friction,
qa - the special side friction of the CPT,
qc - the cone's special resistance.

To evaluate the bearing capacity of piles in Estonia mainly the pile's proportionality
limit fixed by the pile load tests- is used and it has been dealt with as a permitted load.
Such an approach as a whole may be dealt with as a wight and on about 30 objects [2],
where the pile's bearing capacity has been fixed on the grounds of Ny's value, in the
course of settlement observations the fixed settlements have remained within the limits
of 2 ... 5 cm. This approach was in the contradiction with the requirements of SNiP II-1777 p. 6.7, according to which the piles had to be loaded with bigger loads than Ny. But it
would have been accompanied with considerably greater and prolonged settlements.As
one of the examples let us analyze the settlements of the two buildings given in the
figure 12.
The first one is the 24-storeyed building founded on the 8m- piles. The piles were
driven through the weak clay soil into the medium dense sand, under which there were
loose sands 1Om and under them 2 metres soft clayey silts that covered moraine. The Ny
of the pile was on the grounds of tests 450 ... 500 kN and N1 700 kN and they were loaded
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Figure 12 - Two houses settlements
1. N <Ny.
2. N>Nr

with the load of 400 kN. The settlement of the building- was calculated by the authorwas 6cm (written in the pile test report) and as it can be seen in the figure -it is close to
the actual settlements.
Under the second building there are 12m-piles which were driven through the filling,
sand, weak clay soil into the sand with medium density. The pile's Ny in the sand was Ny
= 450 kN, Nu =700 kN and the piles were loaded with N = 60 kN. The prognosticated
settlement was 14cm that could be most likely.
As it can be seen from this example, in principle the piles could possibly be loaded
with loads surpassing Ny, but the settlement analyze must be concurrent with them and it
must be based on the pile load tests.
Resting upon such an analyze the pile foundation of the Tallinn Town Hall was
projected. A part of the piles was loaded with the load surpassing Ny and the
prognosticated settlement was 15 cm and the other part with the load that was under Ny
and their prognosticated settlement was 5 cm. The building was ready in 1980 and the
settlement observations have been the proofs of the presented prognosis (the difference25%) [4].
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1 REGIONAL GEOLOGY
The soil deposits in Finland were mainly formed during the last glaciation or thereafter as a result
of various geological processes. The material either derives from the bedrock (mineral soils such
as till, gravel, sand and clay) and plant remains (organic deposits such as peat), or is made up of
precipitates of compounds dissolved in water (lime gyttja). Moraine and till deposits cover over
50% of the total surficial deposits in Finland. 15% are formed of peat deposits, 13% of rocky
terrain and 10% of clay and fluvial deposits. The distribution of Quaternary deposits is uneven,
depending on land forms, the elevation of an area above sea level, regional and local
characteristies of the activity of the continental ice sheet and its meltwaters, the rate of uplift and
climatic factors.
Basal till is the predominant sediment type in Finland, and it often acts as a substratum for
other sediments. Basal till covers the bedrock, being the thickest in depressions. The average
thickness of the sedimentary deposits in southern and western Finland is on the order of
magnitude of about 10 meters. The thickness of sedimentary silty deposits, met with in interior of
the country, varies generally from five to ten meters. Even in valleys, the thickness of sedimentary
deposits can vary considerably: a ridge of bedrock or moraine can rise to the surface in the middle
of a valley.
Because the densely populated areas are situated mostly in the low-lying coastal areas of
southern and south-western Finland, the marine and lacustrine deposits, silt to clay, have great
importance from the engineering point of view. In central Finland, which was submerged for a
relative short time, the deposits are small and shallow. In southern and south-western Finland, as
well as in Ostrobotnia, the deposits are coherent, extensive and up to 60 m thick.
The geologic stratigraphy is geotechnically problematic in Finland. Under the fine-grained and
soft sediments there is usually a very stiff layer of moraine. The layer between moraine and clay
can be thin consisting of silt, sand and gravel, or the layer can be absent. Very often the layers
beneath the clay and silt contain stones and boulders. (Halkola, H. &Tornqvist, J. 1995)

2 COMMON PRACTISE FOR SOIL INVESTIGATION
2.1 Principle

The purpose of the soil investigation is to determine the surface relief and soil layers at the
construction site, properties of the soil layers, ground water balances in the layers and the
location of the rock face. Moreover, the structure of the bedrock is determined in order to make a
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reliable plan for the foundations and other bottom structures of a building and to facilitate safe
foundation engineering that does not harm the environment.
The extent and quality of the soil investigation are determined by the quality of the soil, loads on
the soil, existent and forthcoming constructions, and the environment. The extent and quality of
the soil investigation are assessed by a geotechnical designer who also observes the development
and the results of the investigation. Moreover, he must supplement the investigation plan if
needed. The investigator is responsible for the competence of the investigation tools and
investigation methods as well as the reliability of the results.

2.2 Sounding
Soundings are performed according to the instructions published by the Finnish Geotechnical
Society (Sounding Guide I - V). If a Finnish sounding method instruction is not available the soil
is investigated using a generally agreed method that is known to work well. The most common
sounding methods that are in use or can be adapted in Finland are presented in Figure 1.
Soil investigation must be extended below the soil layer which is defined to be an objective level
for the pile points. This facilitates the use of end-bearing piles, friction piles and cohesion piles
that all have a different working principle. Soil investigation must be performed using such
methods that a working principle and design values of the piles and pile groups can be reliably
defined.
Weight sounding test is generally used to determine foundation conditions of light and medium
weight structures and buildings. The cone penetration test is used in the clay regions of the
country, such as Southern and South-western Finland, and Ostrobotnia.
Grain size distributions of the soil layers are determined in laboratories using disturbed samples
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Figure 1. The most common sounding methods and their recommended usage (TP0-83).
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or based on observations made during sounding. Strength properties and limit of consistency of
the cohesive soil are investigated using vane shear tests.
Bottom conditions of heavy structures and buildings, and machine bases are mainly investigated
using dynamic probing. If the piles are designed to be supported by the rock the exact height of
the rock face is measured by percussion drilling.
The granularity of a soil layer is studied and the classification properties of soil layers are
determined using disturbed samples and observations made during sounding. Strength properties
are determined using field and laboratory tests . It is often necessary to take undisturbed samples
to assure sufficient tests in a laboratory.

2.3 Soil Investigation Using Different Types ofPiles
2.3.1 End Bearing Piles
When end bearing pile foundations are used, soundings reach the rock face or a solid bottom
layer. General structures of the penetrable layers and the bottom layer are determined. The
location and relief of the rock face are investigated, especially when cohesion layers reach the
rock face or the rock face is declining and the non-cohesive soil layer on the rock face is ·loose.
Furthermore, if the non-cohesive layer or moraine layer on the declining rock face is thin, location
and relief of the rock face should be determined.
If the diameter of the piles is smaller than 300 mm and the maximum ultimate load of the piles
is about 1.5 MN, dynamic probing should be made on different sections of the construction site in
addition to weight sounding test. When the ultimate load of the pile is more than 1.5 MN it is
necessary to carry out dynamic probing or other suitable soundings to determine location of the
dense bottom layer. Determination of the thickness and structure of the bottom layer may require
the use of more powerful sounding methods than dynamic probing. The location of the rock face
must then be reliably determined by percussion drillings.
The rock face should be investigated using percussion drillings if end bearing piles touch the
rock and have a rock shoe or are made of reinforced concrete or steel. The location of the rock
face should be assured using percussion drillings, especially when the soil investigation is made
for large capacity, rock-supported end bearing piles. In some special cases it is necessary to
investigate the structure of the rock using rock sample drillings.
2. 3. 2 Friction Piles
When friction piles are used, the boundaries between soil layers are investigated as well as the
properties (such as granularity and constructional density) of the layers penetrated by the piles.
Especially the layers which are designed to be functional should be investigated. If sufficient
results on the loading tests of the piles and test pilings are not available in design, bearing
capacities should be determined, especially in demanding cases. Test pilings and loading tests
should be done in similar ground conditions Otherwise instructions given in section 2.3 .I for end
bearing piles will be applied.
The cone penetration test can be used with friction piles. When investigation methods are
selected and the investigation is performed, special attention must be paid to the cohesive layers
that may be between non-cohesive layers .
2. 3. 3 Cohesion Piles
When cohesion piles are used, not only general ground conditions at the construction site but also
strength and deformation properties of the cohesive layers are determined. The properties must be
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investigated over the entire cohesive layer in order to determine the ultimate bearing capacity and
settlements of the cohesion piles as a function of the pile lengths.
Deformation properties of the cohesive layer are investigated in order to determine the expected
settlements of the piles and the extra loads on the piles caused by the cohesive layer. Typically the
undrained shear strength in Finnish cohesive soil deposits varies I 0 to 20 kPa in range, the most
common value is ea I 0 kPa.
The use of cohesion piles is very rare in many areas in Finland. Due to the geotechnical
circumstances, the cohesion piles can only be used in Southern and South-western Finland and in
Ostrobotnia. The use of the cohesion piles cannot be recommended in any circumstances and their
use is mainly limited to the foundations of lightweight buildings. For example in the design of
high capacity piles the resistance of cohesive soil layers is only allowed to be utilized in the
design of short term loads.

2.4 Special Requirements for the Soil Investigation
The soil investigation report must include the following information in addition to the
requirements presented in the general geological description of the construction site, ENV 19971:
-the ground level at all investigation points using one of the known leveling systems
- locations and properties of soft, loose and disturbance sensitive soil layers
-information about in-fills which have large voids. Mass deflects may therefore exist in the
layers when the piles are concreted
- locations and thicknesses of all bearing layers
- information about large stones, boulders or other large objects which make piling more
difficult and which may require penetration or removal tools
-locations, extents and thicknesses of the soil layers which are sensitive to water filtration or
to the increase in pore water pressure. Compacting and vibrating effects caused by the piling
work are reasons for the water filtration and to the pressure increase.
-information regarding the levels of perched ground water and ground water, range of the
levels and information about artesian ground water
- information about transmissive layers
-study on the aggressivity of the soil and ground water if it is probable that the aggressivity is
exceptionally high and can therefore have a harmful effect on concrete or steel parts of the
piles
- depth and decline of the rock face
- fractures and weakness substages observed in the rock
- information about waste fills and contaminated soil layers
With the aid of the soil investigation it must be able to assure that below the supporting level of
the piles there exists no soft soil layers. The piles can penetrate to the soft layer and therefore lose
their bearing capacity or the soft layer can compress and cause settlement of the piles.

3 PILING TECHNOLOGY
3.1 Pile Types
Pile types can be divided into three groups according to their geotechnical working principle:
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1. end bearing piles
2. friction piles
3. cohesion piles
This type of division is common in Finland. However, high capacity piles are divided into two
main groups based on geotechnical design.
1. displacement piles
2. replacement piles
Either end bearing or friction piles should be selected according to the geotechnical action.
The end bearing pile is the most common type used in Finland. The geotechnical circumstances
in Finland are suitable for relatively short piles that are supported by hard bottom layer or
bedrock. Since the depth of the bearing stratum is only I 0 - 20 m in many areas, the use of
friction and cohesion piles is often both technically and economically non-profitable.
The second most common pile type is the friction pile which is sometimes used at the esker
margins and regions where thick and loose non-cohesive soil layers exist. Friction piles are
mainly used in the foundation of relatively light weight residential and commercial buildings.
The pile types can also be determined based on the embedding and fabrication methods of the
piles. According to this division the pile types used in Finland are:
I. prefabricated driven piles
2. driven piles cast in place
3. driven piles with base enlargement
4. bored piles cast in place

3.2 Piling Technology
3. 2.1 Prefabricated Driven Piles

Prefabricated driven piles are made of reinforced concrete or steel. Reinforced concrete piles are
the most commonly used pile type in the foundations of light and medium weight structures and
buildings. Piles are typically embedded using a hydraulic hammer where the weight of the
hammer is 30-50 kN and the height offall is 0.2- 0.5 m. The operation load of the piles is about
500- 1500 kN. The most commonly used cross-sections of the reinforced concrete piles are 250 x
250 mm2 and 300 x 300 mm2 . Steel piles used in Finland are x- and G-piles, and RR-piles the
diameter of which is less than 300 mm. RR-piles are the most commonly used steel piles.
High capacity piles which are used in the foundations of heavy structures, such as bridges and
wharfs, are generally steel pipe piles. Their most common diameters are in the 500 - 1200 mm
range, the thicknesses of the pipe walls are 8 - 16 mm. The operation load of this type of piles is
about 3 - 9 MN and therefore the piles are mainly supported by the bedrock. The piles are almost
always equipped with a rock shoe to protect the pile against breakage and to facilitate the
attachment of the pile point to the rock.
The high capacity piles are embedded using high energy pile driving devices such as hydraulic
hailuners or Franki-pile driving devices which drive the pile from the base. The rated blow energy
of the Franki devices is 60 - 250 kNm or more. Moreover, diesel hammers have been used and
some experience in the use of IHC-hydrohammers have been gathered. However, high capacity
steel pipe piles are mainly embedded using hydraulic hammers.
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3.2.2 Driven Piles Cast in Place

In Finland this type of piles are mainly Vibrex-piles but they are not particular commonly used.
The diameter of the pile pipe is typically about 500 mm and the operation load is about 2 MN.
Vibrex-piles are normally embedded using similar pile driving devices as the high capacity steel
pipe piles.
3.2.3 Driven Piles with Base Enlargement

Franki-pile, Franki-pipe pile, Franki-mixte pile and onion (as bawang) pile are the piles of this
group which are fabricated in Finland. The diameter of the rod of a Franki-pile is about 500 - 600
mm and the operation load about 1.5 - 3.5 MN. Piles with base enlargement are fabricated using
a Franki drop hammer which is used to drive the pile base. The weight of the hammer being lOO150 kN and the falling height as much as 10 m.
The diameter of the base enlargement of the onion pile is about 1.5 to 2 times the diameter of
the pile rod corresponding the allowed capacity in same range as Franki-piles.
3. 2. 4 Bored piles cast in place

The use of bored piles is relatively common in Finland. The diameters of the piles are typically
about 900 - 1500 mm and the maximum load in operation conditions is ea. 3 - 17 MN. The piles
are fabricated using piling device which digs the soil inside the working pipe and simultaneously
presses and grinds the pipe. The piles are bored underwater and therefore they are concreted
using submerged concreting technique.
Obstacles, such as large stones and boulders, which hinder pile embedding are broken by
chiselling or explosion. When the pile is designed to be supported by a declined rock face, the pile
must be attached to the rock using an anchor pin in order to prevent the pile base from slipping.

4 RELEVANT NATIONAL DOCUMENTS WITH REGARD TO PILE DESIGN
4.1 General Documents

The regulations concerning foundation engineering in Finland are given in Volume 3 of the
Finnish Code of Building Regulations. Recommendations given in the Finnish Foundation
Engineering Standard (RIL 121-1988) published by the Association of Finnish Civil Engineers
are based on the Finnish Code of Building Regulations and represent good foundation techniques.
The principles to be obeyed when foundations and other burdening structures are designed and
constructed are presented in the code. RIL 121-1988 has been written such that geotechnical
design of foundations can be made using the limit state method and partial factors . The guide
uses the concepts of the limit state design but also facilitates geotechnical design using the global
safety method or allowed stress method.
An alternative for the foundation engineering and pile design is to use the European Pres~dards
(so called Eurocodes) for the design of load-bearing structures. A National Application
Document of the European Prestandard ENV 1997-1: 1994 Eurocode 7: Geotechnical design was
published in Finland 9.5.1996.

4.2 Documents Concerning Pile Design

For the design of the pile foundations, the Finnish Foundation Engineering Standard is
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supplemented by the Design Code for Driven Piles (LP0-87) and the Design Code for High
Capacity Piles (RIL 212-1995, SP0-95). The Design Code for Driven Piles (LP0-87) is written
for piling where rectangular piles having cross-section smaller than 350 x 350 mm2 or spherical
piles having diameter smaller than 500 mm are driven using a device equipped with a drop
hammer or other striking bodies. The Design Code for High Capacity Piles RIL 212-1995
discusses the general principles of designing and fabrication of high capacity piles. The guide can
be used for piles whose bearing capacity is 1.5 MN or more and a diameter of at least 300 mm.
The Design Code for High Capacity Piles was published in 1995 and it is a temporary guide: the
European standardisation of foundation engineering is ongoing but the work concerning high
capacity piles has not been finished. When the Finnish guide was renewed, the goal was to fit the
Finnish design and construction procedures to the European requirements.
In addition to the general instructions mentioned above, various organisations publish guides of
their own. The Finnish National Road Administration uses the Foundation Engineering Standard
for Bridge Design when designing bridge foundations and other structures supported by the soil.
This guide supplements the recommendations given in the Finnish Foundation Engineering
Standard RIL 121-1988. Chapter 10- Pile Foundations- of the guide was renewed in 1996. A
need for the renewal of the piling chapter raised when the Design Code for High Capacity Piles
was finished in 1995. Steel pipe piles for bridge foundations are designed according to the Steel
Pipe Piles guide by Finnish National Road Administration. Steel pipe piles for railway bridges
are designed using the Steel Pipe Piles for Railway Bridges guide published by Finnish Railways.

5 DETAILED DESCRIPTION OF THE NATIONAL DESIGN METHODS
5.1 General Philosophy

The foundation structures must be designed such that they and the structures borne by them have
sufficient tolerance against collapse, breakage, fractures and excess elastic or plastic
deformations. The compression and side resistance capacity and tensile capacity must be checked
in the service limit state and in the ultimate limit state.
The limit states in the foundation structures or in the constructions supported by the foundations
structures must be checked in the service limit state and in the ultimate limit state. The possible
limit states are caused by the displacements of the piles. In the ultimate limit state the pile loads
must be multiplied by the appropriate partial factors . Moreover, the capacity of the pile must be
divided by its partial factors . In the service limit state, the characteristic values of the pile loads
must be used and the characteristic values of the capacity are used as a pile capacity.

5. 2 Design on Basis of Static Loading Tests

Static loading test can be applied to test piles and foundation piles. The diameter of the test piles
must be more than 50 %of the diameter of the actual piles. The material and the assembling
method of the test pile must correspond to those of the pile to be designed.
When the ultimate load is determined using the static loading test, the test must be performed in
most adverse (geotechnically) foundation conditions found at the construction site. Moreover, the
load-tested pile must correspond to the pile to be designed and the loading test must be performed
in similar circumstances as the designed pile will have.
The static loading test is recommended to be performed according to the "Axial Pile Loading
Test, Suggested Method" published by the ISSMFE Subcommittee on Field and Laboratory
Testing. The method has been published in the ASTM Geotechnical Design Testing Journal, June
1985, pp. 79- 80.
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The load used in the static loading test must correspond at least to the maximum load multiplied
by a safety factor.
In the analysis of the test results, the base and the shaft resistances of the pile can be roughly
approximated by a displacement of 0.05 D for the base resistance and 0.005 - 0.01 D for the
shaft friction. Furthermore, the elastic deflection of the pile must also be taken into account.

5.3 Design on Basis ofGround Tests
5. 3.1 General

When the geotechnical ultimate load is determined using the bearing capacity formula that is
based on the strength properties of the soil or using empirical methods based on sounding
resistance, the geotechnical bearing capacity Re is the sum of base and the shaft resistance:

Where Rb = the design value for the base resistance; R, = the design value for the shaft friction.
In the partial factor method, the characteristic values of the resistances are computed according to
the ENV 1997-l and its clarifications presented in Section 5.6.
The characteristic values for the base and the shaft resistance can be computed using the
following equations:

Where Ab = cross-sectional area of the pile base; Asi = area of the pile shaft in the ith soil layer;
qbk =characteristic value of the pile base resistance per unit area; q,;k =characteristic value of
the pile shaft friction per unit area in the ith soil layer.
5. 3. 2 Ultimate load on basis ofstatic bearing capacity formula

When the bearing capacity of the pile is estimated using the static bearing capacity formula, the
internal friction angle of the soil must be determined on the pile shaft and in the base layer of the
pile. The estimation can be made using triaxial tests made in a laboratory, in- situ methods or the
sounding resistance.
The characteristic value of the pile base resistance per unit area is obtained in non-cohesive soil
layer from:
qbk

avNq
--s-

Where Nq= bearing capacity factor of the pile base, see Figure 2; av= effective vertical stress at
the level of the pile base;~= 1.6, see section 5.6.
The average friction angle in the base layer of the pile must be used in the selection of the bearing
capacity factor Nq. The base layer of the pile includes the soil layer extending 5 D above and 3 D
below the pile base (D is the diameter of the pile). If the friction angle is larger than 40° it must
be determined in a geotechnicallaboratory using triaxial tests or in-situ tests.
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Figure 2. The bearing capacity factor Nq as a function of the internal friction angle of the soil.

The effective vertical stress a v at the level of the pile base can be computed by taking into
account the effective load of the soil layers extending less than 10 D above the pile base.
The characteristic value of the pile shaft friction per unit area in a non-cohesive soil layer is
obtained from the equation:

Where K,tanfa = shaft friction factor depending on the pile material, embedding method and
internal friction angle (obtained either from Figure 3a or 3b); d v =effective vertical stress on
the pile shaft; ~is 1.6, see section 5.6.
The effective vertical stress d v on the pile shaft is determined by taking into account the load of
soil layers extending less than l 0 D above the examined level.
In the cohesive soil layers, the characteristic value of the pile shaft resistance is the adhesion
between the pile and the soil. It can be estimated using the undrained shear strength Su and the
adhesion factor a:

Where a is the adhesion factor corresponding to the pile material (obtained from Figure 4);
the undrained shear strength in the ith soil layer; ~is 1.6, see section 5.6

Sui

is

The development of the adhesion between the pile and the soil takes at least a month depending on
the properties of the soil type.
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Figure 3. The shaft friction factor of the pile K.tanf. for a) displacement piles and b) replacement piles.
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5. 3. 3 Ultimate load on basis ofdynamic probing resistance

The ultimate load qb per unit area of the pile base can be determined using the average sounding
resistance in dynamic probing, see Figure 5.
The average sounding resistance can be determined in soil layers which extend 5 D above and 3
D below the pile base using dynamic probing resistance based determination of the pile base
resistance.
The ultimate load per unit area on the pile shaft can be determined using the average dynamic
probing resistance on the pile shaft (obtained using Figures 6a and 6b, depending on the pile shaft
material and pile type).
The characteristic values for the base and shaft bearing capacities can be computed from the
ultimate bearing capacity:

14k =

14

1,6

R - R,
sk -

1,6

The shaft friction caused by the coarse-grained soil layer located above the cohesive layer must
not be included in the bearing capacity due to possible negative shaft friction .
5. 3. 4 Plugged open-ended steel pipe pile

The base resistance of the plugged open-ended pile is estimated based on the plugging factor:
-m morrune
h = 0.8 whenz/D = 10

- in sand and gravel
h = 0.8 whenz/D = 15
Where z is the embedding depth of the pile in the plugging soil layer; D is the diameter of the pile
The design base resistance of the plugged pile is obtained from the design base resistance of the
closed-ended pile.

Where Rbk is the design base resistance of the closed-ended pile, whose diameter corresponds to
that of the plugged pile.
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Figure 6. Shaft resistance qsfor a) displacement piles and b) replacement piles.

When the ratio z/D decreases, the factor h is linearly decreased. The pile can be considered as a
plugged pile when the settlement of the soil inside the pile is more than half of the settlement of
the pile in the plugging soil layer.
5. 3. 5 Driven pile supported by the bedrock

The rock shoe of the pile can be considered to be supported by the rock, when the pile driving
observations and soil investigation confirm that the pile base has reached the bedrock. In
uncertain cases, stress wave measurements are used to assure that the driven piles supported by
the rock.
The point resistance of the pile equipped with rock shoe supported by the rock is obtained from
the unconfined compression strength using the following equation:

Where qsy1 is the unconfined compression strength.
5.3.6 Bored pile supported by the bedrock

Before casting the pile, it must be assured that bored pile has reached the bedrock using chiseling
performed at the bottom of the pile excavation. Before casting, weathered or poorly supporting
surface of the rock must be removed from the bottom of the pile excavation. When needed,
percussion drilling can be used to assure that the bored pile is reached the rock surface.
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In demanding piling, the possibility to check and improve the rock contact must be assured by
injecting the base of the bored pile after concreting.
The principle for design a bored pile is the same as mentioned in the preliminary CEN document
Execution of Special Geotechnical work: Bored Pile. The base resistance of a bored pile
supported by the bedrock can be designed based on the strength of the pile material if the contact
with the rock is confirmed. The exception to this principle are design works carried out according
to the design code of practise of various national organisations such as example the Finnish
National Road Administration.

5. 4 Design on Basis ofDriving Formula
The final set during end blows computed solely using the dynamic pile driving formula can only
be used to confirm the bearing capacities of the reinforced concrete and steel piles whose capacity
is less than 1.2 MN. For the high capacity driven piles, the dynamic pile driving formula can only
be used in the preliminary estimation of the ultimate load. The ultimate load of these piles must
always be confirmed by dynamic or static test loading.
Two examples of dynamic pile driving formulae applicable to the preliminary estimation of the
ultimate capacity of the high capacity driven piles are Hiley's and Gates' formulae:
Hiley's formula

Where E is the impact energy [kNm]; e1 is the efficiency factor of driving; n for hard wooden
cushion block= 0.5, for hard plastic cushion n = 0.8 and for steel die without pile cap n = 1.0; s
is the permanent settlement of the pile [mm]; c is the elasticity [mm]; Wp is the weight of the pile
[kN]; wh is the weight of the hammer.
Gates' formula

Pu

=

96(2,4 -log s)~e1 ~H)

Where e1 is the efficiency factor of driving; Wh is the weight of the hammer [kN]; His the falling
height of the hammer [m]; s is the measured settlement per drive of the pile [m].
When the concentrated bearing stress of a reinforced concrete pile is less than 7 MPa in the
operation state, the sufficient geotechnical ultimate load of an end bearing pile can be confirmed
Table 1 Instructions to final set the reinforced
hammers.
The
maximum The size
The largest allowable
settlement [mm]/10
stress in of the pile
operation
blows
state
2t
3t
4t
5t
<9MPa 250x250
7
10
13
300x300
7
10
<7MPa 250x250 8
15
20
25
300x300 (5) . 10
15
20

concrete piles using hydraulic or other free falling

The falling height of the hammer [m],
when the length of the pile is

5m
0,25
0,25
0,24
0,24
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lOm
0,27
0,27
0,26
0,26

15m
0,29
0,29
0,28
0,28

25 m
0,31
0,32
0,31
0,31

35 m
0,35
0,35
0,34
0,34

50 m
0,40
0,40
0,39
0,39

using final set condition based on dynamic bearing capacity formulae, and experience. If the
concentrated bearing stress of the reinforced concrete pile is less than 9 MPa in the operation
state, the validity of the end blow condition must be confirmed by static or dynamic loading test.
The end blows are made, when the pile base reaches the solid subgrade and the settlement of the
pile clearly decreases. The end blows typically include 3 -5 series a 10 drives and they are made
on the basis of recommendations on the hammer and the falling heights for piles of different
lengths (see Table 1). The number of end blow series depends on circumstances. If the settlement
of the pile decreases slowly more series are made and if the settlement decreases fast less end
blow series are needed.

5.5 Design on Basis of Wave Equation Analysis

In demanding building projects, the geotechnical bearing capacity of the driven piles must be
confirmed using stress wave measurements. It is recommended to confirm the geotechnical
bearing capacity of the driven piles in other building projects, too - and at least in uncertain and
suspicious cases - by stress wave measurements. Stress waves should be measured for each
different pile size, pile type and ground conditions. The number of piles to be measured should be
at least 10% of the total number of the piles.
The person making the stress wave measurements and the person analysing the measurement
results must be familiar with the pile driving and especially with the behaviour of the piles in the
driving stress. Moreover, they must have sufficient knowledge of the stress wave theory.
In bearing capacity computation based on stress wave measurements, the damping coefficient of
the pile laying on a soil layer must be confirmed by making at least one stress wave theory based
analysis. The analysis can be for example of SIGNAL MATCHING or CAPWAP type but it
must be based on measurements made at the construction site. There is no need to make the above
mentioned analyses for the piles laying on the rock.
In suspicious cases and in the cases where the base resistance and shaft friction clearly depend on
the construction section, it is recommended to make several analyses to assure that the damping
coefficient and the geotechnical bearing capacity of the pile are sufficient.
The bearing capacity can be estimated using the CASE method. In the CASE method, the
geotechnical ultimate bearing capacity is computed using results of the stress wave measurement:

Rr =

F(ti); F(tz) + ~~ [v(ti) -v(tz)]

R,

Rr- Jc[F(t1) +zv(t1 ) - RtJ

=

Where R1 is the total driving resistance; F is force; v is the particle velocity of the pile; t 1 is instant
of time for the maximum force I maximum velocity; tz is t1 + 2 Lie; M is the mass of the pile; L
is the distance between the measurement point of the stress wave and the pile base; c is the
stress wave velocity in the pile; R, is the static load of the pile; Jc is the damping coefficient; z is
the impedance of the pile.

5. 6 Prescribed Global Factors for Saftty and Applied Partial Factoring
5.6.1 Finnish Foundation Engineering Standard RJL 121-1988

The Finnish Foundation Engineering Standard RIL 121-1988 publication has been written such
that geotechnical design of foundations can be made using limit state, global safety or allowed
stress methods. The standard provides minimum values for global safety factors to be used in pile
design. The minimum values are presented in Table 2.
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Table 2 Minimum values for global safety factors.
Target
Global Safety Factor
Static load tests
1.8
Dynamic load tests
2.0
Empirical or analytical calculation
2.2*
* When calculations are carried out at least two independent calculation method and the global safety factor is
applied to the lowest value.

Table 3 Partial factors for actions.
Action
Permanent action
Variable action

Partial Factor
1.2
1.6

Table 4 Partial factors for ground properties.
Target of the factor
Tangent of angle of shear resistance
(bearing capacity of pile)
Cohesion (bearing capacity of pile)

Partial Safety Factor
1.25
2.0

Table 5 Partial factors to derive a design value for the piles in the ultimate limit state.
Component Factors
Base Resistance n.
Shaft Resistance y,
Total Resistance y,
Driven piles
1.3
1.3
1.3
Bored piles
1.6
1.3
1.5

Table 6 Factors .;to derive Rc~c.
Number of loaded piles • 1

Factor;
>25%

100%
~50%
Static load test
a) ~to the average load test result
1,35
1,30
1,25
1,20
1,10
b) ~to the lowest load test result
1,25
1,20
1,15
1,10
1,00
Dynamic load test
,
a) ~to the average load test result
1,5
1,45
1,40
1,35
1,25
1,4
1,35
1,30
1,25
1,15
b) to the lowest load test result
*) When the number of load-tested piles is two or more, the percentage values given in the table are computed for
equal type of piles in equal ground conditions of the building site. When only one pile is load-tested, sis 1.5.
< 10%

> 10%

s

Piles can also be designed using the limit state method. In the service limit state all partial factors
are l.O. Partial factors used in the ultimate limit state are given in Table 3.
Partial factors for strength parameters of ~oil layers in the ultimate limit state are presented in
Table 4.
5. 6. 2 The Design Code for High Capacity Piles RIL 212-1995

According to the Design Code for High Capacity Piles, the piles are designed using the limit state
method. The design values for the bearing capacity are obtained from

147

Table 5 presents the partial factors provided in the guide to derive design values for the
geotechnical bearing capacity of the piles in the ultimate limit state.
When the geotechnical capacity of the pile is computed, the characteristic value of the capacity is
obtained by dividing the theoretical ultimately load by factor ~- Table 6 gives the values for the
factor~ when static or dynamic loading tests are applied. Otherwise, the factor ~is 1.6.
The Fllinish National Application Document for the European Prestandard Eurocode 7 provides
the same partial factors and ~factors as the Design Code for High Capacity Piles RIL 212-1995 .

5. 7 Rules for Serviceability: Particular Rules for Pile Settlements
Table 7 presents the limit values for equal total settlements and angular displacements of the
foundations given in the RIL 121-1988 publication (see also Figure 7) .
The values given in Table 7 are only applicable in the design of house buildings . For bridges the
general limits for the allowed total settlements are given in the National Application document.
The allowed equal total settlement is 20 mm and the corresponding allowed difference in
settlement between bridge footings is 10 mm. If these values exceed, the additional load effect
caused by settlement shall be taken into account in the loading of the bridge.

Table 7 Limit values for even total settlements and angular displacements
Limit Value for
the Total
Limit Value Range for the Angular
Type of Structure
Settlement
Displacement 11/1
Smax[mm]
Friction Soil
Cohesive Soil
Solid rigid structures
100 ... 150
11250 ... 11200
11250 .. . 1/200
Statically determined structures
100 ... 150
11400 ... 1/300
1/300 ... 1/200
Statically not determined structures
100 ... 150
11400 ... 11300
11300 ... 1/200
- Timber structures
1/500 ... 1/200
80 ... 100
11500 .. . 11200
- Steel structures
40 ...80
111000 ... 11600
1/800 ... 11400
- Mansoried structures
60 ... 100
111000 ... 11500
- Reinforced concrete structures
1/700 ... 1/350
- Reinforced concrete element structures
40 ...80
111200 ... 1/700
111000 ... 11500
- Reinforced concrete framed structures
111500 ... 11700
30 ... 60
112000 ... 111000
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Figure 7. Definitions for symbols in Table 7.
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s = settlement
[)

.

1= deflec1lon

6 PARTICULAR EXAMPLES TO DEMONSTRATE THE METHODS
6.1 General
The example bridge has been founded using closed steel pipe piles. The geotechnical ultimate
load of the pile is computed using a method based on dynamic probing. The method is presented
in the Design Code for high Capacity Piles (RIL 212-1995). The piles are designed using the
global safety method and the limit state method. The data of the example are · based on a real
bridge. The bearing capacity of the piles is confirmed using dynamic load tests.
Both dead and live loads are applied to the closed steel pipe pile. The characteristic values for
the dead and live loads are 3000 kN and 1350 kN, respectively. The design load is computed
using the global safety method and the limit state method.
The design load of the pile using the global safety method:
Gd1

= 3100 + 1350 = 4450 kN

The design load of the pile using the limit state method:

Gc12 = 1,2 ·3100+ 1,6·1350= 5880 kN
The steel pipe pile has been embedded using Franki devices. The soil data, dimensions of the
closed steel pipe pile and the dynamic probing resistance diagran1 are presented for the
intermediate bearing of the bridge in figure 8.

6. 2 Bearing Capacity on Basis ofDynamic Probing Resistance
The ultimate load of a pile using dynamic probing resistance is obtained from the equation:

Rem= f1Cdfsds+Apkqp
0

Ground water level

Piles:

"+ 98 30

Steel pipe pile
D= 813 mm
A

Silty sand
cjl = -

t
L

--+...,__ _ _ +95

r· = 8 kN/m'

= 14,2mm
= 12,60m

i
B

cjl = 30o

y'

= 9 kN/m'
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______ J::!

[ ••••••••••••••••••• 114

~----------4%--+90

c
D

Fine sand
.P = 38°

HB

r· = 11 kN/m'

---·····················--················· ... - ----·------·0 --------·

1.:'.360 -~-=-11..~~~-------·

_____g -·---·v+

E

.:;· 116
' 120
138
212
~-·····
112
, .....................J

Moraine
.P = 40°

85 70

•••••••••••••••••••••••••· 214

~----------~~-+85

••••••••••••••••••••••••••••••••••••••••••••••••. 506

r· = 12,5 kN/m'
0

Figure 8. Soil investigation of the example bridge.
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20

40

60

80

100 L/0,2m

The average dynamic probing resistance at the pile base:

5d=4.065 m
3d= 2.439 m
0,2 · 70 + 0,4 ·(50+ 86) + 1,4 ·157 + 0,6 · 96 + 1,065 ·115 + 1,2 · 206 + 1,239 · 506 = 206 VO 2m
4,065 + 2,439
,
Base resistance:

=> q P = 20 MPa = 20 000 kN/m2
The bearing capacity of a steel pipe pile base:
0,813
2

2

Rbm = Apkqp = n-(--) ·20000 = 10382 kN

Table 9 presents the computation of the shaft bearing capacity layer by layer (RIL 212-1995).
Total shaft bearing capacity of a steel pipe pile (RIL 212-1995):

R,m

=

Jn-df,ds =327+ 1456+230=2013kN
0

Ultimate load of the pile (RIL 212-1995):

Rem= 10382 + 2013 = 12395 kN
Design of a closed steel pipe pile using the global safety factor method:

F = Rem = 12395 = 2 8 > 2 2
a Gdl
4450
'
'
Design using the limit state method:
The characteristic value of the ultimate load of the pile:

R

=Rem
ek

~

=

12395
1,6

=

7747 kN

Table 9 Computation of shaft bearing capacity
Soil Layer
Height [m]
Driving Resistance
Layer A
LayerB
LayerC
LayerD

6.3
1.6
3.8
1.0

Shaft Friction [kN/m2]

Shaft Bearing
Capacity [kN]

80
150
100

327
1456
230

[Vm]
4

37
127
68
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The design bearing capacity of the pile:

R d = Rek = 7747 =5959
e
r t 1,3
Safety using the limit state method:
F =Red = 5959 = 1 01 > 1 O
d
Gd2 5880
'
'

6.3 Bearing Capacity on Basis of Wave Equation Analysis

Two piles in the intermediate bearing at the Kutujoki bridge have been load-tested. The number
of steel pipe piles is four. The ultimate loads obtained from the dynamic load tests are 10 040 kN
and 10 720 kN. The mean value of the load tests is 10 380 kN and the lowest value 10 040 kN.
Design of a closed steel pipe pile using global safety factor method:
F = Rem = 10040 = 2 3 > 2 O
d
Gdi
4450
'
'

Design using the limit state method:
The characteristic value of the ultimate load of the pile:
a) for the mean value of the load test results b) for the lowest value of the load test results

R

=Rem
ek

~

=

10380 = 7689kN
1,35

R

ek

=Rem=10040=8032kN
~
1,25

The design bearing capacity of the pile:

Safety using the limit state method:
F =Red= 5915 =101 > 10
d
Gd2 5880 '
'

7 QUALITY CONTROL AND MONITORING
7.1 Quality Control

The supervisor must be competent and experienced person, and he is responsible for the
following:
- the work is done according to the instructions, qualitative requirements defined for the work,
- the work description or a proper working method,
- the piling plan and other essential working plans are properly made and inspected,
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- controlling measurements are made and measurement record is maintained,
- the developer and/or the designer are informed of exceptional situations and conditions
observed at the construction site, as well as of all the other matters affecting the working
process,
-specialists, such as welders, must fulfill the competence requirements.

7.2 Monitoring
Piling must be supervised by measurements and all appropriate information must be written in
driving records (see Annex 1 - 2). The driving record must include
A) Piling site and piles
- piling site, types of piles, sizes and depths, steel types and the types of the pile tips when
needed
B) Soil information
-soil type, layer boundaries, level of the ground water, possible level of the perched ground
water and pressure level of the artesian ground water
- layers difficult to penetrate
-quality of the soil or rock at the bottom of the pile
C) Boring I digging I drilling
- equipment and tools

-assembly of the working pipe
- boring phases
- the use of bentonit supporting the pile excavation
- water level inside the working pipe
- fabrication and inspection of the base enlargements
- cleaning the bottom of the pile
D) Pile driving
- driving devices
- supports for the pile during driving
- driving phases
- pile extension
- final drives, measurement of the bearing capacity and the failure level of the pile
E) Reinforcement
- inspection of the cleanliness of the pile and cleaning when needed
- type of reinforcement, dimensions, composition and length
- assembling depth of reinforcement and bonds, supporting and centering
F) Concreting
- underwater concreting, centering in dry circumstances
- ready-mixed concrete or concrete mixed in place
-granularity, mix proportion and consistency of the dry aggregate
- casting, consumption of concrete, cast duration, rising rate and the final level
- hoisting the working pipe
- hoisting the casting pipe
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G) Injecting
-injecting of the rock contact: number of injecting pipes, working order, composition and
properties of the grout, time, speed, pressure
The supervisor must be informed of all exceptional situations and conditions affecting the
working process and the results of the work.
The measurement record of the controlling measurements must be written immediately. The
records must be stored at the working site until the work is completed.
The piling records must be delivered to the builder's supervisor and/or designer according to
agreement.
After piling, an implementation drawing must be made to specify locations of the piles, pile
sizes, foundation level and accessories used in the piles.
Measurement plan, measurement results and other piling documents must be stored as agreed in
the contract agreement or regulations concerning contract work.
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ANNEX 1/1

DRIVING RECORD FOR STEEL PIPE PILE
COMMON PART
Contactor

Pile type and piling m_e_th_od
_ _ _ _ _ _ _ _ _ _ _ __

Site

Piling equipment
Drawing no

Pile group

Pile numbers

Pile data

Reinforcement

Shaft

Drawing no

• concrete

• composite structure

D
D

Geotechnical function

cp
cp

mm
mm

Type of spacers

• friction pile

D
D

• pile group with tension piles

D

• end bearing pile

Longitudinal bars [mm]
Transverse bars [mm]

Pipe

spacing [mm]

Concrete

c

Class of concrete

• external diameter (mm]

Consistency

• wall thickness [mm]

Prefabricated concrete

D

• steel quality

Concrete mixed in situ

D

• manufacturer

• cement quality (deliverer)

• delivery document

• quantity of cement (kg!m']

Pile toe
• rock shoe
• base plate shoe
• strengthened toe (open pile)

• aggregate (maximum size) [mm]

D
D
D

Water-cement ratio w
Concrete admixtures

Joint

• % of cement weight

Tolerances for pipe

Workability time [h]

• external diameter

• linearity

• circularity

Concreting

• right angle accuracy of head

Submerged conditions

• wall thickness

Dry conditions

•length

Method of concreting

• irregularities of head

Tremie pipe
Pumping hose
Different placing method

Pipe driving

• description

Piling rig
Pipe driving
• free fall hammer
• hydraulic hammer
• diesel hammer
• vibrating hammer
• some other

0

D
D
D
D
D

Comments/Observations

Mark the proper square
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D
D
D
D
D

cp
cp

m
m

ANNEX 1/2

DRIVING RECORD FOR STEEL PIPE PILE
SEPARATE PILE, PAGE 1/2
Pile number

Compressed pile

D

Tension pile

D

Pile data

Designed

As-built

Location

X

AX

mm

y

t.Y

mm

Difference

Level of head

mm

Level oftoe

mm

Length of pile [m)

mm

Inclination of pile [mm/m]

mm/m
0

0

0

Direction of pile
• survey line

Concreting

Hammer and cushion
Hammer

Cushion

Date and time of placing

Material

Water table in pipe before commencement of placing

Mass [kg)

Ambient temperature [0 C)

Section [mm']

Concrete temperature [•C)

Length [m]

Codes of specimens

Concrete volume [m']

Reinforcement

• teoretical

Longitudinal bars

~

mm

Transverse bars

~

mm

Length oflongitudinal bars

•

as~built

Cleaning of pile bottom/check
Deliverer

Head level of longitudinal bars
• before concreting

• after concreting
Lower end of longitudinal bars

Monitoring of pile capacity
Stress wave measuring

Date and signature
Forcman for piling
Supervisor of client
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ANNEX 1/3

DRIVING RECORD FOR STEEL PIPE PILE
SEPARATE PILE, PAGE 2/2
Pile no

Pile driving and concrete placing

(events for driving and concrete placing shall be recorded
in proper columns in time order)

Worlcing level

Ground surfice level
Distance

from wor-

Date

Time

king level
to lower
head of
pipe(m)

Height
Number of Settlement
of fall
blows
(mm/blow)
[m)

Elasticity
(mm)
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Distance
from
working
level to
casting
level [m)

Concrete
volume

[m')

Comments

DRIVING RECORD FOR FRANKI-PILE

ANNEX211

COMMON PART
Contractor

-----------------------

Pile type and piling_me_th_od
_ _ _ _ __ _ _ _ _ __
Pilingg equipement _ _ _ _ _ _ _ _ __ _ _ __

Site

Drawing no
Pile group ------------------------

Pile data
Shaft

Pile numbers

Reinforcement

• concrete

• composite structure
• pre-fabricated element

0
0
0

Geotechnical 1\mction

Drawing no
M

Longitudinal bars [mm)

«P

mm

Transverse bars [mm]

«P

mm

Spacers, type

• end bearing pile

0

• friction pile

D

• pile group with tension piles

D

Pipe or pre-fabricated element

spacing [mm]

Concrete

Shaft

Class of concrete

c

• external diameter [mm]

Consistency

• wall thickness [mm]

Concrete of enlarged base

y . .•

Enlarged base

< ::~:"" ...

• quality of concrete/steel

Prefabricated concrete

D

• manufacturer

Concrete in situ

0

• delivery document
Enlarged base

0

• cement quality (deliverer)

• normal
•onion

Joint

0
0

• quantity of cement [kw'm')
• aggregate (maximum size) [mm]
Water-cement ratio w
Concrete admixtures

Tolerances of pipe or element

• %of cement weight

•length of external diameter [mm)

Workability time [h)

• linearity
• cirrularity
• right angle accuracy of head
• wall thickness
• irregularities of head

Method of shaft concreting
0 «P

Pumping hose

Pipe driving

Different placing method

Pile rig

• description

0

Mark the proper square
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ANNEX2/2

DRIVING RECORD FOR FRANKI-PILE
SEPARATE PILE, PAGE 1/2
Pile number

Compressed pile

D

Tension pile

-

D

Pile data

Designed

As-built

Location

X

AX

mm

AY

mm

y

-

Level of additional placing

Difference

::'"'""'"'"

,,'' '"' ' ' ',. "'"' '""'' '"' '"'"' ' "'"""'' ' ' ]:['' ' ' ' '

Level of head

mm

Level of base

mm

Length of pile [m]

mm

Inclination of pile [mm/m]

mm/m
0

0

Hammer

Concreting

Antura

Material

Date and time of placing

Direction of pile

0

• survey line

Mass [kg]

Ambient temperature [0 C]

Section [mm']

Coocrete temperature

Length [m]

Codes of specimens
Conaete volume

Reinforcement

[•q
(m']

• teoretical

Longitudinal bars
Transverse bars

V ani

pieces
k

cp
cp

Length of longitudinal bars

mm
mm

• as-built
Cleaning of pile bottom/check

Deliverer

Head level of longitudinal bars

• before concreting
• after conaeting

Changes
Concreti~

of enlaf'2ed base

PlugT [cm]
and batch A (I]

Rise of casing
[cm]

Woricingperiod

Number ofblO\W

Heigth of fall
[m]

Plug at the end of
period [cm]

T

A
A
A
A
A
A
A
A
A

Monitoring of pile capacity

Date and signature

Stress wave measuring

Foreman for piling
Supervisor of client
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Observations/
acceptance of
foreman

ANNEX2/3

DRIVING RECORD FOR FRANKI-PILE

SEPARATE PILE, PAGE 2/2
Pile no

Pile driving and concrete placing
Working level

Date

Time

(events for driving and concrete placing shall be recorded
in proper columns in time order)
Ground surfice level

Distance
from worHeight
king level
Number of Settlement Elasticity
of fall
blows
to lower
(nun/blow]
[mm]
[m]
head of
pipe [m]
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Casting
level [m]

Concrete
volume
[m')

Comments, heigth
of plug when
striking last blows
etc

Design of Axially Loaded Piles- European Practice, De Cock & Legrand (eds)
© 1997Balkema, Rotterdam, /SBN9054108738

Design of axially loaded piles- French practice
M. Bustamante
Laboratoire Central des Ponts et Chaussees (LCPC), Paris

R.Frank
CERMES (ENPC-LCPC), Cite Descartes, Champs-sur-Marnt

ABSTRACT : Mter reviewing the complex and varied geology of France, the soil investigation
commonly performed for pile projects is described. The types of piles and the execution
methods used in the country are also given. The design rules for axially loaded piles,
recommended by the French code for foundations 'Fascicule 62-V' (1993), based on Menard
pressuremeter test (PMT) and on cone penetration test (CPT) results are presented in detail
(including formulae and charts). The relevant factors of safety are given, both for ultimate and
for serviceability states. The t-z method for obtaining the axial load-axial displacement
behaviour of a pile, from PMT results, is described. Finally, the national practice for integrity
testing and for load testing of piles is given.

1 REGIONAL GEOLOGY

France covers an almost hexagonal territory, approximately 1000 km long in any direction, with
a' total surface of about 550 000 km2 • The country comprises five main types of geological and
geomorphological units (Figure 1, Frank and Magnan 1996):
- three main chains of hercynian mountains: the Armorican Massif, the Vosges-Ardennes
Massif and the Central Massif, which was partially covered by volcanic rocks during the
tertiary and early quaternary periods,
- two large tertiary massifs (Pyrenees and Alps), which culminate at 3404m and at 4807m
respectively,
- two large sedimentary basins (Paris Basin and Aquitaine Basin) covered with secondary
formation,
- two main «sillons» corresponding to the Rhone-Saone valley and to the Rhine valley in
Alsace, filled with sediments from the neighbouring mountains,
- numerous river valleys and coastal plains, mostly covered with quaternary sediments,
including soft clays, sands and gravels, peat, etc.
The tertiary and quaternary deposits are the most important grounds for civil engineering
structures foundations . Amould (1968) describes the main types of soils that can be found in
France:
- eolian sands frequent in the form of dunes on the Mediterranean, Atlantic and Channel coasts.
The eolian Landes sand covers thousands of square kilometres of land along the Atlantic coast,
north of the Pyrenees, with thicknesses up to 20 meters;
- marine sands found both on recent shore deposits and in tertiary deposits such as the
Beauchamp and Fontainebleau horizons in the Paris Basin;
- fluvial sand and gravel deposits frequent in the main river valleys, often encountered in the
form of terraces;

161

OCEAN

•

Littoral

MEDITERRANEAN
SEA

nilJ Alluvial valleys
D Hercynian massifs IIJ Alpine chains 4o
... Tectonic faulting E3 Subsidence valleys
•

Volcanic rocks

D

ao,.,
.

, 150 km ,

Sedimentary basins

Figure 1. Main geological units of France.

- surface layers of residual (eluvial) sands, existing in all the regions, described as feldspathic
rocks on geological maps (mainly in the hercynian mountains)~
- silty and loessial soils of various origins in all parts of France: for example brown eluvial silts
produced by the decalcification of chalk or limestone found in most parts of the Paris Basin,
and loessial deposits found in layers up to 30-40 m in Alsace, up to 20 m near Lyon, up to
several metres in the North of France, in the Paris Basin and Normandy;
- clayey overconsolidated stiff soils of marine, lacustrine or fluvial origin common in the
sedimentary basins;
- clayey muds and soft organic clays found along the Mediterranean and Atlantic coasts of
France and in the valleys of the main rivers. The thickness of these soft deposits is currently of
the order of 5 to 10 m, with 20-30 m or even more than 50 m in the Adour valley and on the
Cote d' Azur;
- more or less hard marls common in most .parts of the country in secondary and tertiary
deposits;
- glacial and fluvio-glacial deposits less frequent in France than in the northern Europe, since
the inlandsis stopped at some distance of the country. Yet, ice covered the Alps and the
Pyrenees and left some typical marks in the landscape and in the soil properties, such as lines of
morainic deposits, glacial and fluvio-glacial sands and gravels, heavy overconsolidated by the
ice-cover. The whole Rhone-Alpes region is therefore covered with stiff soils, which are
suitable for the construction of buildings and structures, but sometimes quite hard to penetrate;
- peat is relatively rare fn France~ Except for the large Normandy Carentan m~sh and some
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smaller peat bogs, peat can mostly be found in the estuarine deposits of the main rivers or in
same places north of the Seine river.
The above description shows that the bedrocks and surface layers of France are extremely
rich and varied. Due to this variety a significant part of the piling experience had to be derived
from foundations in complex materials such as weathered rock, hard materials often coupled
with a great spatial variability, with the presence of boulders in medium-grained to coarsegrained matrixes, karstic and dissolutions of gypsum or limestones, etc.
At last a special attention should be paid to the groundwater regime in all the regions of
France, since it can be as varied as the grounds. Artesian water pressures are frequently
encountered all over the country. Close to the seafronts, the nature of the water as well as the
range of the tidal variations (especially along the Atlantic coast) require careful investigations
to ensure they will not affect the piles during construction works. In sloping and mountainous
grounds the groundwater regime, frequently erratic, require hydraulic gradient measurement
since significant flow can affect pile integrity.
2 COMMON PRACTICE FOR SOIL INVESTIGATION
The French practice of soil investigation reflects necessarily the richness and the complexity of
the soil conditions all over the country. As a basic approach it is accepted that the programme
of ground investigation should be flexible and based on various existing techniques, field as
well as laboratory (Table 1).
The choice of the investigation techniques depends both on the type of ground and on the
type of geotechnical structure and the general approach is similar to the one followed in most
countries. As a preliminary, an attempt is always made to use simple and low cost investigation
techniques, such as test pits dug by a backhoe for shallow depths or auger borings for deeper
investigations. These methods permit to retrieve representative but usually severely disturbed
samples.
The investigation of deeper formations and recovery of 'disturbed', 'slightly disturbed' ,or
'undisturbed' samples are systematically required when deep foundations are planned. In these
cases samples are taken from boreholes sunk using powerful and more or less sophisticated
drilling machines. Deep boreholes are needed in the soil investigation of any serious piling
project. The boreholes can be sunk using :
- rotary-core drilling with air or water flush;
- rotary tricone drilling with air or water flush;
- double- or triple-tutJe core barrels;
- percussion drills, down-the-hole hammers, etc.
The well known piston sampling, limited to shallow sampling, is used for 'research' class
sampling, in association with special problems encountered in the research field.
Since the early eighties, classical boreholes techniques have been supplemented by
destructive drilling performed with acquisition systems (Liitz or Enpasol), recording the drilling
parameters such as : oil pressure, torque, weight on bit, etc. This technique has become very
popular in France. When adequately used, it can provide instantaneously geotechnical
information necessary to confirm or amend the project.
In addition to classical boreholes aimed at recovering remoulded or undisturbed samples for
laboratory examination and investigations (shear and compressibility, chemical properties of
soil and water), the range of used field tests includes:
- pressuremeter tests (with Menard or self-boring pressuremeters),
- cone penetration (CPT) or, more rarely, piezocone tests,
- standard penetration tests (SPT),
- dilatometer,
- plate bearing tests,
- vane shear tests,
- in situ permeability tests.
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Table 1. Usual site investigation techniques in France for deep foundation projects
Type of structures
Type of soil
Organic soils
and soft clays (1)

Small & medium
structures
CPT
Pressuremeter (PMT)

Clayey soils
(firm to hard)

Auger
CPT
Pressure meter
SPT (sometimes)
Auger (identification)
Sandy soils
(loose to very dense)
CPT
-Pressuremeter (slotted tube)
SPT (sometimes)
Auger (identification)
Gravels
(medium to very dense) CPT (static or staticdynamic)
Pressuremeter (slotted tube)
SPT (sometimes)
Auger (identification)
Marl, chalk, gypsum
CPT
Pressuremeter tests (slotted
tube)
-

Large size structures (bridges, tall
buildings, water-fronts, etc)
CPT
Pressuremeter (PMT or self-bored)
Vane tests
Laboratory tests
CPT
Pressuremeter
Laboratory tests (idend., shearing)
CPT
Pressuremeter
Laboratory tests (gradation)
Pressuremeter (slotted tube)
CPT (static or static-dynamic)
Laboratory tests (gradation)

CPT
Pressuremeter (high pressure tube,
slotted tube)
Laboratory tests (ident., UCS)
Deep sounding and geophysical
testing for cavity detection
Auger (for decomposed
Rotary-core drilling
Rocks
CPT (static-dynamic)
(weathered to fractured) material)
CPT (static-dynamic)
Pressuremeter (high pressure probe,
Pressuremeter (high pressure slotted tube)
probe, slotted tube)
Dilatometer (rarely)
Destructive sounding and geophysical
testing
Laboratory tests (ident., UCS)
(1) for upper part of the pile

For the design of deep foundations the two more popular field tests, are by far the CPT and
the Menard pressuremeter test (PMT), carried usually together.
The presence of hard formations however, very often encountered all over the French
territory limits the versatility of the CPT. Bustamante and Gianeselli (1996) report that, for a
total of 147 sites (located in France and 11 other countries) where pile load tests were to be
carried out, CPT tests could not be performed to full depth on 88 sites, i.e 60% of the total
number (see Table 2). SPT tests are carried out more rarely, when investigating soils for small
to medium structures. The other in situ tests as self-boring pressuremeter, vane tests or
dilatometer tests are used occasionally.
Where appropriate and for major projects (dams, very large bridges or industrial plants,
tunnels, harbours facilities, etc.) or for peculiar geological conditions, geophysical methods
may be used to supplement the field or laboratory tests mentioned above. The main recognised
techniques are :
- electrical resistivity,
- seismic refraction or reflection,
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1 tty after Bustamante &G"tanese11"1 (1 996)
Table 2 Fteld and 1aboratory tests easabT
Test
carried out to full
incomplete test
not carried out
irrelevant
design length (1)
(2)
(3)
(4)
0
PMT
112
35
0
pressuremeter
(pi)
CPT
40
51
19
37

(qc)

laboratory
17
41
47
42
tests
(C, <p)
..
( 1) mcludmg the full length of ptle + addtttonal meters below the ptle pomt
(2) due to premature refusal for CPT; not possible sampling for laboratory tests; soil
inadequacy for SPT
(3) feasible but not planned when the investigation campaign was decided
(4) considered from the beginning as inadequate with respect to soil nature or compacity
- magnetic method,
and, more recently,
- radar and tomographic techniques.
3 PILING TECHNOLOGY : COMMON PILE TYPES, EXECUTION METHODS
The term 'piling' is often employed to indicate, generally speaking, all types of deep
foundations, i.e. foundation units that provide support for a structure by tip resistance and by
shaft resistance in the soil in which they are placed.
The range of deep foundations used in France nowadays is particularly varied (more than 20
basic techniques available) and it should be noted that the design methods try to reflect this
fact. Deep foundation can be pre-manufactured or cast-in-place. They can be driven, jacked,
jetted, screwed, bored or excavated. All these installation techniques can be supplemented by
grouting, a technique to which contractors and designers often have recourse to in France. Piles
with a cylindrical section are the most commonly used deep foundations, but H-section steel
piles and sheet piles, as well as bored bearing elements (barrettes) of any shape are also
frequently used. The constitutive materials are : concrete, grout, mortar, steel, or combinations
thereof. The timber piles have only a historical meaning and they are very rarely used, to
support negligible loads only.
The classification for the design methods, presently used in France, is :
preformed piles :
- driven precast pile
-driven steel pile (box, H, tube)
- prestressed tubular pile
- driven covered pile
rotary bored or excavated piles:
- bored with no temporary casing pile
- bored with a casing
-flush bored pile (including barrettes)
- continuous flight auger
- cast screwed pile
micropiles:
- micropile type 1
- micropile type /1
- micropile type 1/1
- micropile type IV
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dug-hole piles
jacked piles:
- concrete jacked pile
- metal jacked pile
driven cast-in-place piles:
- driven by internal drop hammer piles
- driven cast-in-place pile with a loose shoe

4 NATIONAL RELEVANT DOCUMENTS WITH REGARD TO PILE DESIGN
The code Fascicule 62-V : 'Regles Techniques de Conception et de Calcul des Fondations des
Ouvrages de Genie Civil ' ('Technical Rules for the Design of Foundations of Civil Engineering
Structures') was adopted by the French government in March 1993 (MELT 1993). It is fully
applicable to the foundations of all public works of civil engineering type; it is not applicable to
public buildings, which have to use the same codes as private works (called 'DTU': Documents
Techniques Unifies). DTU 13.2 for deep foundations is, at present, being modified in order to
incorporate the design rules of Fascicule 62-V.

5 DETAILED DESCRIPTION OF THE NATIONAL DESIGN METHODS

5.1 General philosophy and experimental background
French design methods are based on engineering principles of varying degree of sophistication.
Generally the design should comply with the following requirements:
i) reasonable safety against bearing capacity failure of the ground,
ii) adequate margin against excessive pile settlements or horizontal movements which would
impair the serviceability of the supported structure. Design procedures can be broadly divided
into 4 categories:
a) empirical methods called usually the 'static' methods, based on correlations with soil in situ
tests results and pile full scale testing results,
b) pile driving formulae and wave equation analysis for driven piles,
c) other 'static' calculation methods based on laboratory tests and on simplifying soil and rock
mechanics principles,
d) sophisticated analytical (or numerical) techniques used rarely when peculiar deep
foundations problems have to be considered.
The 'static' methods from in situ tests are by far the most popular. The importance given to
them comes from the complexity of the French geotechnical context found all over the territory
and the versatility offered by the Menard pressuremeter and CPT tests used in practice always
together. Their experimental value or 'representativity' is enhanced by the data provided by
numerous full scale pile load tests (more than 400 at present time), often carried out on
instrumented shafts. It is all this experimental background which is behind the Fascicule 62-V
design rules.

5.2 Definitions
The design of axially loaded piles in Fascicule 62-V is based on the following characteristic
loads: for compression piles Qc : creep load
and Qu : limit load
for tension piles
and

Qtc : tension creep load
Qtu : tension limit load.
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They are determined by representative static load tests (see below, under §5.3) or, if no test
is available, on the basis of Menard test results (PMT) or cone penetration test results (CPT)
(see below, under§ 5.4).
It is common practice in France, since the 1960's, to use the creep load Qc to characterise
the axial behaviour of piles. ISSMFE (1985) defines the creep load as "a critical experimental
load beyond which the rate of settlement under constant load takes place with a notably
increased increment". In case of a static load test performed using the maintained load
procedure, it is easily determined by a simple graphic construction (see, for instance : AFNOR
1991).

5.3 Design on basis of static load test
For carrying out static load tests, Fascicule 62-V refers to the well established French practice,
described in the standard of AFNOR (1991). French practice is based on the maintained load
procedure, and is consistent with ISSMFE (1985). It points out the need to reach or to be able to
draw conclusions on the limit load.
The limit load is said to be reached when the displacement of the head of the pile is equal to
B/1 0, where B is the width or diameter of the pile.
When deriving Qc , Qu , Qtc or Qtu from static load test(s), a reduction is applied to the
measured value(s) . In the case of Fascicule 62-V, both for compression and tension :
- if only one single pile load test is performed :
Q = Qn11.2
(1)
where Qm is the measured value ;
- if several load tests are performed :
Qk

= Qmin (Qmin/Qmax)~'

(2)

where Qmin and Qmax are the minimum and maximum measured values ~· is given in
Table 3.

5.4 Design on basis of in situ test results
The compression and tension limit loads are calculated in the following way :
Qu = Qpu + Q,u
Qtu = Q,u
where Qpu is the point limit load and Q,u is the shaft friction limit load.
The compression and tension creep loads are calculated in the following way :
- non displacement piles (ND) : Qc = 0.5 Qpu + 0.7 Q,u
Qtu = 0.7 Q,u
-displacement piles (D)
: Qc = 0.7 Qpu + 0.7 Q,u = 0.7 Qu
Qtu = 0.7 Qsu
Qpu and Q,u are derived from:
~=%~
Q,u = ~ qsiAsi

Table 3. Fascicule 62-V : Values of factor~·.
4
0.07
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5
0.00

m
(4)

where Ap is the area of the base, Asi the shaft area in layer i, qu the point failure pressure and
qsi the limit unit shaft friction.
Fascicule 62-V gives the rules for determining q" and q, from the results of Menard
(standard) pressuremeter tests (PMT) and from the results of cone penetration tests (CPT). Note
that in the case of open-ended driven steel piles, H piles and sheet piles the specific calculations
that must be used are also given according to Bustamante and Gianeselli proposals (1991). For
tension piles, the limit unit shaft friction is assumed to be the same as for compression piles.

PMTmethod
The PMT method is the one originally proposed by Menard in the 1960's. The tip bearing
factors and the limit unit shaft friction values have been readjusted following numerous full
scale static load tests on instrumented piles performed by the Laboratoires des Ponts et
Chaussees LPCs (Bustamante and Gianeselli, 1981).
The tip failure pressure is obtained from the simple relation :
qu = kp·Ple *
(5)
where Ple * is the PMT equivalent net 'limit' pressure, Pl-Po• around the base of the foundation
and kp is the tip bearing factor, which is a function of the type of soil and the type of pile, and
is given by Table 4 (ND =non displacement pile; D =displacement pile).
The limit unit shaft friction qs is determined using one of the curves of Figure 2, together
with Table 5 which indicates that shaft friction depends not only on Pl· the type of soil and the
type of pile, but also on the construction conditions of the pile.

CPTmethod
The correlations between qu and qs and the CPT cone resistance qc, proposed by Fascicule

T able 4
Soil type
Clay
Silt

~aSCICU
· le

62-V T lp bearing factors k~p (PMT) and kc (CPT)

A soft
B stiff
c hard(clay)
Sand
A loose
Gravel
B medium
c dense
A soft
Chalk
B weathered
c dense
Marl
A soft
Calcareous marl B dense
A weathered
(1)
Rock

Pl

qc

kp

kp

kc

kc

(MP a)

(MPa)

(ND)

(D)

(ND)

(D)

<0.7
1.2-2
>2.5
<0.5
1- 2
> 2.5
<0.7
1- 2,5
>3
1.5 - 4
>4.5
2.5-4

<3
3-6
>6
<5
8- 15
>20
<5
>5

1.1
1.2
1.3
1
1.1
1.2
1.1
1.4
1.8

1.4
1.5
1.6
4.2
3.7
3.2
1.6
2.2
2.6

0.40

0.55

0.15

0.50

0.20
0.30

0.30
0.45

-

1.8
1.1
to
1.8

2.6
1.8
to
3.2

-

B fragmented
>4.5
( 1) use the value of the most s1rmlar sml.
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-

-

-

-

-

-

-

-

Table 5. Fascicule 62-V : Choice of limit unit shaft friction curve qs (PMT method)
Clay & Silt

Soils
Type of pile
Dry bored

c A
B
Ql
Q2
Q2(1 Q3(1

A
Ql

Bored with
mud

Sand & Gravel

Chalk

c

B

-

Mar!

A
Ql

B
Q3

c A
Q4
Q3
Q50)

B
Q4
Q50

Rock

Q6

Ql

Ql
Q2(1)

Ql

Q2
Q3
Ql
Q1(2) Q2(2)

Q3

Q4
Q3
Q50)

Q4
Q6
Q50)

Bored with
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Figure 2. Fascicule 62-V: Limit unit shaft friction curves qs.
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Table 6. Fascicule 62-V : Limit unit shaft friction from CPT
Soils
Clay & Silt
Sand & Gravel
Type of pile
Drilled

A

~
qsmax

c

B

-

-

15

40

(1)
75
80

-

100
40

(2)
100
60

Chalk

A

B

c

A

B

-

-

200

200

40

80

-

-

200
120

125
40

80
120

-

(2)
100
80

250
-

250
40

300
120

125
40

100
80

300
120

(3)

150
120

(3)

(kPa)

Drilled
removed
casing

~
qsmax

15

40

(kPa)

Steel driven
~
closed-ended qsmax

15

120
40

150
80

300

300

-

-

75
80

-

150

150

80

-

-

(kPa)

Driven
concrete

~
qsmax

-

15

(kPa)

(1)tnmmed and grooved at the end of dnlhng
(2) dry excavation, no rotation of casing
(3) in chalk, qs can be very low for some types of piles ; a specific study is needed.

62-V, also come from full scale pile tests performed by the LPCs (Bustamante et Gianeselli
1981 and 1982). The relation for the point failure pressure takes the form:

(6)
where qce is the CPT equivalent cone resistance around the base of the foundation ; kc is the
point bearing factor, which is a function of the type of soil and the type of pile, and is given in
Table 4 (ND =non displacement pile; D =displacement pile).
The limit unit shaft friction, qs, is determined from the cone resistance, qc, using :
qs = minimum value of {qc/~ ; qsmax}
where

~

(7)

and qsmax• given in Table 6, depend on the type of soil and the type of pile.

5.5 Design on basis of driving formula and wave equation analysis
In France, many engineers continue to use driving formulae because they are easy to apply on
site and they are still expected to give sufficiently correct estimates of the pile bearing capacity,
independently of the fact that many analyses show that their reliability is poor (see, for
instance, (Bustamante et al. 1985). They are commonly used for harbour, water-front, canal and
off-shore constructions (for which driven steel profiles, i.e. H, tubular and sheet piles are used,
because of the specific conditions of work). A few number of formulae are used, the most
popular being the Dutch, the Crandall, the modified Engineering News Record and, more
rarely, the Kummels formula. The common opinion is that there is not much to choose between
them. For public works, when an important project comprises a large number of driven piles,
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Table 7. Fascicule 62-V · K tana values for negative friction
Type of pile Bored with casing
Soils
Peat
organic soil
0.10
Clay&
soft
0.10
stiff to hard
0.15
Silt
Sand&
very loose
Gravel
loose
others

assessment
Bored
0.15
0.15
0.20
0.35
0.45
1.00

Driven
0.20
0.20
0.30

the design must be based on the 'static' approach (from field test results, see under 5.1). Within
a particular context of pile and soil types, the driving formulae are considered to yield an
acceptable estimate of the bearing capacity, especially when they have been calibrated against
results of static load test(s).
Dynamic load tests are also used in France, but no method is recommended in French
national codes (neither 'Fascicule 62-V' nor 'DTU-13-2'). The methods based on wave
propagation theory used are : Case, Capwap, TNO and Simbat. Whereas Case, Capwap and
TNO analyses are mainly used for displacement piles, Simbat has been developed for bored
piles.
It is recognised that these methods enable to obtain valuable information regarding :
- the energy delivered by the pile driving hammer,
-the maximum driving stresses (both tension and compression).
On the contrary, obtaining a correct evaluation of the static load-settlement response of the
pile, or the location and extent of structural damage, is still being debated in France.

5.6 Negative friction
The recommendation of Fascicule 62-V, for negative friction (downdrag), follows the original
work of Combarieu (1974). The method allows the determination of the maximum long term
negative friction load, taking into account the hanging effect around the pile (which reduces the
effective vertical stress cr'v), as well as the existence of a neutral point (at which friction
becomes positive). Precise rules for the assessment of negative friction on pile groups are also
given. The method uses, in particular, the well known K.tana parameter, such that :
f n = K.tana.cr'v
(8)
where f n is the unit negative friction. The values of K.tana, obtained from full scale
observations, are given in Table 7.
5.7 Factors of safety at ultimate and serviceability limit states
For ultimate limit states, according to Fascicule 62-V, the design axial load Qd must be in
between a maximum value (in compression) and a minimum value (in tension) :
- fundamental combinations : - Qtu I 1.4 ~ Qd ~ Qu I 1.4
(9)
(10)
- accidental combinations :
- Qtu I 1.3* ~ Qd ~ QuI 1.2
(* for micropiles the minimum is : -Qtu I 1.2).
Note that Fascicule 62-V uses the same factor of safety 'Yt (total material resistance factor)
on the point and on shaft friction limit loads.
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Fascicule 62-V uses the creep load Qc to characterise the axial behaviour of piles under
serviceability limit states. In a similar manner as for ultimate limit states, the design load Qd
must fulfil the following conditions (the frequent combinations of loads are not checked here) :
-rare combinations :
- Qtc I 1.4* ~ Qd ~ Qc I 1.1
(11)

-quasi-permanent combinations:
0** ~ Qd ~ Qc I 1.4
(12)
(*for micropiles the minimum is - Qtcll.l ; **for micropiles the minimum is- Qtcll.4).
The bearing capacity of a group of piles must be examined by the two traditional approaches
: by summing the individual bearing resistances and by considering a global block failure.
When summing the individual resistances. Fascicule 62-V refers to the Converse Labarre
formula or to other currently accepted, but crude, estimates.
Remark 1 : for fundamental ultimate limit states (persistent and transient situations), the
partial load factors of Fascicule 62-V are very similar to case B of Eurocode 7 (ENV version of
part 1, 1994). In particular : 1.35 on unfavourable permanent loads ; 1.0 on favourable
permanent loads and 1.5 on the basic variable action (except for well known service loads, or
loads having a specific character). The accidental combination of loads and the three
combinations of loads for serviceability limit states are also very consistent with Eurocode 7
(for more details, see Frank 1994). Note that for overall stability, Fascicule 62-V uses a
specific combination of loads, resembling Case C of Eurocode 7, recommended for soil nailing
in France (Clouterre 1991).
Remark 2 : In Fascicule 62-V, negative friction is not cumulated with short duration
variable axial loads : in all combinations only the larger design load of the two (Qnd and QQd)
is added to the permanent and quasi-permanent axial loads QGd when deriving the total design
axial load:
Qd = max (Qnd ; QQd) + QGd
(13)
Remark 3 : For the pile material, Fascicule 62-V refers to the relevant French standards
(BAEL, limit state standard for reinforced concrete ; BPEL limit state standard for prestressed
concrete; metallic construction standard). Some specific rules or adaptations for foundation
materials are given in Fascicule 62-V.

5.8 Prediction of load-displacement behaviour
Fascicule 62-V also gives a method of determination of the load-displacement curve of a single
pile under axial loading, based on the concept of t-z curves (curves linking the mobilised shaft
friction at a given depth with the corresponding axial displacement). It suggests, in case a
settlement estimate must be made, that the t-z curves and q-zb curve (point pressure - point
displacement curve) proposed by Frank and Zhao (1982) be used, as shown in Figure 3, with kt

Figure 3. Fascicule 62-V: PMT t-z curves and q-zb curve
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Figure 4: Comparison of measured and calculated load-settlement relationship for the
Koekelare pile (Bustamante & Gianeselli 1993).

and kq given as functions of the PMT pressuremeter modulus, EM, and the diameter B of the
pile: for fine grained soils
(14)
kt = 2.0 EM/B and kq = 11.0 EM/B
for granular soils
(15)
kt = 0.8 EM/Band kq = 4.8 EM/B
This method is expected to yield satisfactory results for maximum loads of 0.7 Qc, i.e.
maximum loads for quasi-permanent combinations. For larger loads, rate effects must be taken
into account.
Figure 4 shows an application of this method for a cased skrew pile <1>350/650 constructed in an
Ypresian clay. The calculated load-settlement curve is compared to the experimental measured
curve obtained from the full scale load test results

6 QUALITY CONTROL AND MONITORING
It is commonly accepted in France, both by public authorities and by the private sector that
once the piles are completed, the quality controls can concern :
1) integrity tests (destructive or non-destructive),
2) performance under load (static or dynamic).
These two basic tests can be carried out separately or in conjunction, depending on the type
of piles, the ground conditions, the importance and the size of the project, the anticipated
construction defects and workmanship of the piling contractor.

6.1 Integrity testing
The most direct test of pile integrity is coring over the whole pile length or, in some cases, only
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over the bottom part. It is a costly method, but it is nearly systematically prescribed for bored
piles of large diameter and heavily loaded. Coring at the tip of these piles, and more precisely
over the last fifty centimetres of concrete and below the tip, over at least the same length,
permits to determine the quality of the concrete (homogeneity or segregation and discontinuity)
and the quality of the soil/concrete contact at the tip.
In special cases, the coring can be supplemented by a television camera observation. It
permits in some conditions to view the sides and the bottom of a core hole on a television
screen.
Depending on the importance of the defect detected in the shaft by non-destructive methods,
coring of the pile shaft is sometimes imposed.
The most commonly used methods of non-destructive integrity testing in France are the
following:
a) sonic-logging (or referred to as sonic coring),
b) vibration tests (referred to as impedance or transient dynamic response).
c) dynamic pile tests (PDA),
d) parallel sonic method (MSP).
Among these methods the first three ones are the most frequently used, the last one (MSP)
being recommended in special cases (when the control of the actual length of pile embedment
has to be checked for contentious reasons usually).
However, for major projects, the French administration (highway and bridges, railways,
harbours, etc.) prescribes almost exclusively sonic coring : based on acoustic principles, one
measures the propagation time of sonic transmission between two piezo-electric probes placed
in access tubes (plastic or more usually steel) [cast in pile or diaphragm wall]. The impedance
and dynamic methods are rather used by the private sector (housing, small and medium-sized
industrial plants, etc.)
Some other methods, more popular in the seventies, can still be encountered for some
particular problems and to supplement. These are :
a) echo method (usually limited to short piles, not exceeding 20 m),
b) gamma ray method (for detecting defects in bored pile and diaphragm walls and controlling
proposed remedial works).

6 .2 Pile load tests
For major or complex projects, it is commonly accepted that, above integrity tests, full scale
load tests have to be carried out.
Pile load tests can have two distinct functions :
- to check whether the ground will support the loads transmitted by a pile of imposed size,
length and type ;
-to check whether workmanship is satisfactory, the pile being randomly chosen.
When the pile load test is performed for checking the bearing capacity of the soil, the trial
pile is usually not incorporated into the permanent foundation. The assessment of workmanship
is always done on a pile incorporated into the finished work.
There are two main methods for carrying out pile tests :the Maintained Load (ML) and the
Constant Rate of Penetration (CRP). Only the first one, ML, is recognised in France by the
profession (public or private sectors). The ML method, fully described in the French standard
(AFNOR 1991), is applied both when checking the bearing capacity and when estimating the
work quality.
Since the early seventies, various governmental authorities have taken the opportunity of full
load tests to instrument a large number of piles. The LPCs have developed their own
extensometric system ('extensometre amovible') which has become the standard equipment for
axial static load tests (Bustamante and Jezequel 1974). Over the last 25 years, a total of 230
deep foundations were equipped with this original device. The database set up with the
measured values of unit shaft friction and tip resistance values has allowed to update (or even
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establish for some new types of piles), the design charts presently used in France (see PMT and
CPT methods under 5).
Since the seventies, a lot has also been done for improving the data acquisition and
monitoring systems for piles, for processing the results, etc.
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Design of axially loaded piles and pile groups- German practice
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ABSTRACT: In this paper a survey report on the design methods for axially loaded single piles
and pile groups in Germany is presented, giving an overview of present-day design methods
!iPPlied in practice and of the factors affecting the bearing capacity of piles. Besides an detailed
report concerning the actual German design methods for the different types of piles the application of these methods within the framework of Eurocode 7 by the corresponding German
National Application Document is described. The design methods are exemplary illustrated by
a static pile load test recently carried out for a bored pile in Berlin. Furtherone a few results of
actual research work including numerical studies for the bearing behaviour of pile groups and
of Combined Piled-Raft Foundations are presented demonstrating the influence of soilstructure interaction for the bearing behaviour of axially loaded pile groups.
1 INTRODUCTION

Today pile foundations have become the most important form of deep foundations. Especially
in Germany during the last years the number of buildings founded on pile foundations and
Combined Piled-Raft Foundations has increased significantly. Accompanied by the increasing
shortage and costs of foundation sites in urban areas the present day tendency is to build high
rise buildings with heavy loads and in the same time to construct large volume of underground
constructions. The modem buildings involve the problem to transfer more and more growing
up loads as well as more concentrated loads into the ground with limited settlements. Besides
in urban area the adjacent high quality urban buildings and traffic lines demand for the foundation of new buildings an efficacious reduction of the deformations caused by the new constructed building. This development combined with economical reasons have initiated the realization of pile foundations although in cases in which in earlier times shallow foundations
would have been chosen.
The technical progess of large bored piles and the continuous improvements of construction
procedure and of the used piling equipment today have created the posibility to drill piles down
into never before reached depth. An actual impressing example is the foundation of the highest
office building in Europe, the 299 m high Commerzbank tower in Frankfurt am Main
(Katzenbach et al. 1994; Wend & Seitz 1995) on 111 bored piles with lengths up to 45 m which
transmit the load of the building through the relatively weak Frankfurt Clay into the rocky
Frankfurt Limestone (Katzenbach et al. 1997). Quite often pile foundations are the only means
of the civil engineer to realise a building project in an economically and technically optimized
way with reduced settlements.
While the methods which are prescribed in the German codes and recommendations give a
framework for the design of axially loaded piles the reliable design of pile groups or of Combined Piled-Raft Foundations demands more sofisticated design methods based on analytical
calculations and numerical studies. In this context during the last decades until today a remarkable research work has been done in Germany.
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2 PILE PRACTICE IN GERMANY
The geotechnical situation in Germany is characterized by very different conditions. In the
nothern part of Germany usually clay and sand can be found, while in the middle and in the
south cohesive and cohesionless soils (sands and gravels, marls) and rock with varying strength
(chalck, Bundsandstein, Schiefer etc.) alternate. Concerning this the commonly used soil investigation methods vary in a quite wide range depending on the local geology.
As a result of these conditions the types of piles used in Germany are manifold (Schnell
1996). Displacement piles constructed by timber, precast or prestressed concrete or steel and
cast-in-place types are used as well as replacement piles bored by continuous flight augers or
rotary augers or by buckets with casing or with suspension support. Injection piles with relative
small diameter and micro piles are used for example to anchor walls and to improve historical
foundations . In Germany about 30 to 35 % of constructed piles may be displacement piles
while 65 to 70 % may be replacement piles. The total length of piles constructed in Germany
during one year can be assessed at circa 10.000 kilometres. Nevertheless reliable values are not
available. For the construction of pile foundations in urban area mechanical constructed bored
piles with large diameter become more and more common. In the last years the bearing capacity of piles could have been succesfully improved by shaft and base grouting (Nendza &
Placzek 1988).
Considering the increasing requirements for pile foundations the control of the quality of
constructed piles have become more relevant in the last years. So ultra sonic measurments or
dynamic integrity tests are now quite often used methods to check the done pile work (Seitz
1992); here additional activities seem to be necassary.
3 NATIONAL CODES FOR THE DESIGN OF AXIALLY LOADED PILES IN GERMANY
3.1 The German codes for the design of axially loaded piles
For the determination of the bearing capacity of most commonly used types of piles the German code DIN 1054 (1976) gives fundamental regulations. DIN is the short form for , Deutsche
Industrie-Norm" (German Industry-standardisation, executed by German Institute for standardisation). The code DIN 1054 is the basic standard for geotechnical tasks in Germany. So while
this code is the framework for pile design in Germany, the codes DIN 4014 (bored piles),
DIN 4026 (driven piles) and DIN 4128 (injection piles with small diameter) include more detailed recommendations for the design and the construction procedure of the particular piles. Concerning to the recently born Eurocodes DIN 1054 will be future replaced by DIN V 1054-100
(1996) which is based upon the partial safety concept.
In Germany the actual national codes still base on the global safety concept. The determination of the safety factors is part of DIN 1054. Table 1 gives a summary of the actual global
safety factors for designing piles in Germany concerning the ultimate limit state.
To demonstrate that the pile foundation will support the design load with adequate safety
against bearing resistance failure, it has to be proved that the characteristic value of the ultimate
bearing resistance R 1k divided by 11 is equal or greater than the characteristic value of the axial
load F 1k determined on the basis of DIN 1055 (1963), "Design loads for buildings". Depending
on the design situation three load cases have to be distinguished:
- load case 1: permanent actions and regular variable actions,
- load case 2: unregular variable actions and actions during construction,
- load case 3: unusually variable actions and accidential actions.
As documentated in table 1 the numerical value of the global safety factor 11 decreases with an
increasing number of carried out static load tests.
DIN 4014 (1990) is the basic German code for bored piles (replacement piles). The code
defines the fundamental rules for the construction procedufe and for the design methods to
determine the bearing behaviour of single bored piles. For pile groups DIN 1054 gives some
recommendations. The code DIN 4014 is valid for single bored piles with a diameter from
0.3 m to 3.0 m and also for barrettes (see also DIN 4126). Additional DIN 4014 concerns to
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Table 1.

Global safety factors 11 for the design of piles defmed by the German standards
(DIN 1054)
type of pile
compression piles

tension piles with
an inclination ::; 2 : 1 *)
tension piles with
an inclination of 1 : 1 *)
piles with alternating stresses
(tension and compression)

number of carried out
static load tests under
the same conditions

global safety factor 11 for load case
2
I 3
1
shall be equal or greater than

I

I

1
<':2
1
<':2
::::2

2
1,75
2
2
1,75

1,75
1,5
2
1,75
1,75

1,5
1,3
1,75
1,3
1,75

::::2

2

2

1,75

*) For tension piles with an inclination between 2: 1 to 1 : 1 the global safty factor has to be interpolated linearily depending on the angle of inclination.

bored diaphragms too. The cast-in-place piles regulated by DIN 4014 can be installed by using
rotary augers, continuous flight augers or conventional grabs. For bored piles conrete with a
strength of at least B25 (DIN 1045) has to be used in Germany.
The German code DIN 4026 (1975) deals with the construction procedure and the design of
driven piles (displacement piles) constructed by wood, precast concrete, prestressed concrete or
steel. The displacement piles regulated by DIN 4026 comprise precast piles such as solidsection piles or hollow-section piles with an open or closed end, which are driven or jacked into
the ground and thus displace the soil. The tip of the piles can be improved by wings. Driven
cast-in-place piles like the Franki pile and other special constructed driven piles are also dealed
by DIN 4026.
For piles with a relative small cross-section area the German code DIN 4128 (1983) gives
some special recommendations concerning design, construction procedure and permissible
loads. The injection piles dealed with in DIN 4128 should have a diameter less than 30 cm.
DIN 4128 distinguishes two types of injection piles both not prestressed, the in-situ concrete
piles with a diameter greater than 15 cm and the composite piles with a diameter greater than
10 cm. In both cases the load transfer to the soil is realized by injection of concrete or cement
suspension.
3.2 Characteristics of the German design approaches for single pile behaviour
In Germany the design of piles is usually based on one of the following approaches. The first
possibility is to carry out one or more static load tests. The proceeding for carrying out a static
load test is described by the German standard DIN 1054. Static load tests are considered to be
the safest and most exact, but also the most expensive method to determine the bearing capacity and the load-settlement behaviour of a single pile. So this method is clearly recommended by
the standards, especially by the standards DIN 1054 and DIN 4014. DIN 4128 demands static
load tests for two injection piles, but at least for 3 % of the total amount of piles on a site to
determine the bearing capacity for a pile foundation. On this way the German codes take into
consideration that the soil surrounding a pile is influenced and disturbed by the construction
procedure and that in this sense an analytical determination ofthe bearing behaviour is confronted by special problems and requirements.
In cases there are no results of static load tests available, under certain circumstances the
load-settlement curve of a single pile can be calculated with the values of experience given by
the German standards. This values of experience are recommended for certain types of piles by
the German standard specifications. The most important condition for the use of these values
given by DIN to determine the resistance of the base and of the shaft or for the design value of
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the pile resistance are "simple" ground situations. Such "simple" ground situations could be
assumed, if the strength of soil can be classificated sufficiently by the cone penetration resistance qck for cohesionless soils or by the undrained shear strength Cuk for cohesive soils.
By the German standards dynamic load tests are usually not permitted to determine the bearing capacity of single piles. The standards recommend dynamic load tests only in cases, in
which the validity of this method has been demonstrated by static load tests in comparable situations, that means same subsoil conditions and same type and dimension of pile. So dynamic
load tests or special testing methods like the statnamic test could be used succesfully only for
certain exceptional cases. An overview about the German practice of dynamic pile testing is
given by Balthaus (Balthaus et al. 1985). Stress wave measurements have proved good mainly
to check the quality and integrity of constructed piles (Klingmtiller I993 ).
Furthermore the German codes don't offer any recommendations to determine the ultimate
bearing resistance from ground test results by special calculation rules. Although there are such
calculation rules established and used in practice to correlate between the results of field or
laboratory ground tests and the bearing behaviour of piles they are not specified by DIN.
Pile driving formulae could only be used to assess the ultimate bearing capacity of individual compression piles in a foundation, if the piles are displacement piles in cohesionless soils
and only, if the validity of the chosen driving formulae has been demonstrated for the local site
situation and for the piles by previous experimental evidence of good performance or static
load tests on the same type of pile, of similar cross-section and similar length and in the similar
ground conditions. Nevertheless especially for prefabricated driven piles constructed in northern Germany driving formulae have been successfully used to control the bearing capacity
since decades.
In the following the both most commonly used methods to design axially loaded piles will
be presented more detailed: the determination by carrying out static pile load tests and the
calculation with the values of experience offered by the German standards.
4 STATIC AXIAL PILE LOAD TESTING
As already mentioned the experimental determination of the characteristic load-displacement
line of a single pile by carrying out a static load test is recommended by the German standards
as the most reliable method to design axially loaded piles for the given geometrical and geotechnical situation. Especially static load tests have to be carried out for those cases, in which:
- the piles will be loaded with more weight as permitted by calculating the bearing capacity
with the values of experience given by DIN 40 I4 or DIN 4I26,
- the sufficient bearing soil in situ is not thick enough,
doubts increase by constructing the piles under the given circumstances.
Static load testing of piles is dealt with by DIN I 054, DIN 40 I4 and DIN 4020 and the european codes ENV I997-I (Eurocode 7) and EN I536. DIN 4020 (1990) contains the general principles, while DIN I054, EC7 and DIN EN I536 deal in more detail with test requirements and
implementation. The Recommendations for Static Axial Pile Load Testing worked out by the
German Society for Geotechniques (DGGT) ·Working Group 2.I will be published in autumn
I997 and will give explanations and additional recommendations considering also other national and international standards and recommendations. The object of these recommendations is
the documentation of the actual technical level of static axial pile load testing taking into account to the current developments of German and European standardisation. The recommendations shall later be supplemented with rules for static horizontal and for dynamic pile testing.
In Germany static load tests of piles have to be carried out as maintained load tests. DIN
I 054 describes the regulations, how to realise a static load test. By a maintained load test the
load has to be increased step by step while watching the growing up settlements of the pile
head. The load should be put up to the next step only, if the settlement stopped increasing.
As a result of the static load test the allowable working load of a pile Rwork as a load that
may be safely applied to a pile after reducing its characteristic ultimate bearing resistance is
defined within the frame of the global safety concept as:
(I)
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By definition of DIN 1054 the ultimate bearing
capacity Rlk of a pile is characterized by the
point in the characteristic load-displacement
line for which the slowly growing line changes
into a fast growing up load-displacement curve
(Figure 1).
Often the failure of a pile can not clearly be
determined from the load-settlement curve. For
this purpose a load corresponding to a specific
settlement sI is defined. The respecitve settlement is given by DIN 1054 as:
2.0 cm

sI

si.pi

=

0.025 · Dp

limit settlement for bored
piles,
limit plastic settlement for
driven piles.

If the ultimate bearing capacity Rlk can't been
reached during the static load test, the maximum tested load Rmax has to be considered as
Rlk· For the determination of Rwork::;; Rik I Tl the
global saftey factors Tl is given by DIN 1054
(Table 1).
5

s

Figure 1. Defmition of the ultimate bearing
capacity R 1k of a single axially loaded pile by
DIN 1054.

DETERMINATION OF THE VERTICAL LOAD BEARING CAPACITY BY
CALCULATION WITH VALUES OF EXPERIENCE GIVEN BY GERMAN CODES

5 .1 General Remarks

In cases there are no results of static load tests or experiences from tests under comparable
conditions available the German standard specifications offer values based on longterm experiences for the determination of the bearing capacity or for the construction of load-settlement
curves for single piles. Whether with this values of experience only the bearing capacity or also
the load-settlement curve can be determined depends on the type of pile. In this context values
of experience are values for the tip resistance qbk(s) and the ultimate skin friction qsik of a pile
or also for the total pile resistance Rk. This values are the result of a wealth of static load tests
and in this sense they represent the German experiences of designing piles in the last decades.
The values of experience are given by the standards for often used types of piles, namely for
bored piles by DIN 4014, in the standard DIN 4026 for driven piles or certain other types of
displacement piles and in the code DIN 4128 for injection piles with small diameter.
By the use of this values of experience fundamentally it should be taken into consideration,
that in most cases the values have to be used as characteristic values in the sense ofEurocode 7.
It also should be taken into consideration that the values can get inapplicable only in very
disadvantageouse cases because these values are chosen very carefully. So a quite costintensive static load test can be economical especially for high loaded piles.

5.2 Determination of the bearing capacity of single bored piles by values of experience given
by DIN 40!4
The permitted use of the values of experience for the tip resistance and the skin friction given
by DIN 4014 for bored piles depends on a few conditions. At first in a certain way "simple"
ground situations should be given, that means that the profile of the subsoil should be similar in
the whole area, for examples in certain parts of the construction site, and that the strength of

181

cohesionless soils should be able to be determined by the cone penetration resistance qc and the
strength of cohesive soils should be able to be determined by the undrained shear strength Cu.
The second condition defined by DIN 4014 is, that the minimum embedded length of the
pile should be 2.50 m in a soil of sufficient bearing capacity. DIN 1054 gives the recommendation that such a sufficient bearing capacity could be assumed, if a cohesive soil of rough semisolid state or a cohesionless soil of sufficient bearing capacity can be investigated. In this sense
semi-solid state means that the consistency index le should be equal or greater than 1.0:
WL - W

le=

WL-WP

21.0

(2)

where wL is the liquid limit, w is the moisture content and wp is the plastic limit. A cohesionless soil has a sufficient bearing capacity in the sense of the standards, if the density D as:
nmax - n
D=---nmax - nmin

(3)

is D 2 0.4 for uniformly soil (U < 3; with U = coefficient of uniformity) and D 2 0.55 for not
uniformly soil (U 2 3). A further condition is that the thickness of the sufficient bearing soil
layer underlying the pile foot has to be greater than three times the diameter of the pile foot, at
least greater than 1.5 m.
The proceeding by DIN 4014 for the determination of the bearing capacity of single bored
piles is as follows. The pile resistance R can be calculated by the both parts Rh as the base resistance and Rs as the total shaft resistance as follows:
R(s)

=

Rh(s) + Rs(s)

(4)

In the sense of DIN 4014 both parts, Rh and R., depend on the settlements of the pile head,
the diameter D or DF of the pile (DF for a base enlargement) and the strength of soil expressed
by qck or cuk· The strength of soil is classificated for cohesionless soils by the characteristic
cone penetration resistance qck and for cohesive soils by the characteristic values of the undrained shear strength Cuk· The cone penetration resistance qck can be determined by a cone
penetration testing (CPT) or a dynamic penetration testing. If it is impossible to carry out a
cone penetration test for example in coarse-grained soils, the results of a heavy dynamic penetration test (DPH) can correlate by qck [MN/m2 ] "" N 10 [blows/10 cm penetration]. The
undrained shear strength Cuk can be determined for cohesive soils by cone penetration testing,
by vane tests or by laboratory investigations. By using the vane test the correction factors by
Bjerrum (1972) should be applied.
In DIN 4014 four tables are given comprising values of experience for the tip resistance
qhk(s) [MN/m 2 ] and the ultimate skin friction qslk [MN/m 2 ]. One table summarizes the values
for the tip resistance qhk depending on the cone penetration resistance qck and one table for the
ultimate skin frction qslk (qck) for cohesionless soils and also one table for qhk depending on the
undrained shear strength Cuk and last a table for the ultimate skin friction qslk (cuk) for cohesive
soils.
For cohesionless soils table 2 gives the values offered by DIN 4014 for the tip resistance
qhk(s) and table 3 for the ultimate skin friction qslk· The values of qhk(s) varies betwe~en 0.7 and
4.0 MN/m 2 . They depend on the strength of the soil, which is described by the cone penetration
resistance qck and they also depend on the ratio settlements to shaft diameter D. The values of
the ultimate skin friction qslk varies between 0 and 0.12 MN/m 2 .
Tables 4 and 5 comprise the values of experience for cohesive soils given by DIN 4014.
A comparison of the values for cohesionless and cohesive soils shows that the values for the
cohesionless soils have a tendency to be slightly greater.
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Table 2. Characteristic tip resistance qbk depending on the settlement index s/D and the average
.
bJY DIN 4014.
. resistance
.
. cohes10n
. Iess s011s given
qck m
cone penetration
characteristic tip resistance qbk [MN/m2 ] *)
settlement
index s/D
or s/DF

0.02
0.03
0.10=sg

for an average cone penetration
resistance qck [MN/m2]
10

15

20

25

0.70
0.90
2.00

1.05
1.35
3.00

1.40
1.80
3.50

1.75
2.25
4.00

*) intermediate values are allowed to be interpolated linearily. Using a
bored pile with base enlargement the values must be reduced to 75%.

" fr"!Ct!On
. q,1km coh es10n
. Iess so1"Is given b'Y DIN 4014.
T able 3 CharactenstJc u I"
tJmate sk m
strength of the cohesionless soil determined
by the cone penetration resistance qck
[MN/m2 ]

characteristic ultimate
skin friction qsik *)
[MN/m2 ]

0
5
10
~ 15

0
0.04
0.08
0.12

*) intermediate values are allowed to be interpolated linearily.

All these values defined by DIN 4014 are the result of a wealth of static load tests for cased and
uncased bored piles. The investigations of Stocker (1980) and recently published results of
further research work susbtantiate, that the values for the characteristic ultimate skin friction
given by DIN 4014 have also an adequate safety for bored piles built with suspension support.

Table 4. Characteristic tip resistance qbk depending on the settlement index s/D and the undrained shear
. COheS!Ve
. SOl·1S giVen
.
bJY DIN 4014
streng1th Cuk m
characteristic tip resistance qbk [MN/m2] *)
settlement
indexs/D
or s/DF

0.02
0.03
0.10 = Sg

for an undrained shear strength
c.,k [MN/m2 ]
0.1

0.2

0.35
0.45
0.80

0.90
1.10
1.50

*) intermediate values are allowed to be interpolated linearily. Using a
bored pile with base enlargement the values must be reduced to 75%.
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Table 5. Charactenstic u["trmate rrm1t· sk"m fr"1ction q, 1k in cohesive soils given by DIN 4014.

strength of the cohesive soil determined
by the undrained shear strength Cuk
[MN/m2 ]

characteristic ultimate
skin friction q, 1k *)
[MN/m2 ]

0.025
0.1

0.025
0.04
0.06

~0.2

_ *)intermediate values are allowed to be interpolated linearity.

With this values of experience the base resistance Rbk(s) and the limit shaft resistance R, 1k
can be calculated:

Rslk = 1t · D · L (q,ilk · l;)

and

(5)

The base resistance Rbk(s) grows up with an increasing settlement of the pile head to a
maximum value for a limit settlement of:

sg=O.lO·D

(6)

at the pile head. The skin friction q,;k grows up linear with increasing settlement index s/D until
reaching the value of the ultimate skin friction q,; 1k given by the tables for a settlement of the
pile head of:

Ssg = 0.5 · Rslk [MN] + 0.5 cm:<=:; 3.0 cm

(7)

So the load-settlement curve for a single bored pile can be calculated as:

Rk(s) = Rbk(s) + R,k(s)

=

qbk(s) · 1t · D/ I 4 + 1t · D · L ( q,;k(s) · l;)

(8)

demonstrated by figure 2. This calculation method neglects that in a multi-layer ground the
ultimate skin friction q,ilk is mobilized for different values of the settlement of the pile head.
The characteristic value Rlk of the ultimate bearing resistance of a single pile determined by
this method is assumed to be mobilized for the limit settlement of sg = 0.10 · D as:
2

RJk(sg) = Rblk + Rslk = qbk(sg) · 1t · DF I 4 + 1t · D · L ( q,ilk · l;)

(9)
pile resistance R • [MN]

,~.

'-.
' '~-

s=0.02 · DF

s ••

s =0.03 · 0,

-

'
----~

-~

- ·-·- --\-·-·- ·--='"'<?.,
I Rs,lr

'

------~
I
I R••(s)
I
I

R.(s)

= R •• (s) + R,.(s)

i
!R,.(s)
I

I
I
I
I
I

Figure 2. Example of a loadsettlement curve for a single
bored pile calculated with
the values of experience
given by DIN 4014.

s. = 0.10·0, 1 - - - - - - - - 9 - - - 4 - - - - - - - Q ....

"' .

: R.,. 1
I

settlement
oft he
pile head
s [cm]
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This procedure to calculate a theoretical load-settlement curve takes the results of static load
tests into account. The load tests usually show that the skin friction is mobilized with its ultimate value by settlements of only 1 or 2 cm while the tip resistance increases for settlements of 10
or more cm. Examinations demonstrate the influence of the pile diameter for mobilizing the tip
resistance. Concerning the skin friction it could be proved by measurements that the settlement
Ssg for mobilizing the ultimate skin friction is not only a function of the pile diameter but also a
function of the ultimate shaft resistance Rslk· So with an increasing ultimate shaft resistance the
settlement ssg for mobilizing the ultimate skin friction becomes greater.
With the theoretical load-settlement curve for a bored pile calculated in this way, for the
allowable working pile load Rwork two limit states have to be proved. First the settlement of the
pile head have to be lower than the characteristic value of a permissible value s2k for the settlement defined for example by the designing team of structural and geotechnical engineer:
(10)
This proof corresponds to the serviceability limit state design in the sense of Eurocode 7.
Second has to be proved that the working pile load Rwork is lower than the ultimate pile resistance R1kdevided by the global safety factor 11 with Rlk as the result ofthe calculation with the
values of experience given by the standard DIN 4014:

(11)
This proof corresponds to the ultimate limit state design ofEC7. The numerical values for 11 are
given for different load cases by DIN 1054 (Table 1).
Figure 3 shows a simple example for the construction of lhe load-settlement curve of a
single bored pile by DIN 4014. The exemplarily chosen bored pile has a shaft diameter of half a
meter and a pile length of 7 meters. The soil is seperated in an upper layer of middle dense sand
with sea silt inliers and with a thickness of 3 m and a lower layer of sand densely packed. The
cohesionless soil has been investigated by a cone penetration test. The average cone penetration
resistance qck of the middle dense sand is 5 MN/m2 and ofthe dense sand 15 MN/m 2 • The pile
resistance R 1k is determined as the sum of the ultimate shaft resistance Rslk and the maximum
value of the base resistance Rblk as 1.531 MN. The load-settlement curve of the bored pile is
constructed with its values R,k(s), Rbk(s) and the sum Rk(s). The shaft resistance Rsk(s) grows up
to the limit value Rslk and then keeps constant. The base resistance Rbk(s) grows up with the
settlement of the pile head to the maximum value Rblk for a limit settlement sg = 0.10 · DF. For
the load case 1 the saftey factor 11 is 2, so the working load of the pile is Rwork = 768 kN.
For piles bearing on rock DIN 4014 also offers values of experience to determine the
bearing capacity of single bored piles. Depending on the uniaxial compressive strength quk of
the rock table 6 gives the values for the ultimate tip resistance qbik and the ultimate skin friction
qslk· If there is no static load test or other experiences from similar soil situation available, the
ultimate bearing capacity of a single bored pile in rock can be calculated as:
Rlk = qblk · 1t • D/ I 4 + n · D · L ( qsilk · I;)

(12)

Table 6. Characteristic values for the ultimate tip resistance qblk und ultimate skin friction qslk depending
on the uniaxial compressive strength quk of the rocky soils for piles bearing on rock.
characteristic
characteristic
characteristic
uniaxial compressive
ultimate tip resistance
ultimate skin friction
strength q uk
qblk
qslk
[MN/m2 ]
[MN/m2 ]
[MN/m2 ]
0,5
5,0
20

1,5
5,0
10,0

intermediate values are allowed to be interpolated lineary.
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0,08
0,5
0,5

-,

a) shaft resistance R,1k
sand, middle dense,
with sea silt inliers,
qck= 5 MN/m2

3m

l

-r

Rslk = 1t ·

for

ssg

layer I
layer 2
0.5 · (40.0 · 3.0 + 120.0 · 4.0) = 942 kN

= 0.5 · R,1k + 0.'5 = 1.0 cm

b) base resistance Rbk

s = 0.02 · D = 1.0 cm: Rbt = 1t · 0,5 214 · 1.05 = 206 kN

sand, dense,
15 MN/m2

s = 0.03 · D = 1.5 cm:

qck =

Rbk

= 1t · 0,5 214 · 1.35 = 265 kN

s,g= 0.10 · D = 5.0 cm: Rblk = 1t · 0,5214 · 3.00 = 589 kN

4m

R 1k=942 + 589= 1531 kN

_l _,,._

Rwork 5.R1tiTJ = 1531 kN /2=768 kN (load case I)

D=0.5 m

500

0

1.0

1000

1500

·-

'
-·-0;-·-·-·-·-··-··..,.0,..

... . .. -b

Rstk

2.0

3.0
4.0

...

..

5.0 +-----~::r----e------<>
'

6.0

Rbtk

R tk

~

"

s [cm]
Figure 3. Example for the analytical calculation of a load-settlement curve of a bored pile by the values
of experience given by DIN 4014

The recommendations for piles in rock as defined by DIN 4014 neglect the fact, that the
bearing capacity of piles in rock is significantly influenced by the joint system of the rocky
ground. So the values for the ultimate tip resistance and ultimate skin friction are not only a
function of the uniaxial comressive strength quk of the rock but are also a function of the direction and properties of the joint-system.
DIN 4014 doesn't offer explicit recommendations concerning the bearing behaviour of
axially loaded pile groups. Considering the manifold interactions inside a pile group in code
DIN 4014 it is mentioned that a fix value for a distance between adjacent piles, for which group
effects could be neglected, doesn't exist. In engineering practice it is often assumed that for a
pile spacing of 3 · DF or more an interacion of neighbouring piles can be neglected also the
results of recently done research work prove, that for a pile spacing of 3 · DF the bearing behaviour of a pile inside a pile group clearly differs from the bearing behaviour of a single pile
(Katzenbach et al. 1996).
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5.3 Determination of the bearing capacity of single driven piles by values of experience given
by DIN 4026
The static load tests of driven piles usually show a clear failure so that the permissible design
value of the bearing capacity is determined by an adequate safety against the bearing resistance.
Concerning this for commonly used single driven piles DIN 4026 offers values of experience
for the total working load Rwork as permissible bearing capacity without considering the corresponding settlements. The given values for the working load Rwork depend on the pile diameter
DF and on the embedded length of the pile in a soil of sufficient bearing capacity. The use of
the values of experience offered by DIN 4026 depends on a few conditions. So so called
"simple" ground situations should be given on site as defined by DIN 1054 and DIN 4014. The
minimum embedded length of the pile must be at least 3 m in a cohesive soil of rough semisolid state or in a cohesionless soil of sufficient bearing capacity and the pile length must be
longer than 5 m for compression piles. Furtherone under the pile base the thickness of the bearing soil should be greater than 4 · DF 2 1.5 m or 2 · b for a pile group (with b = width of the
pile group). The last condition is that the minimum distance between adjacent piles must be
e 2 3 · D 2 1 m + D with e as the pile spacing as shown in figure 4.
It has to be taken into consideration, that the given values Rwork for the bearing capacity at
working loads are design values. So the procedure is different to the regulations in DIN 4014,
where characteristic values are given. The values for the working load Rwork are given by DIN
4026 for single timber piles, for steel piles and for reinforced-concrete piles.
A separation into the base resistance Rhk and the total shaft resistance Rsk is not been taken
into consideration by DIN 4026. There are also no further relevant factors for the determination
of the bearing capacity included by DIN 4026 . Also the type or the strength of the soil is not
exactly been taken into account or defined. So the rules given by DIN 4026 are quite simple

·. .. • .:: ..-:; : ,1 ... ·;·::

<':2 ·DFI
__.

e<>:3·D<':Im+D
Dn

Figure 4. Minimum distance between adjacent driven piles defmed by DIN 4026.
. ber piles given by DIN 4026.
Table 7 PermiSSI
. "ble work"mg Ioad Rwo•• £or smgle
. I dr"1ven trm

embedded length
in a soil of sufficient
bearing capacity

bearing capacity Rwork at working loads [kN]
DF[cm]

[m]

3
4
5

15

20

25

30

35

100
150

150
200
300

200
300
400

300
400
500

400
500
600

-
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fashioned offering no informations about the safety factor included in the calculation or about
the load-settlement behaviour of the piles.
Table 7 contents the values of the working load Rwork for timber piles. The given values depend on the the pile diameter DF and on the embedded length of the pile in a soil of sufficient
bearing capacity.
Table 8 summarizes the values of the working load Rwork for reinforced-concrete piles and at
least in table 9 the values of the working load Rwork for steel piles with different types of cross
sections namley for 1-beam piles, for steel-pipe piles and for steel-box piles are documented.
For cohesionless soils with a high strength, characterized by D ~ 0.5 for U < 3 or D ~ 0.65
for U~ 3 or qck ~ 10 MN/m2 , or for cohesive soils of solid state (le> 1,0 or Cuk ~ 200 kN/m2 )
the values given in table 7, 8 and 9 can be increased by 25% (DIN 4026).
Table 8.

Permissible working load Rwork for single driven reinforced-concrete piles with square-cros·s ed
section giVen b'Y DIN 4026.

embedded length in a soil of
sufficient bearing capacity

bearing capacity R work at working loads [kN]
length of cross section side a, I) [cm]
25
30
35

[m]
20
200
250

3
4
5
6
I)

-

250
350
400

-

-

350
450
550
650

450
600
700
800

40
550
700
850
1000

is also valid for approximate square-crossed sections with a, as average length of side.

Table 9. Permissible working load Rwork for single driven steel piles given by DIN 4026.
embedded length
in a soil of sufficient
bearing capacity

bearing capacity R work at working loads [kN]

1-beam pile 1>

steel-pipe pile2>
steel-box pile2>

breadth or height [cm]

D or a, 3)

[m]

3
4
5
6
7
8
I)
2)
3)

30

35

-

-

450
550
600
700

550
650
750
850

-

35 or 30

[cm]
40 or 35

45 or 40

350
450
550
650
700
800

450
600
700
800
900
1000

550
700
850
1000
1100
1200

Wide 1-beam with height : breadth "' I : 1.
The table values are valid for piles with a closed point.
D = external diameter of a steel-pipe pile or the medium diameter of a radialsymmetric pile.
as = medium length of a side for approximate cross section or rectangular steel-box piles with
same area.
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The recommended values for the bearing capacity are carefully chosen values to eliminate damages, although for steel piles static load tests recently carried out demonstrate that the global
safety factor included by the use of these values is only about rt = 1,5 and that the validity of
these values depends on a cone penetration resistance of qck ~ 10 MN/m2 (Arz et al. 1991).
5.4 Determination of the bearing capacity of injection piles by values of experience given by
DIN4128

For injection piles with a diameter less than 30 cm DIN 4128 demands in principle static load
tests. Only in special exceptional cases of lacking such test results values for the ultimate skin
friction qslk given by DIN 4128 can be used as a guideline (Table 10). In this case the tip resistance is to be neglected.
6

PILE DESIGN BY EUROCODE 7 AND THE GERMAN NATIONAL APPLICATION
DOCUMENT

The recently born Eurocode 7 (EC7) is mainly giving design principles, specifying the ultimate
limit state design and the partial factoring, which in parts even have to be defmed in the individual National Application Documents (NAD). EC7 does not contain design methods as such,
nor is specifying relevant values or determination methods for the "characteristic values" for
axially loaded piles. Even for static load tests, it is not defined in EC7 how the characteristic
ultimate bearing resistance R 1k of a single pile should be derived.
In Germany the EC 7 completed by the German NAD was published as a prenorm in April
1996. This German NAD refers to a number of recently published German prenorms, which
were created to realise the turn over of the German geotechnical standardisation actually based
on a global safety concept to the probabilistic safety concept. Under the title "Soil · verification
of the safety of earthworks and foundations" the precode DIN V 1054-100, which was
published in April 1996 too, prescribes the basic rules for geotechnical analysis in accordance
with the partial safety factor concept (Gudehus & WeiBenbach 1996). Chapter 10 of
DIN V 1054-100 deals with pile foundations and anchoring. For the ultimate limit state design
(case 1) the design have to demonstrate that the following classes oflimit states are sufficiently
improbable:
- ultimate limit state of bearing resistance failure ofthe material ofthe piles (case lB),
- ultimate limit state of bearing resistance failure of the piled foundation caused by failure of
the soil surrounding the piles (case lB),
- ultimate limit state of overall stability failure of the supported building caused by displacement ofthe piled foundation (cases 1B and 1C).
Furtherone the recommendations given by DIN V 1054-100 require that for pile foundations
the serviceability limit state (case 2) has generally to be proved.
By DIN V 1054-100 the resistance of axially loaded piles has to be desribed by a loadsettlement curve which is the result of one ore more than one carried out static load tests or
based on equivalent experiences from static load tests under comparable circumstances. In
contrast to the recommendations fixed in EC7 by DIN V 1054-100 the load-displacement graph
measured by a static load test is considered to be already the characteristic load-displacement
..
. ~tior m~ectlon
tunate sk.m tYICtiOn
Table 10. Characteristic u I.
pi·1es bJY DIN 4128

type of soil

characteristic ultimate skin friction q, 1k
for compression piles
for tension piles
[MN/m 2 ]
[MN/m2 ]

medium and coarse_gravel
sand and gravelly sand
cohesive soil

0.20
0.15
0.10
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0.10
0.08
0.05

graph Rk(s) without any additional factors. The defintion of the ultimate bearing resistance Rlk
from the measured load-displacement line is equivalent to the regulations of DIN 1054 as reported above.
In those cases in which static load tests couldn't have carried out the characteristic value of
the axially bearing capacity of bored piles can be calculated by values of experience given by
DIN V 1054-100. The offered values for the characteristic tip resistance q6k and the characteristic value of the ultimate skin friction qsk and the conditions for their use are absolutly identical with the reglementations of DIN 4014 described above, so that the determination of the
characteristic value of the pile resistance, Rk(s), is devided into components of base resistance
R6k and shaft resistance Rsk such that:
(13)

As in DIN 4014 it is not taken into account that in a multi-layered soil medium the ultimate
limit skin friction qsilk is mobilized along the embedded length of the pile for different values
of the settlement of the pile head depending on the strength of the single layers.
A similar procedure to determine the characteristic value of the axially bearing capacity is
described by DIN V 1054-100 for displacement piles. The values of experience known from
DIN 4026 are identically part of the appendix of the new prenorm and can be used as characteristic values for the calculations under ultimate (RJk) and serviceability limit state conditions
(R2k). To determine the characteristic value of the axially bearing capacity (R 1k) of displacement piles for the ultimate limit state (case 1B by DIN V 1054-100) the values q 61 k and qslk
given in table 11 can also be used. The recommended characteristic values are valid for piles
with a diameter or a length of a side::;; 0.5 m.
Table 11. Characteristic values for the ultimate tip resistance q blk and the ultimate skin friction qslk for
d.Isplacement_pl
I
·1es given bJY DIN V 1054- 100
characteristic ultimate
characteristic ultimate
type
area
skin friction q slk
tip resistance q blk
[MN/m2]
under
[kN/m2]
of
surface
soil
of
steel!-beam
reinsteel!-beam timber
reinbearing timber
pipe
pile
pile
pipe
pile
steel
forced
steel
forced
horizon
pile
concrete steel-box
pile
concrete
pile3)
[m]•)
pile
pile
pile
steel-box
open
pile
open 1)
cohesionless
soil

<5
5-10
> 10

20-45 ''
40-65

20-45
40-65
60

20-35
35-55
50-75

20-30
30-50
40-75

2-3.5
3-7.5

2-5
3.5-6.5
4-8

1.5-4
3-6
3.5-7.5

1.5-3
2.5-5
3-6

1,5-5
4-9
8-10

1.5-4
3-7.5
6-9

cohesive soil
le = 0.5-0.75 5)
le= 0.75-1 5)

boulder clay
semi-solid
to solid

5-20
20-45
<5
5-10
>10

50-80
80-100

0-2

40-70
60-90
80-100

I)

30-50
40-70
50-80

2-6
5-9
8-10

wide steel-box or diameter pipe ~ 500 mm.
2) webs have to be included for wide profil <: 350 mm.
3) for steel-box piles with closed foot see reinforced concrete piles.
4) length of pile for qslk> embedded depth in bearing horizon for qblk5) le by DIN 18122-1. As the boulder clay's consistency index le is not determinable by DIN 18122-1 and
DIN 4022-11 it is to estimate on the base of local experiences.
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As regulated in DIN 4128 especially for injection piles with a relative small cross section
(D < 0.3 m) static load tests are recommmended by DIN V 1054-100. For compression
injection piles DIN V 1054-100 offers values of experience for the characteristic ultimate skin
friction qsJk, which are identical with the values qs!k given by DIN 4128 for compression piles
(table 10). So the characteristic value of the bearing capacity of a single compression injection
pile can be calculated as:
(14)
By DIN V 1054-100 the results of dynamic load tests or driving formulae should only be
used as a basis for the determination of the characteristic bearing capacity, if their validity has
been demonstrated by static load tests in comparable situations.
With the determined axial bearing resistance R 1k it has to be demonstrate that the single pile
will support the design load S1d with an adequate safety against bearing resistance failure R1d,
so that the following inequality shall be satisfied (case !B):
(15)
The design value of the bearing resistance of a single pile is:
(16)
The characteristic value R 1k derives from:
(17)

with s 1 s 0.1 · DF
as shown above, while the factor 11 is defined as:

(18)
where the factor 11N• considering the influence of the number N of carried out static load tests,
varies from 1.00 (N = 1) to 1.35 (N ~ 3) with the exception of injection piles for which is in any
case 11N = 1.0. The factor llz decribes the reduction of the bearing resistance caused by cyclic
loads. While under static loads the value of llz is 1.0, it is decreased gradual to 0.4 for alternating stresses depending on the amount of load cycles. yp is the partial factor for piles and has a
numerical value as shown in table 12.
Furtherone the recommendations given by DIN V 1054-100 require that for pile foundations
the serviceability limit state (case 2) has to be proved by satisfying the following inequality:
(19)

The design value of the resistance R2d derives directly from the characteristic value of the
resistance R2k. With an individual specified value of a characteristic settlement s2k the characteristic value of the resistance R2k(s2,J of an axially loaded single pile can be determined
from the characteristic load displacement line.
Tabl e 12 Part1a
. I£actor YP for single oiles (compression and tension) by DIN V I 054-100.
case

I

lB
lC

partial factor yP for single piles
for load case
2

1.40
1.60

1.20
1.40
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3
1.10
1.20

In summary, one can say, that the design approaches for axially loaded piles recommended by
DIN V 1054-100 as part of the German National Application Document of EC7 follows quite
close the regulations known by DIN 1054 and known by the well-established pile codes DIN
4014, DIN 4026 and DIN 4128. So especially the values of experience for the characteristic
values of the tip resistance qbk and the skin friction qsk for bored piles given by DIN 4014 will
exist as a guideline for pile design in Germany furthermore.
7

TENSION PILES

To realize the excavation of deep impermeable pits in the centre of Berlin during the last years
the use of tension piles to anchor underwater concrete floors have given some new experiences
concerning this type of axailly loaded piles. An often used type of pile for this kind of highly
loaded tension pile groups is the vibrating injection pile which can mobilize noticeable values
for the ultimate skin friction as a result of grouting cement while driving the pile into the ground. Values of experience for the skin friction of this type of pile can be found in EAU (1990).
For other types of tension piles values to determine the skin friction are given by DIN 4014,
DIN 4026 and DIN 4128. In some cases significant differents between the calculated and the
really measured bearing resistance of tension piles have been watched. Therefore for tension
piles static pile load tests should always be carried out. During the last two years several static
load tests on tension pile groups of mostly five piles have taken place in Berlin. The measured
results have given new knowledges about the bearing behaviour of tension pile groups.
8

EXAMPLE FOR THE DETERMINATION OF THE BEARING CAPACITY OF
A SINGLE BORED PILE IN BERLIN BY A STATIC LOAD TEST

Concluding the application of the described German recommendations for the design of axially
loaded piles will be illustrated by an actual example of a bored pile constructed in Berlin. In
"rame of the tremendous construction work actually done by Daimler Benz, Sony and other
N,o [blows /10cm penetration)
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Figure 5. Ground situation and bored test pile·equiped with strain gauges and load cell· Potsdamer Platz ·
Berlin.
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financiers at the Potsdamer Platz in the centre of Berlin the task arose to determine reliable
values for the bearing capacity of bored piles in Berlin Sand. For the foundation of the Office
tower of the so called Sony Center a Combined Piled Raft Foundation was designed. To optimize the calculation values for the skin friction and the tip resistance in April 1996 a static pile
load test was carried out for a bored pile on site.
The test pile had a length of 23.0 m and a diameter of 0.88 m. In the upper part of the pile
down to 11.6 m under the pile head a steel husk was located to eliminate the skin friction in this
area (Figure 5). The ground situation was characterized by an upper sand layer of loose to medium dense packing underlying by a marl layer. Under the marl layer a second sand layer of
medium dense to dense packing followed as documented by a dynamic penetration test with a
middle number of blows of N 10 = 25 along the bearing pile shaft. The dynamic penetration test
was carried out from 11 m under the pile head downstairs. In altitude of the pile base a small
shingle layer was investigated.
The test pile was equiped by the Institute of Geotechnics of the Darmstadt University of
Technology with 8 strain gauges in DMS-technique which are installed in 4 different depths,
each 2 m long and arranged in pairs vis-a-vis at the inner side of the reinforcement cage to
measure the load distribution along the pile shaft. The base resistance was measured with a
load cell while the load measurement at the pile head was effected by monitoring of the
hydraulic pressure in the jacking system and additional by four load cells (Figure 6). .
The measured ioad-setdement curve Rk(s) is documented in-figure 7 devided up in the both
parts ofthe shaft resistance Rsk(s) and of the base resistance Rbk(s). The load transfer is mainly
realized by mobilizing the skin friction. The pile-toe resistance bore only about 15 % of the pile
load. By a limit settlement of the pile head defined by DIN 4014 of sg = 0.1 · D the characteristic ultimate bearing resistance ofthe test pile could be determined to R 1k = 8.5 MN devided
into components of characteristic limit shaft resistance Rslk = 7.1 MN and characteristic ultimate base resistance Rblk = 1.4 MN. In figure 7 the measured load-settlement curve is compared
with the theoretical load-settlement curve calculated with the values of experience given by
DIN 4014. Both curves show relative good correspondence although the theoretical calculated
value of the characteristic ultimate bearing resistance of the test pile is with R 1k = 7.5 MN lower than the measured value.
The load transfer of the pile load is determined by the lower sand layer of dense packing.
Figure 8 shows the distrbution of pile force and shaft resistance with the depth. By a limit settlement of the pile head of sg = 0.1 · D the middle limit skin friction is qslk = 220 kN/m 2 with a
significant concentration at the pile foot.
The measured load settlement line was the basis for the further numerical studies for the
bearing behaviour of the Combined Piled Raft Foundation designed for the foundation of the
high rise building of Sony Center (Richter et al. 1996).
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Figure 6. Loading facilities and measurement systems of the test pile· Potsdamer Platz · Berlin.
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load-settlement curve
calculated by DIN 4014

measured load-settlement curve
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9

BEARING BEHAVIOUR OF PILE GROUPS AND COMBINED PILED RAFT
FOUNDATIONS · RESULTS OF RECENT RESEARCH WORK

The bearing behaviour of axially loaded pile groups demands special considerations concerning
the pile-soil-interaction and the pile-pile-interaction between adjacent piles. DIN 1054 gives
the guideline that pile foundations have to be designed in the way that the full load of the upper
building is transfered into the ground only by the piles.
The German Standards don't give detailed specifications for the calculation of pile groups.
So the only recommendation given by DIN 1054 requires that the settlement of axially loaded
pile groups should be determined by two components: the settlement of a comparable single
standing pile and an additional settlement caused by group-effects. To calculate the second
component the pile group should be considered as a deep shallow foundation with a theoretical
area surrounded by the edge piles of the pile group and located at the level of the pile foots.
A relative new foundation concept is the Combined Piled Raft Foundation (CPRF) which
acts as a composite construction consisting of the three bearing elements piles, raft and subsoil
(Figure 9) (Cooke et al. 1981). According to its stiffness the raft distributes the load of the
structure R101 over contact pressure, represented by Rraf~> as well as over the piles, generally
represented by "'LRpile.i in the ground. In comparison with a conventional foundation design of a
pile group as defined by DIN 1054 the CPRF indicates a total new dimension for the soilstructure-interaction because of the new design philosophy to use the piles up to a load level
which is besides the permissible design value for the bearing capacity of a comparable single
standing pile. This leads to an extremely economic foundation with rather low settlements
especially if the stiffness of the soil is increasing with depth (Katzenbach 1993). The usefulness
and serviceability of CPRF can be described by the Combined Piled-Raft Coefficient acPRF
which is defined as the ratio between the amount of the pile loads "'LRpile,i and the total load of
the building R101 (Figure 10). For the design and the computation of the CPRF actually no standards and definit design strategies are available (Katzenbach et al. 1996). So actually additional
research work is done based on measurements and numerical computer-simulations.
Numerical simulations give the opportunity to examine the bearing behaviour of pile groups or
of CPRF in parametric studies varying for example the number of piles, the diameter and
length of piles and the distance between adjacent piles for definyd boundary conditions. The
spatial interaction analysis of pile foundations in multi-layered soil medium is a very complex
engineering problem in three dimensions which especially requires a realistic constitutive law
for the soil.
Within the frame of this research work an elastoplastic constitutive model is used for simulating the nonlinear elastoplastic material behaviour of soil in numerical analysis. The constitutive model consists of two main yield surface segments: a pressure dependent Drucker-Prager

R,., =R,.tt + 'f.Rpile,l
Rrot

SCPRF

Sshallow foundlltlon

Figure 9. Combined Piled-Raft Foundation
(CPRF) as a composite construction consisting of
the three bearing elements piles, raft and subsoiL

Figure 10. Semlement as function of the Combined Piled-Raft Coefficient a cPRF·
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p,
shear failure surface and a compression cap
yield surface. The Drucker-Prager failure surface itself is perfectly plastic while the hardening/softening behaviour of the cap yield
surface is a function of the volumetric plastic
strain (Figure 11 ). The yield surface may change in size, position or shape as the soil is loaded
successively to higher stress-levels. On the
Drucker-Prager shear failure surface the material dilates while on the cap surface it compacts. The plastic flow on the Drucker-Prager
-(~~+t:'..)
shear failure surface produces inelastic volume
increase, which causes the cap to soften. So this
'""""""
constitutive model gives the possibility for a
realistic simulation of the stress-strain beha~~======f=------r
viour of soils which is nonlinear inelastic and
.,~--- ___ ~.~, ...,.,6) I
dependent on stress path and previous stress
history.
'
C.,.F, d•o.iB
The aptitude of this numerical and constitutive model investigated at the Institute of Geotechnics at the Darmstadt University of Tech'
nology for reliable predicting the bearing behaviour of single piles and pile groups was ves,
rified by numerically simulating of experimentally carried out static pile load tests.
Figure 12 shows the results of a numerical
analysis of two single bored piles in Frankfurt
•· ~'Hd•·I<HM]
Clay (D = 1.5 m, l = 30.0 m). One pile (with
CuMo I K
the lower bearing capacity) is located concer•b I 0.8..o
ning its pile head on the actual ground level
while the other pile is located in an excavation
s,
S,
pit with a depth of 20 m under the ground level.
In consequence of the higher residudal stresses
of the soil which increases with depth the se- Figure 11. E1astoplastic constitutive law.
cond pile can mobilize a significantly higher
value for the ultimate shaft resistance Rslk· So
the ultimate limit skin friction qslk of a pile is
pile resistance Rk [MN]
not only a function of the strength of soil as
25
20
10
15
indicated by the standards but also a function of
the residual stresses in the soil continuum.
The numerical model can also be used to
analyse the bearing behaviour of pile groups
and of Combined Piled-Raft Foundations
(CPRF). Exemplarly for the same subsoil
conditions two CPRFs which differ by the
number of piles shall be examined (Figure
13.a). Model M1 has 64 piles with a pile
spacing of e = 3 · D while model M2 has 16
piles with e = 6 · D. The length of all piles is
l = 30 m. The piles are combined with a square
raft with 50 m as length of side. The raft is surrounded by a pit wall with an embedded length
of 10 m.
settlement - - pile head located on actual ground level
For model M1 figure 13.b shows the nume[cm]
- - - pile head on the ground of a 20 m deep pit
rically calculated load-settlement curve R10t(s)
devided into the components of the total pile Figure 12. Influence of the residual stresses on
resistance L Rpile,;(s), the raft resistance Rraft(s) the load-settlement curve of a single bored pile.
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Figure 13. Nwnerical study for CPRF. a. system of
model Ml and M2. b. computed load-settlement
curve for model Ml . c. load share between piles and
raft for model Ml and M2.

and the resistance of the wall Rwau(s). The loadsettlement behaviour of the CPRF is not linear.
The percentage distribution of the total load
of the building into the raft and the piles is
illustrated for model Ml and M2 in figure 13.c.
The load share between raft and piles is a nonlinear function of the settlement of the combined foundation and is influenced by the number of piles of the Combined Piled-Raft Foundation.
For a CPRF the load transfer ist very different within the pile group. As exemplarly
shown for model Ml at a settlement of
s( 1xR101) = 6 cm the centre piles carry 8 MN
and the corner piles 13 MN (Figure 14). The
different loading of the piles is a result of the
different magnitude of the mobilized shaft resistance R sk, i of the piles as the tip resistance
Rbk.i varies only slightly (Figure 14). So as it is
known from instrumented pile groups (Poulos
1993) also the pile loads of CPRF depend on
the pile position inside the pile group. The pile
loads decrease from outside to inside the pile
group.
pile resistance R• [MN]
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20

30~-L--~~-----~----~

settlement
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Figure 14. Computed load-settlement behaviour of the foundation piles of model Ml.
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The influence of the soil-structure interaction
40
0
10
20
30
and especially of pile-pile-interaction of pile
0~~~~~~~-r~~~+-~~~
groups is demonstrated by figure 15. The three
-'~-~::-.:.:-_ :::.::::_V single standing pile
load-displacement curves describe the numeri----\--I
cally determined load-settlement behaviour of a
\
............ / inner pile
single standing pile, of a inner pile of model
y model2
M 1 (e = 3 · D) and of a inner pile of model M2
1 r---~-+------~
10+-----~--~--r
(e = 6 · D). Although all piles have the same
I
length (l = 30 m) and diameter (D = 1.5 m) and
I
inner pile
are embedded in the same soil (Frankfurt Clay)
\\,
model1
the load-settlement behaviour and the load bearing capacity is significantly different. By a
more and more decreasing pile spacing e inside
a pile group the bearing resistance failure of the
pile caused by failure of the surrounding soil as
known for a single standing pile gets lost. De\
pending on the pile spacing e the pUe-pileinteraction causes a significant reduction of the
settlement [cm]
stiffness of the piles while the bearing capacity
Figure 15. Comparison of the load-settlement
increases. The comparison proves that a pile
behaviour of a single standing pile and an inner
distance of e = 3 · D indicates a remarkable
pile of model MI and M2.
pile-interaction inside the pile group.
The numerical study indicates that the bearing behaviour of pile groups and CPRF is determined by factors which superpose the bearing behaviour of a single standing pile.

\\

30~------L-----~~----~----~

10 CONCLUSIONS
The German approaches for the design of axially loaded piles mainly base on static load testing
and the use of values of experience as reported. While these design methods refer to single
standing piles, measurements and numerical studies illustrate that the bearing behaviour of
piles inside a pile group or inside a CPRF is influenced by interaction-effects between the different components of the foundation and the ground. An economic and safe design of pile groups
and Combined Piled-Raft Foundations is only possible, if the soil-structure-interaction is considered with adequate and reliable calculation methods.
Besides an efficient control of the quality of constructed piles, the application of the observational method as outlined in EC7 is an important aspect for the successful design and construction of piles and pile groups.

DEFINITON OF USED SYMBOLS
Ab
As
As;
Cu
cuk

e

D
D
DF
le

l
n
nmax
nmin

N

: cross section area of the pile foot
: area of the pile shaft
: part i of the area of the pile shaft in layer i
: undrained shear strength
: characteristic value of the undrained shear strength
: distance between adjacent piles
:density
: diameter of the pile
: diameter of the pile foot
: consistency index
: pile length
: porosity
: porosity in loosest state
: porosity in densest state
: number of carried out static pile load tests
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N10
qc
qck
q6 k
q61k

number of blows measured by a dynamic probing [blows/10 cm penetration]
: cone penetration resistance of a cone penetration test (CPT)
: characteristic cone penetration resistance of a cone penetration test (CPT)
: characteristic value of the tip resistance of a pile
: characteristic value of the ultimate tip resistance of a pile
qsk
: characteristic value of the skin friction of a pile
qsik
: characteristic value of the skin friction of a pile in layer i
qslk
: characteristic value of the ultimate skin friction of a pile
qsilk : characteristic value of the ultimate skin friction of a pile in layer i
quk : characteristic value of the uniaxial compressive strength
Flk
: ultimate limit state axial characteristic compression load
R
: bearing resistance of a single pile
Rid : design value ofthe ultimate bearing resistance of a single pile
R 1k : characteristic ultimate bearing resistance of a single pile
R2d : design value of the bearing resistance of a single pile for the serviceability limit state
R 2k : characteristic bearing resistance for the serviceability limit state
R6
: base resistance of a single pile
R 6k : characteristic base resistance of a single pile
R 61k : characteristic limit base resistance of a single pile
Rk
: characteristic bearing resistance of a single pile
Rpile,i : charcacteristic value of the resistance of the pile i inside a pile group
Rraft : charcacteristic value of the resistance of a raft of a CPRF mobilized by contact pressure
Rs
: shaft resistance of a single pile
Rsk
: characteristic shaft resistance of a single pile
Rs1k
: characteristic ultimate shaft resistance of a single pile
Rrat
: characteristic value of the total load of a building or structure (for a CPRF)
Rmax : test limit load as the maximum compression load applied in a static pile load test
Rwall : charcacteristic value of the resistance of a wall as part of a combined foundation
Rwark : permissible characteristic working compression load of a single pile defined as
Rwork = Rlk / TJ
Sld
: design value for the compression load of a single pile for the ultimate limit state
S2d : design value for the compression load of a single pile for the serviceability limit state
s
: settlement of the pile head
s1
: settlement of the pile head for the ultimate limit state
s I,pl : limit plastic settlement of driven piles for the ultimate limit state
: characteristic value of the permissible settlement for the serviceability limit state
s2 k
sg
: limit settlement ofthe pile head defined by DIN 4014
Ssg
: limit settlement of the pile head defined by DIN 4014 for mobilizing the ultimate skin
friction qslk
U
: coefficient of uniformity
w
: moisture content
Wr
: liquid limit
Wp
: plastic limit
yp
: partial safety factor for piles defined by DIN V 1054- 100
TJ
: global safety factor defined by German standards
YJN
: factor given by DIN V 1054-100 to consider the influence of the number N of carried
out static load tests on the bearing capacity
'llz
: factor given by DIN V 1054-100 to consider the influence of cyclic loads on the bearing capacity
:
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Design of axially loaded piles- Irish practice
B.M.Lehane
Trinity College, Dublin

ABSTRACT: This paper provides the author's overview of piling practice in the Republic of
Ireland. The review concentrates on pile design and construction procedures adopted by most
piling contractors and practising geotechnical engineers and, as such, does not consider unusual
contracts where non-standard construction or design procedures were used.

I. REGIONAL GEOLOGY
The use of piled foundations is, as one would expect, most common in urban areas with most
activity occurring in the cities of Dublin, Cork, Limerick and Galway; see Figure 1. The
stratigraphy in these areas commonly comprises less than 1Om of relatively soft soil overlying
dense gravel or rock. As a consequence, many piles are relatively short and derive a large
proportion of their resistance to compression loading in end bearing. Piles are generally socketed
into rock if they are subjected to significant tension loads.
The superficial/drift deposits range from soft alluvial clays and silts close to the rivers in the
major cities to stiff/hard glacial till in much of the Dublin region or medium dense sandy gravels
in Cork city. The superficial deposits which occasionally demand the use of piles outside of the
major cities include peats, soft clays/silts and calcareous tufa; piles in these deposits are often
used to provide support to bridge abutments.
Carboniferous limestones, which form the bedrock over most of central Ireland, are known to be
highly karstified in some areas. A high degree of redundancy is built into the foundation design if
piles are used in these areas.
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Figure I Major cities in Rep. of Ireland

2. SITE INVESTIGATION
Most site investigations for projects which potentially require piling investigate the stratigraphy
and its properties using cable percussive and/or rotary cored boreholes. An important objective
for each site investigation is to determine the depth to rockhead; cobbles and boulders present
above rockhead often hamper an accurate estimate of this depth.
Standard classification tests (e.g. gradings and Atterberg limits) are performed on 50 ±20% of
samples recovered from boreholes. The most frequently employed strength tests are shear box
tests and unconsolidated undrained (UU) triaxial tests on driven I OOmm diameter tube cohesive
specimens.
By far the most commonly used index for the assessment of soil consistency is the Standard
Penetration Test N value (blows/300mm); this N value is used directly in pile design calculations.
Cone Penetration testing (CPT) has generally been relatively unpopular because of the presence
of coarse gravel and cobbles in the glacial till of Dublin and the gravels of Cork city. It is
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anticipated, however, that the recent purchase by Trinity College Dublin of a CPT rig will lead to
renewed interest in its application to piling.

3. PILE TYPES
Piles in popular use in Ireland are generally of small diameter. This is because developments, up
to recently, have been relatively small scale and hence contractors fmd it uneconomic to invest in
heavy plant which may only occasionally find application.

Creed (1993) compiled a table, reproduced in Table 1, of pile types currently in use in Ireland.
The terms micro, mini, small and large refer to piles with diameters less than 150mm, between
150mm and 300mm, between 300mm and 600mm and greater than 600mm respectively.
Details of the three most commonly used piles are summarised in the following sub-sections.
Rotary and percussion bored replacement piles (without the use of bentonite) and top driven steel
tubular and H piles are used but fmd fewer applications than these three.

3.1

Odex mini-pile

The Odex mini-pile is a 150mm to 350mm diameter cement-grout replacement pile in which the
hole is formed by rotary percussive action using an eccentric reamer. As illustrated on Figure 2,
this reamer drills a hole larger than the outer diameter of the casing, hence facilitating insertion of
the casing. A reversed rotation of the drill causes the reamer to retract into the concentric position

Table 1. Pile types in Ireland (Creed 1993)
DISPLACEMENT PILES

REPLACEMENT PILES
Micro
diameter

I

Mini
diameter

Small
diameter

Large
diameter

Percussion
bored

Rotary bored
Cont. flight auger
concrete injected

I Ccr.t.
grout

Small
diameter

Large
diameter

Driven segmental
precast concrete
Driven steel
H piles
Driven steel tubes, open ended

flisht a~.:g2r
injected

Segmental CFA
grout injected
Drilled & grouted
Drilled & toe grouted·
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and allows its removal. Reinforcement is then inserted and the grout is tremied as the casing is
jacked out.
Odex mini-piles are often base grouted using a single sleeved tube

a manchettes located at the

base; this sleeve is injected with grout 24 hours after the pile has been constructed.

3.2

Precast concrete pile

Segmental precast high strength concrete piles (feu =50N/mm2) are the most common form of
driven pile used in Ireland. The piles are of square cross-section (widths varying between 250mm
and 350mm) which, for pile lengths in excess of about 12m, are assembled in segments using a

{a)
ODEX drilling out hole willl
pilot bit and eccentric
reamer. pulling casing behind

{b)
At required depth reversed rotalion
retracts eccentric reamer. allowlng

ODEX to be willldrawn. leaving casing

. ·. . , : ...: ,
~
.. : .

.

:l· : :·.
.. · '/

.

.

-~ .

. · ' . . :_.

1

··· :··-~
..
. .

·.·

_:.- :·
.. .
. ;._

I

..

t .·

~

- '
.

'

~

:d)
Casing withdrawn by crane during
grout placement =mpleted pile

{c)
Reinforcement placed and grout tremied
into base of pile. displacing water

_Figure 2. The Odex drilled pile (Higgins & Mason 1989)

206

Balken!Hercules bayonet connection or spigot & socket type connection. The piles are driven
using a variety of hammers with impact energies of between 10 kNm and 50 kNm. Diesel
hammers are not employed because of the increased risk of pile damage associated with their use
with these piles in hard-driving conditions.
Cobbles and boulders in the soil overlying the bearing stratum pose the biggest obstacle to the
successful installation of the piles. A hardened steel point is often fitted to the toe of the pile in
these conditions. Pre-boring a smaller diameter hole is occasionally carried out using a heavy
steel mandrel.

3.3

Continuous flight augered piles

The continuous flight augered (CFA) piles in use in Ireland vary in diameter (D) from 150mm to
750mm. As shown on Figure 3, the hollow-stemmed auger is rotated into the ground to the
desired depth before grout (for D <350mm) or concrete (for D >450mm) is pumped under
pressure via the stem to an outlet at the auger's base. The auger is withdrawn at a rate ensuring
that the grout/concrete at the base of the auger is maintained at a sufficiently high pressure and
fmally the reinforcement is placed.

1 Hole is bored us1ng
using continuousflight auger

2 Founding depth is
reached. Grout pipe
connected to head
ol auger stem before
it is withdrawn

3 The sand/cement grout ~ On completion of
1s Injected from the
grouted pile, the
auger stem. The auger is reinforcement
cage is lowered
simultaneously raised,
bringing the spoil
with it

---l~f------i~l---1~~~.1----------f

_Fill

Granular strata

Founding stratum

Figure 3. Continuous flight augered piles - sequence of operations (Wynne 1988)
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5 Finished
p1le

To allow greater flexibility in situations where conventional CF A pile installation may run into
difficulties, one Irish contractor (HMC Ltd.) has a rig adapted to allow installation of a
temporary casing at the same time that the CF A is inserted. The insertion of the casing is assisted
by using water flush pumped under pressure down the hollow auger. If an obstruction is
encountered (this can happen quite frequently in Irish conditions), the auger is withdrawn and the
hole is advanced by a down-the-hole hammer (with air flush) and by drilling the casing. The hole
may subsequently be re-augered and the CFA pile constructed in the usual way.

4. DESIGN APPROACH

4.1

Design philosophy

Most designs are performed by the piling contractor who tenders a price to the Client/Engineer
for the construction of piles with a prescribed working load. In this way, the piling contractor
carries most of the liability for design and construction. The Contractor's tender must therefore
represent a compromise between the need to be competitive and the need to have a design that will
work and be profitable. The Client/Engineer must provide sufficient information on the
stratigraphy and soil/rock properties to enable the Contractor to carry out the design and to limit
the possibility of claims on the basis of unforeseen ground conditions.
As already stated, piles subjected to significant uplift forces are usually socketed into rock
(usually by a distance of 2 to 3m). The design of these piles is similar to that of a structural
element and therefore attention in the following sections will focus on aspects associated with
piles loaded in compression.

4.2

Codes ofpractice & relevant publications

The British Standard code of practice for foundations (BS 8004,1986) is used to provide general
guidance on pile design and construction and the British Institution of Civil Engineers
'Specification for piling' (ICE 1988) is often referred to in specifications for static load tests.
The (new) 1996 ICE specification is currently being assessed and is likely make an impact on
testing procedures in the coming years.
Current popular practical references particular to Irish conditions include Collins & Mitchell
(1990) for piles in gravel, Looby et al (1995) for driven piles in boulder ~lay and Long (1995) for
driven piles in mudstones. In the absence of local knowledge and experience, the textbook by
Tomlinson (1994) is frequently referred to at the preliminary design stage.
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5. NATIONAL DESIGN METHODS

5.1

General

Design is essentially reliant on the experience of the specialist piling contractor who, in turn,
bases his proposals on the results from specific static load tests performed on the site and/or from
load tests in similar conditions at other sites.
On large contracts (> 250 piles), after selection and agreement by all parties of the most
appropriate pile type, preliminary static load tests which load piles to at least twice the design
working load are carried out. These tests, which usually number about 1% of the total number of
piles, are used to verity the design. A further 1% of contract piles are load tested to 1.5 times the
working load.
On medium sized projects (50-250 piles), preliminary static load tests are not performed and
reliance is placed on tests on contract piles (loaded to 1.5 times the working load).
On small contracts, it is often seen to be more cost-effective not to perform a static load test and
to design the piles more conservatively. Dynamic load testing would usually be carried out in
these instances.

5.2

Definitions

The following definitions are used in design terminology for axially loaded piles.
Ultimate capacity: The pile head load required in a static (maintained) load test to induce
a pile head settlement of 10% of the pile diameter.
Factor of safety: The ultimate capacity divided by the pile design working load.
Creep rate: The rate at which a pile settles after application of a load increment in a
maintained load test.

5.3

Design on basis ofstatic load tests

Pile tests are usually located in areas of the construction site where ground conditions are
suspected to be poorer than average. Tests generally follow the maintained load test procedure
(constant rate of penetration tests are rarely performed) and, in preliminary tests, the load is
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applied in typically about four cycles alternating from zero to nominal design working load (WL),
zero to 1.5 x WL, zero to 2 x WL and fmally to 2.5 x WL. Loads are maintained at each level
until the creep rate reduces to below 0.1mmlhour (or 0.25mmlhour, in some contracts).
A satisfactory working load for the test pile is decided upon after examination of the pile loaddeflection curve and the response of the pile on un-loading during the load cycling. Allowable pile
head deflections at working load rarely exceed 1.5% of the pile diameter and the pile recovery on
unloading must be at least equivalent to the anticipated elastic shortening of the pile.
Site specific correlations of ultimate shaft and base resistances with SPT N values are
occasionally developed from test pile results at sites where soil conditions are variable, although
predictable, and hence where there is scope for optimising designs. In general, however, there is
limited opportunity for this practice in Ireland as most piles derive most of their resistance from
the base. There is consequently no other economic option other than to found the piles in the
bearing stratum.

5.4

Design on the basis of site investigation results

Preliminary designs are often verified on the basis of correlations in the literature with SPT N
values and sometimes with UU undrained shear strengths (cu0). It is appreciated by all that these
design calculations provide nothing more than a guide to pile capacity.
The summary provided by Poulos (1989) is a good reflection of the type of SPT N correlations
currently employed and is reproduced here in Tables 2 & 3 for completeness. Note that the
symbols fb and f. refer to ultimate base pressure and ultimate average shaft shear stress
respectively so that the pile capacity, Plll3X> is given as:

where Ab is the area of the pile base and As is the area of the pile shaft.
Typical values of f. and fb adopted when correlations are based on design cu0 values are listed in
Table 4. Note that cu0 is its average value along the pile shaft when calculating fs and the value at
the pile base when calculating fb. The correlations in Table 4 tend to be conservative by
comparison with those implied by the correlations in Tables 2 and 3.
The application to Irish conditions of recently published new pile design approaches is currently
being examined by researchers at Trinity College Dublin; these include those developed at
Imperial College London for driven piles in sands/gravels and in clays (Lehane et al 1994,
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Table 2 Ultimate base capacity fb (MPa) = K N Poulos (1989)
Soil

Pile type
Drivm

K

type

Sand

Cl-45

Sand

(}4()

Sii~IOJICiy

Cl-35

~·

N • ava'l.p SPT
value iD local
faiiUR ZODC

silt

D-2S

Gl.acial coarse
to fme Jilt
deposits
Residual sandy
silts

0·25

Residual
clayey silts

0·20

Clay

O·:!O

Clay

0·1:!

All soils

O·JO

For

L!d~

S

If L/d < 5.
~;~O·I+0·04Lid

(closed<nd pilesl or
o-06 Lid
(open-ended pilesl

I; -

/D,., 3·0 MN1m:

Cohes•onless

Cast in
place

0· 1~

Cohes•ve

Bored

'

I

- '

Sand

0·1

Clay

0·15

Chalk

0 25
0·20

ft> > 7·5 MN/m 1

!. -

(}0911 + 0·16:)
where;= tip depth tm)

I

I
N < 30
N > 40

Table 3 Ultimate shaft capacity fs (kPa) = a+ 13 N Poulos (1989)
r-r

Pile tyre

Driven

Soil type

Remarks

f.

Cohcsionlcss

~ avera~:e

value

O\"Cr share
N ,.. avcratte SPT

displaceme-nt

along shaft
Hal\'e /, for small
disrlacrment pill:'

Cohesionlcs!O
&

10

))

I.."'h~iVC'

Pile type- not specified
so~ ,\"?-

J; >

J

170 kN/m =

10
Cast in plat:r

Cnhes•onlcss

lO

:!·0

.1~

> :!00 kN '"m!

<o
5·(1

.1~ >ISO kN. m!

100
Bored

1·0

Cohesinnles~

:t.'

5·0

CohesiveCuhc-sivc

10

.F \

Piles cast under
rcntonite

so,. ,,. >)
J.;,.
Chalk

-125

125

170 kNim,

)O> .N>IS
f.> 2SO kNJm!
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Table 4. f. and fb correlations with CUJ used in Ireland
Bored/CFA pile

f.

""0.5

Driven piles

CIA)

...0.4 CUJ for

CUJ

>I 00 kPa

,.J.O CUJ for

CUJ

<30 kPa

,.9 CUJ in alluvium
"" 20 CUJ in glacial till

Table 5. Pile details and set criteria used by Irish driven pile contractors
Contractor

Murphy
International
Ltd.
Lowry
Mc!Gnney Ltd.
Taranto Ltd.
F-K Piling Ltd
Pierse
BaehyLtd.

Pile
Dimension

Typical
Working
Loads

Pile Impact
Energy

(mm).
250 X 250
300 "300
350" 350
250x 250
285x 285
235x 235
275 "275
275 "275
275x 275
350 "350

(kN)

(kNm)

600
1000
1500
600. 800
800- 1000
650
1000
1000
750-1000
1200. 1500

14
14
17.5
45

Set Criteria
(Blows!

18
25
30
25

25mm)
20-25

10
15
23
12
25-30

Lehane & Jardine I 994 and Jardine & Chow I 996). It is likely, however, that, the more
traditional (fs.fb) approach will retain its current popularity because of its simplicity.

5.5

Design on the basis of driving formulae

A recent survey revealed that over 80% of Irish piling contractors use the 'Hiley' or 'Engineering
News' dynamic formulae for the preliminary evaluation of driven pile capacity. The pile details
disclosed by the survey for precast concrete piles in glacial tills are summarised in Table 5.
The working loads for the precast piles in glacial till correspond to an axial stress of ""I2 N/mm2
and are based on the assumption that achieving the value of the 'set' given in the table ensures
that the piles are embedded sufficiently in relatively rigid strata. The compatibility between the
set criteria adopted by the various contractors for this design condition is illustrated on Figure 4
by the relatively unique relationship between the set value adopted by a given contractor and the
energy imparted to the piles.
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Pile set required by Irish contractors as a function of the impact momentum of
their respective hammers.

5.6 Design on the basis of wave equation analysis
Dynamic testing to predict dynamic pile capacities and the load-displacement behaviour of the
piles usually supplements information obtained from static load tests in large contracts and
represents the only method of testing in small contracts. Its employment in all sizes of contracts is
growing in popularity on account of its relatively low cost - with the result that a smaller
percentage of static load tests are now being performed. Wave equation analyses are most often
carried out for driven piles (CASE and CAPWAP analyses), although the use of the SIMBAT
method (where a lOkN is dropped on the pile) is fmding increased application for replacement
piles.
A recent example of a comparison between capacities predicted by wave equation analyses (using
CASE) on driven piles and those measured on the same piles in static load tests is provided in
Table 6. Reasonable agreement is evident although the example illustrates the sensitivity of the
dynamic solution to the assumed damping factor. The somewhat lower ultimate capacities
predicted in the dynamic tests are thought to be due to the fact that the blows applied to the piles
did not induce a permanent displacement sufficient to mobilise all available base resistance.
Comparisons such as those shown on Table 6 are providing improved confidence in predictions
from wave equation analyses. There is still, however, some unease because of an over-reliance on
the expertise of the analyst carrying out the interpretation.
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Table 6. Comparison of measured ultimate capacities with those predicted using using wave
equation analyses (Piles were driven piles in Dublin boulder clay).
Pilina Conlrlel

Crob Parlc

Pile
Dimcusioa

Woricina
l.old

Static Test
Ullim. l.old

Dyaam. Test
Ullim. l.old

Oampaio1

(mm)

(\:N)

(kN)

PrcdidiOG
(kN)

Fw::~«,J,

JOOxJOO

800

•2900

1730
2030

0.7

C&x.

I

TCO R.csid.

300x300

900

•3100

2532

I

Ocoa. Dod:2

28Sx28S

1000

•3400

2911

.7

5. 7 Factors ofsafety and rules for serviceability

Most piles in Ireland, as they are predominantly end-bearing, are designed with a global factor of
safety of 3. This factor is occasionally reduced to 2.5 in materials such as Dublin Boulder Clay
which are relatively well understood.
In practice, however, the limiting condition is that the pile settlement in service is acceptable to
the structural designers.

6.0

PILE DESIGN CALCULATION EXAMPLES

The calculation of pile working loads is trivial, as is evident from Section 5.4. A brief summary
of the 'static' calculation procedures for the most common pile types is summarised below.

(i)

Precast concrete pile driven to a set greater than or corresponding with the trend
line shown on Figure 4 is allowed to carry an axial stress of up to fcJ4, where feu
is the cube strength of the concrete. The allowable working load (Pw) is simply
this stress times the cross-sectional area of the pile.

(ii)

Bored/CFA piles are designed for working loads:

where fb and f. are related to the SPT N or

Cu

value (as in Tables 2 to 4). Given their

crude nature, no attempt is made to assume that these correlations for average skin
friction can be applied separately to the different strata penetrated by the pile shaft.
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Checks are made, where possible, to ensure compatibility between the N and

Cu

approaches.
(iii)

The allowable axial stress in piles founded on rock is usually controlled by the strength
of the pile material. When these piles are socketed into rock, the maximum working
tension load is given as:

where (f,).n is the allowable skin friction in the rock socket and A, is the area of the shaft
in the rock socket. Values of (f,)311 used for reasonable quality Irish Limestone (RQD
>50%) vary from between 350 kPa to 700 kPa, depending on the designer. Higher values
of (f,)an are used if the socket is pressure grouted.
(iv)

Negative skin friction forces are calculated, where appropriate, assuming downward
local shear stresses are about 0.3s'«J. where s'v0 is the free-field vertical effective stress.
Reference is made to examples in Tomlinson (1994) for more detailed approaches.

7.0

QUALITY CONTROL AND MONITORING

Aside from standard on-site supervision of the piling works and static/dynamic load tests of
contract piles, the most popular additional means of quality control is integrity testing. Almost all
bored and driven piles (with D >250mm) currently constructed in Ireland are integrity tested. The
French Transient Dynamic Response (TDR) system is the most popular but the Dutch TNO
system is also used. Integrity tests are used extensively because they are inexpensive, quick to
execute and improve the client's confidence in the piling workmanship. The reliability of integrity
testing is questioned less often than it was during its initial introduction to Ireland in the 1980's.

8.0

PARTICULAR NATIONAL EXPERIENCES & RESEARCH NEEDS

Most piles in Ireland are end-bearing and, as such, their performance is very much dependent on
the quality of the procedure used in the construction of the pile. Integrity testing has had a high
success rate in Ireland and has improved confidence levels. Problems with end-bearing piles are
therefore generally very rare and, when they occur, are usually related to poor quality rock at or
just beneath the pile base.
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As more sites in Ireland continue to be developed, there has been an increased need to employ
piles which are not predominately end-bearing and hence make full use of the available shaft
capacity. Some of the questions raised by piling contractors following recent experiences with
these piles include:
Why are the sets of piles driven into glacial till often lower during re-drives ?
Why was there only a relatively minor rate of increase in axial capacity with pile length
in piles installed in gravels ?
How do the base capacities of driven and bored piles differ ?
How do dynamic and static capacities vary for various pile types in a range of soil
conditions ?
Piling contractors are currently funding or have funded some instrumented pile test programmes
to resolve these and other issues. An illustration of the type of data obtained from instrumented
pile test programmes is shown on Figure 5 which plots the variation of base resistance with pile
base displacement measured in tests on a 273mm diameter pile driven into Dublin Boulder Clay
to a relatively modest set of 12 blows/25mm for an impact momentum of 12 kNm; see Figure 4.
Test 1C, 2C and 3C were conducted 2.5 hours, 2 days and 17 days respectively after pile driving.
Figure 5 shows that, in contrast to conventionally made local assumptions, base capacities and
stiffnesses increase markedly with time and, in the long term, fb approaches a value of 25 MPa.
Despite the relatively low set of the test pile, this capacity is significantly larger than an fb value
of 9 MPa estimated using the correlation provided in Table 4 with clil =450 kPa.

It is anticipated that high quality test results such as those shown on this figure will greatly assist
the design of piles in Ireland.

9. CONCLUSION
Pile design and construction in Ireland has been relatively straight forward compared to other
parts of Europe because of the high level of rockhead or very dense soil in the urban areas.
However, as sites with less familiar geologies are developed and more demanding structures are
constructed, designers are more frequently needing to examine 'outside' experiences such as those
described in the proceedings of this seminar. It is encouraging to report that Irish piling
contractors are showing great adaptability to the new challenges they are faced with.
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ABSTRACT: The paper is aimed to summarise the current methodology used by Italian
designers when dealing with pile foundations. To give the possibility to better understand the
reasons on the basis of which some design criteria are more widespread than others, some
(necessarily brief) information are given about regional geology, common practice for soil
investigations and Italian pile market. To this aim, explicit reference to publications, papers and
textbooks was necessary. Finally, some practical indications coming from relevant under way
research activities in Italy will be shown in a due detail, with the hope that the results might be
helpful to other European countries.

1. REGIONAL GEOLOGY
Geological maps ( 1: 100000 scale) covering the entire Italian country are available, but these are
often old and of little use in detailed planning of engineering works. Detailed geological
information can be gathered from literature or from thematic maps recently set up by Universities
and/or State owned organisation.
From the general point of view, most of the Italian peninsula is included in the Alpine
Orogenic Belt which underwent heavy folding and uplifting processes; due to lithostratigraphic
and structural complexities connected with tectonics, Italian geological features are difficult to
schematise. Anyway, a rough but comprehensive idea can be derived from Figure 1:
a) intrusive and metamorphic rocks outcrop in the Alps and Pre-Alps mountain chains along
the east-west axis, in eastern Sardegna, in Calabria and in north-eastern Sicilia. In the latter two
these rocks are deeply altered and weathered;
b) the so-called structurally complex formations (AGI 1979a) is found in the Apennines
mountain chains, along the north-south axis. These formations are essentially made by flysch,
turbidic deposits, indurated clay and clay-shales with chaotic structure;
c) moraine deposits, originated during quaternary glaciations, are rather common on the Alps
and on the northern border of the Po River Plain;
d) volcanic soils (lava, cemented tuff and loose pyroclastic materials) are present in the
middle part of the Peninsula, as well as in Sardinia and in Sicily Islands;
e) alluvial plains and lowlands sediments are mainly formed by soft normally consolidated
fine grained sediments (AGI 1979b).
Alps, Pre-Aips and Appenninan mountain chains cover "' 55% of the total surface of the
country. The remaining 45% is covered mainly by alluvial plains and lowlands like Po River
Plain, Pisa Valley in Tuscany and Fiumicino near Rome("' 25%).
Earthquake, landslides and floods are natural phenomena which are rather common in Italy.
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Figure 1. Schematic geological map ofltaly (after Esu et al. 1984)
The geographic position of Italy make favourable a Mediterranean climate characterised by two
rainfall maximum (in Autumn and Spring) and by a dry and hot long summer period. Due to the
orientation of the long mountain ridges almost normal to the prevailing westerly winds, rainfalls
turn often to storms causing severe flood damages.
Landslides occur in natural slopes of hilly regions throughout Italy, creating severe problems
of maintenance of the transport network, and of stability of important towns and villages.

2. COMMON PRACTICE FOR SOIL INVESTIGATION
According to Lancellotta ( 1995) "the ultimate aim of a subsurface investigation is to assess
enough information to select the most appropriate foundation solution, to outline problems that
could arise during construction and, on a more general scale, to highlight p otential geological
hazards in the examined area".
The extension ofthe investigation programme depends on the importance of the project and on
the stage of the design at which is referred.
With reference to a number of case histories recorded in Southern Italy (Napoli and suburbs), in
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Figure 2. Correlation between size of the project and number of boreholes and/or CPT carried out in the
Neapolitan area during the preliminary design of buildings, parking and underpinning of damaged
structures (after Pellegrino 1996)
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out in the Neapolitan area during the final design of buildings (after Pellegrino 1996)

Figure 2 the correlation existing between the size - assumed, generally speaking, proportional to
the importance- of the project and the number of the boreholes and/or CPT carried out during the
preliminary stage of the design is showed.
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Table 1. List of the investigation methods commonly used in Italy (after Viggiani 1993a)
COMMON INVESTIGATION METHODS
ESTABLISHED PURPOSE
soil profile

Direct
Borehole
Excavation (pit, trench, ...)
Laboratory

physical and mechanical
soil properties

tests on undisturbed
samples

Indirect
CPT
Geophysical
In situ
Static penetrometer (CPT, CPTU)
Dynamic penetrometer (SPT, DPT)
Vane
Pressiometer
Flat Dilatometer
Plate Loading tests
Permeability tests
Geophysical (CH, DH, SASW)

With reference to only buildings, Figure 3 clearly shows that need of more detailed information
for the final design make density of the investigations- number of explored vertical divided by the
area - significantly larger.
The basic rules for Geotechnical Investigations are given in the section B of the Italian
Geotechnical Code (MM.LL.PP- D.M. 21.01.1981 , successively updated by D.M. 11.031988),
state that "any geotechnical design must be based on the results of a thorough geotechnical
study of the site" .
Even if general rules are given, the Code leaves to the designer a wide liberty of how planning
and performing such study. To get more specific guidance, the designer can refer to two
handbooks edited by AGI ( 1977, 1994), the former dealing with the practical instructions for
planning and executing site investigations and in situ tests, the latter with the suggested
procedures to be followed if physical and mechanical soil properties have to be correctly derived
from laboratory tests.
In Table I a schematic list of the investigation methods commonly used in Italy is given.
It must be stressed that, recently, in situ tests have received a great deal of attention in Italy,
essentially due to an improvement of the capability of the existing techniques, to the introduction
of new devices, to development of more appropriate theoretical approaches and, especially for
common structures, to their promptness and economy.

3. ITALIAN PILE MARKET
Due to the high variable subsoil conditions, a vast spectrum of technology is applied when the
decision of using piles as foundation system is taken; evidently, sometimes the choice of the pile
type must be adapted to the requirements of the supported structure (i.e. high load concentration).
In the following some tables summarising the results of a detailed questionnaire that AGI
submitted to the attention of all the public and private companies are shown (Baldovin 1989 1).
The data were grouped in three different main categories: driven (table 2), bored (table 3) and
mini (table 4) piles. For every category, more specific information (technique, type of structures
for which they are used, maximum values of size and load, etc.) are given.
Since no data referred to continuous flight auger piles were collected at that time, information
were taken from the paper by Trevisani ( 1992).

1 In

some cases, small changes were made on the basis of the updated collected information.
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Table 2 Driven piles (modified from Baldovin 1989)
MAXIMUM VALUES

STRUCTIJRES
building

hydraulic

X

X

tubular

X

---

structural

X

---

offshore

---

X
X
X
X

---

X
X

---

PILE TYPE
I-TIMBER

road
railway

dia.

length axial load

PATTERN
vertical

maritime

[cm]

1~1

IMNl

X

30

10

0.2

-1-

X

X

100

50

5.0

-1-

X

X

50

20

0.6

-1-

---

---

X

300

!50

>50.0

-1-

X
X
X

X
X
X
X

X
X
X
X

30/40
20
30/40 20/30
15
60
15/30
80

0.8
0.8
0.5
1.1

-1-1-1-1-

X
X

---

50/80
40

0.9
1.1

-1-1-

raked

..
..
.
.

2- STEEL

3- CONCRETE

..
....

precast
constant section
segmental
conic section
prestressed

---

cast in place

with temporary casing
with permanent casing

X

X

20
40

---

---

Table 3. Bored piles (modified from Baldovin 1989)

PILE TYPE

general

PATTERN

MAXIMUM VALUES

STRUCTURES
maritime landslide

length axial load enlarged
base
IMNl
1~1

dia.
[cm]

vertical

raked

I - SMALL TO MEDIUM
DlAMETER(<60cm)
rotary bored

X

X

X

30

1.0

X

-1-

---

percussion bored

X

X

X

30

l.O

---

-1-

---

X

X

X

150/200 70/80

> 10.0

---

-1-

---

X

X

150/200 70/80

> 10 .0

---

-1-

---

2 -LARGE
DIAMETER(> 80 cm)
rotary bored
percussion bored

X

Table 4. Mini piles (modified from Baldovin 1989)
STRUCTURES
PILE TYPE
1- WITH
STEEL TUBE
2- WITH
REINFORCEMENT CAGES

I

MAXIMUM VALUES

TYPE OF LOAD

general maritime landslide

dia.
[cm]

length
[m]

axial load

X

---

X

30

> 30

0.3

X

X

X

X

---

X

30

> 30

0.2

X

X

---
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Figure 4. Trend of piling techniques in Italy (after Trevisani 1992)
In the alluvial plains and lowlands precast centrifuged and cast in situ concrete driven piles
are generally used for low and medium bearing capacity foundation systems; large diameter bored
piles are adopted when high loads are applied.
The Orogenetic areas of the Apennines and the Pre-Alps are characterised by landslides and
instability of eluvial and colluvial layers. In these cases, high capacity piles are generally used
also for their large stiffuess to the lateralloadings.
Lands covered by volcanic sediments, being characterised by spatial heterogeneity and
variability, claim for a high flexibility of the installation techniques, making bored piles
preferable in this subsoil conditions.
In Figure 4 the yearly trend from 1985 to 1991 is showed, based on the sold equipment to
perform different pile types.
From the figure it can be seen that, as a consequence of the previously mentioned reasons, bored
piles are predominant in Italian market (from 65% to 80%); CFA piles are used more extensively
than driven piles (14730% the former, 37 11%the latter).
Furthermore, simply looking at the gradients, it could be deduced that CFA piles are gaining
the market against driven piles, while bored piles follow an approximately steady trend. This is
probably due to the fact that until now CFA piles have been produced with diameter ranging
between 350 and 600 mm, hence without real competition with large diameter bored piles.
In the next future, CFA piles will probably gain the market also against the smaller size
(8007 1200 mm) of the large diameter bored piles. These latter represent almost a 40% of the
market, 80% of which performed with static bentonite mud.
About driven piles, almost 30% of their market is due to precast concrete piles; the remaining
70% is essentially due to cast in situ piles (50% with temporary steel casing, 20% with
permanent steel casing).
According to Trevisani ( 1992), mini piles had an unexpected success in the last few years,
rapidly doubling their market (up to 20% of the total) in the last few years. This kind of pile,
originally conceived in Italy, is used for various engineering works (motorways in mountain area,
subways, tunnels, historical buildings restoration, etc.), mainly because it can be installed in any
soil and rock by using equipment with small overall size and limited power.

4. CODES AND RECOMMENDATIONS
The most important Code governing the subject is the D.M. 21.01.1981 , successively updated
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(D.M. 11.03.1988), issued by Ministry of Public Works. After a number of general prescriptions
(section A) and rules for soil investigations (section B), it deals with different kind of geotechnical
works: foundations (C), retaining structures (D), earth structures (E), underground structures (F),
natural slopes and excavations (G). Furthermore, some indications about environmental
geotechnical engineering, waste disposals, pumping, soil strengthening, drainage, filters and
ground anchors are given.
Pile foundations are dealt in the section C.5 of the Code. It consists of six sub-sections,
namely: design criteria, specific soil investigations, failure and working load of single pile,
working load of pile group, load tests, pile cap.
The design of single pile must be based on one or more of the following methods:
- analytical;
- based on the results of in situ tests;
- based on the results of load tests;
-analysis of the pile driving.
No indications are provided about which method has to be used for a given pile type
penetrating a given subsoil, leaving to the designer a complete freedom.
Load tests on single pile or pile group are mandatory whether when very important structures
must be designed or when the available soil investigations don't allow for a confident prediction
of the pile behaviour. Concerning with acceptance tests, 1% of the total number of the pile must
be tested, with a minimum number of2.
For small to medium pile diameter (d < 80 cm), the global safety factor SF for single pile
(defined as the ratio between failure load Q1im and working load Qw2) must be larger than 2.5. If
results of load tests up to failure and careful soil characterisation are available, SF can be
reduced up to 2.
For large diameter piles (d 2: 80 cm), SF can be chosen by the designer on the basis of the
established allowable settlement for the structure.
No rules are given for the safety factor of the pile group. It is however established that its
evaluation must take into account the geometry of the pile group, pile type, subsoil conditions and
pile cap. Furthermore, the settlement of the pile foundation must be compatible with the safety
and serviceability of the structure.
In addition to the aforementioned recommendations on site and laboratory investigations, AGI
published in 1984 Recommendations on Pile Foundations in order to give guidance to engineers
and contractors for selecting, designing and constructing piles.
The Recommendation consists of three main sections: in the first, once distinguished the piles
in two broad categories (with and without soil removal), factors influencing the choice of the pile
type are highlighted and details about some predominant construction techniques are given; in the
second one, well-known analytical and empirical methods aimed to the evaluation of the failure
load and settlement of piles (either isolated or in a group) are suggested for everyday practice; in
the third and final section, equipment, instruments and procedures for carrying out load tests on
pile are described.
Concerning with the safety factor SF on single piles, different values are suggested as derived
from the national experience, depending on the way by which the failure load is evaluated: by
adding ultimate shaft and base resistance in their entirety (2.5 :<: : SF :<: : 3.5), by adding ultimate
shaft resistance in full and base resistance at a given displacement (1.75 :<:::SF:<::: 2.5), by carrying
out load tests at a large displacements (2.0 :<:::SF:<::: 2.5).
At the present time, the Ministry of Public Works is preparing a revised version of the D.M.
11.03.1988. Furthermore, the National Research Council has planned the drawing up of
Instructions that could become part of the body of rules to be obeyed by the contractors when
involved in Public Works.
The working load on single pile must be always evaluated without taking into account the contribution
of the pile cap (raft, beam, etc.).

2
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5. DESCRIPTION OF Till: NATIONAL DESIGN METHODS
As simply understandable, the degrees of freedom left to the designers by the Code in force make
the description of the current design methods a quite unlikely goal.
Therefore, in the following the design procedures suggested by AGI will be assumed to
represent the National Design Methods. In some cases, suggestions coming from well-known
textbooks and relevant publications will be also included.

5.1. Current design philosophy

The design of any foundation must meet the following requirements:
- the total structural load has to be transferred to the soil with an adequate safety factor
against a bearing capacity failure;
- the total and differential settlements should be contained in order to guarantee the safety
and the serviceability of the structure.
In this context, there are some cases for which the choice of a pile foundation is practically
mandatory (i.e. bridge piers resting on a river-bed under erosion); in other cases, the choice can
derive from a comparative analysis of alternative solutions (i.e. pile foundation against shallow
foundation on a strengthened soil).
In any case, once the decision of adopting a pile foundation has been taken, the current design
practice tends to concentrate on the first requirement. Therefore, a preliminary design is
essentially aimed to define the type of pile as a function of the subsoil properties, average load
per pile and requirements of the supported structure (i.e. high load concentration). Generally
speaking, in this step the criteria on the basis of which the pile material is underwent to stress
state close to the admissible one is largely used (especially for concrete piles).
Once the number and the cross section of the piles is fixed, the length of the piles is chosen in
order to satisfy the established requirements (safety factor, allowable settlement, etc.).
Finally, a more rigorous analysis (if necessary) is performed with the aim to verify that the
selected foundation system is "well-behaving".

5.2. Failure load ofsingle pile

5 .2.1. Analytical method
The failure load Qlim is conventionally considered due to the contribution of the base capacity Qb
and the shaft capacity Q,:
L

f

Qlim + W = Qb + Qs = Ab· q b + 1t • d · fs · dz

(1)

0

where: W is the weight of the pile, Ab is the area of the pile base where the unit point resistance qb
is acting, L and d are respectively the length and the diameter of the pile, f, is the unit shaft
friction at a given depth z along the pile.
The unit point resistance qb is given by:
(2)

where: Nq and Ne are bearing capacity factor, crvL is the vertical stress acting at a depth L, c is the
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Table 5. Values ofk and J.! for some pile types (after Viggiani 1993a)
k
PILE TYPE

DRIVEN
PILES

loose soils

dense soils

J.!

structural steel section

0.7

1.0

tan20°=0.36

closed-end steel tube

1.0

2.0

tan20°=0.36

precast concrete

1.0

2.0

tan(O. 75ct>)

1.0

3.0

tan et>

cast in situ concrete
BORED PILES

0.5

0.4

tan et>

CFAPILES

0.7

0.9

tan et>

Table 6. Values of a for driven and bored piles (after Viggiani 1993a)
PILE TYPE

Cu [kPa)
s; 25

1.00

DRIVEN

25 < Cu < 70

1.00-0.011 · (Cu- 25)

70

0.50

s; 25

0.70

25 < Cu < 70

0.70- 0.008 · (Cu- 25)

~

BORED

(X

~

0.35

70

cohesion of the soil. For small to medium/ diameter piles, it is common to use the values of
bearing capacity factors as suggested by rBerezantzev et al. (1961); for large diameter piles,
reduced values for Nq are requested in order to limit the settlement of the piles (Berezantzev
1965). The unit shaft resistance f, is given by:
(3)
where: a is the adhesion, 1-1 is a soil-pile friction coefficient and crh is the horizontal stress at a
given depth z. Since the horizontal stress can be assumed proportional to the vertical stress by
introducing a coefficient k (crh = k · crv), the following equation is finally obtained:
(4)
For effective stress analysis it is suggested to put c = 0 in eq. 2 and a= 0 in eq. 4. For total stress
analysis is suggested to put Ne = 9 in eq. 2, 1-1 = 0 and a= a·cu in eq. 4, where a is a coefficient
and Cu is the undrained shear strength of the soil.
In the tables 5 and 6 are listed the values fork, 1-1 and a suggested by AGI (1984), slightly
modified and updated by Viggiani (l993a).
Only for piles embedded in normally consolidated cohesive soils, it has been accepted that the
unit shaft resistance can be evaluated by putting in eq. 4:
1-l =tan <1>

(5)

k = 1- sin<!>
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Table 7. Values ofK for driven piles in granular soils (after AGI 1984)
SOIL

K

silt and sandy silt

0.20

sand and silty sand

0.35

gravelly sand

0.50

sandy gravel and gravel

0.60

For end-bearing piles with the base in a weak rock (i.e. Neapolitan tuft), the unit shaft resistance
f, is generally assumed proportional to the uniaxial compressive strength of the rock, as for
istance suggested by Carter and Kulhawy (1992).

5.2.2. Methods based on the results of in situ tests

Driven piles
For driven piles embedded in granular soils, the unit point resistance qb can be evaluated by:
(6)
qb [MPa]

=

(7)

K ·N

where qe and N are the average values between the depths (L-4·d) and (L+d), K is a coefficient
which values are listed in table 7.
On the basis of the literature, Viggiani ( l993a) gives almost the same values, but distinguished
for precast or cast in situ driven piles.
The unit shaft resistance f, at a given depth or its mean value along the whole shaft is assumed
as follows:
(8)

(9)
where Nav is the mean value along the whole length of the pile, aq, a N and 13N are coefficients
which values are listed in table 8.
Viggiani {l993a) lists a number of values for a N and 13N taken from the literature, allowing for
a distinguished estimate of the unit shaft resistance for precast or cast in situ driven piles.
The failure load of driven piles in cohesive soils is generally evaluated by transforming the
available qe-profile in a Cu-profile as follows:
(10)

where crvo is the geostatic vertical total stress and Ne a factor ranging between 15 and 25 (if cuprofile is available from laboratory tests, Ne can be selected in order to reproduce it). Therefore,
analytical methods are generally used.
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Table 8. Values of aa, aN and 13N for driven piles in granular soils (after AGI 1984)

very loose

Qc [:MPa]

aq

<2

0.020

loose

2 :<': Qc :<': 5

0.015

medium

5 :<': Qc :<': 15

0.012

dense

15 :<': Qc :<': 25

0.009

Qc :C:: 25

0.007

very dense

aN

13N

0

0.002

Bored piles
Small to medium diameter piles in granular soils are generally designed by using the analytical
methods. The same applies for large diameter bored piles in cohesive soils (Rampello, 1994).
For large diameter piles in granular soils, methods based on SPT results are usually adopted
(i.e. Wright & Reese 1979; Reese & O'Neill 1988): values off, and qb are selected as a function
ofN, being the value of qb referred to a displacement of the pile equal to 0.05-d.
By comparing the values off, as deduced from 14 load tests on instrumented large diameter
bored piles embedded in Neapolitan pyroclastic soils with those derived from the procedures by
Wright & Reese (1979) and DIN 4014 (in this latter case by assuming qc [MPa] == 0.5·N),
Caputo et al. (1993) confirmed on the overall their reliability, even if quite conservative for pile
shafts above the water table.
Concerning with the point resistance qb, Jamiolkowski and Lancellotta (1988) used the results
of 15 load tests taken from the literature to establish a correlation between qb.crit (value of qb for a
relative displacement w,/d equals to 0.05) and qc as follows:
(ll)
On the ~asis of the results from 34 deep plate loading tests performed in the calibration chamber,
Ghionna et al. ( 1993) confirmed such fmdings, showing that, even if the ultimate point resistance
qb of a pile is virtually independent from the installation procedure (being always equals to qc),
the construction procedure markedly affect the value of mobilised qb at a given relative
displacement w,/d of the pile.

Auger piles
No specific information for the design of auger piles are available.
A preliminary methodology for evaluating their failure load in Neapolitan pyroclastic soils is
described by Viggiani (1993b) Starting from the availability of 37 load tests, 9 of which up to
failure, and CPTs, it was found that the unit point resistance qb can be taken equal to the mean
value of qc between the depths (L-4·d) and (L+d); the values ofqc > 80 MPa are cut to 80 MPa.
The unit shaft resistance can be evaluated from eq. 10, assuming that a is still a function of qc
as follows:
( 12)
For CFA piles in pyroclastic soils, the following values for the coefficients ai were found (using
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MPa for qc): a 1 = 6.6; a2 = 0.32; a 3 = 300; <4 = 60. The author stressed that further and more
detailed evidence is needed before any defmite conclusion may be drawn.

5.2.3. Design on basis ofdrivingformulae
The recommendations by AGI (1984) states that, being the driving formulae based on
oversimplification of the driving process, their use could be aimed to check the similarity between
piles belonging to the same foundation and not as a design tool. In this latter case, it is suggested
to derive empirical coefficients in order to reproduce failure loads as deduced from static load
tests (Viggiani 1993a).

5.2.4. Design on basis ofwave equation analysis
It is largely accepted that the evaluation of the failure load of a single pile by wave equation
analysisjs more and more satisfactory, from the conceptual point of view, than that coming from
the driving formulae. Nevertheless, being the wave equation analysis not so simple as driving
formulae is, its use is generally limited to very important structures (i.e. offshore structures) or
for research purposes (Carrubba and Maugeri 1995).

5.2.5. Design on basis ofstatic load tests
Static load tests on single pile are generally performed in order to control that the piles were
constructed in a correct way and that there is no variability among piles belonging to the same
foundation (acceptance tests). In such cases, the piles are generally loaded up to 1.5 times the
maximum working load Qw.
In all the cases whereby it is mandatory or believed necessary (for instance, if uncertainties
exist on the relevant parameters to be used for the design), load tests up to failure on piles
expressly constructed are usually performed. In this case, being the failure load Qlim not known
before the loading of pile, it is generally assumed that the maximum load test Qmax must be not
lesser than 3·Qw; smaller values can be accepted only if the displacement of the tested pile is large
enough to allow for a reliable estimate of the failure load (10% of the pile diameter).
Both acceptance and failure tests are generally performed by using maintained load (ML) test
procedure.
Usually, each increment is assumed equal to 0.25·Qw; in such way, at least 6 load increments
are applied before reaching Qmax for an acceptance tests, 12 for a failure tests. Cessation of
movement criteria is then adopted to establish when the following load increment has to be
applied; suggested values for the rate of movement are listed in table 9.
During any step, readings at all the installed instruments are taken at the following times from
the begirming of the step: 2, 5, 10, 20, every 20 minutes. Very often, the maximum working load

Table 9. Rate of movement for ML tests (after Mandolini 1995)
Pile diameter

rate of movement [mm/min]

small

0.005

medium

0.010

large

0.015
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Qw and/or the maximum load test Qmax are maintained for a larger duration, after which the pile is
unloaded in order to measure residual displacement.
As alternative to ML procedure, load test with a constant duration of each increment (say
30760 min) is suggested due to the fact that, besides its simplicity as well as the obvious practical
advantage, the load-settlement curve is not distinguishable from that obtained from ML test
(Mandolini 1995).
The interpretation of the test results in terms of failure load Qlim is very simple if the loadsettlement curve exhibit a well-defined maximum, otherwise it is commonly defmed as the load
that fulfils one of the following conditions (AGI 1984):
-increasing the load from 0.9·Qiim to Q!im, the settlement of the pile increases from w to 2·w;
- the settlement of the pile head w is equal to 0.1 O·d.
If none of the above conditions is fulfilled, Q1im is extrapolated by using the hyperbolic fitting
of the experimental data (Chin 1970), paying attention to the deduced value if Qmax is
significantly smaller than Qlim (that is Wmax << O.l·d).
At the present time, no advantages (reduced values for SF) can be derived if the tested pile is
instrumented along the shaft in order to have information on the load transfer mechanism between
pile and soil. In any case, the results can be used for an appropriate selection of the relevant
parameters.

5.3. Settlement ofsingle pile
AGI (1984) recommends to evaluate the settlement of single pile under working load Qw from
load tests. Alternatively, if no test results are available, analytical and numerical methods based
on transfer curves, boundary element method (B.E.M.) and finite element method (F.E.M.) are
used.
Very rough estimate of the settlement of single pile under working load are obtained by using
some empirical relationships given in literature; their use should be limited only to conditions
similar to those from which they were derived.
Regional collection of experimental data (pile types vs. subsoil conditions) would make the
estimate of the settlement more reliable, and therefore it must be strongly pursued. In this context,
on the basis of the results of load tests on 14 large diameter bored piles, Caputo et al. ( 1993)
found that, up to load lesser than 0.6 · Qlim (that is SF ::: 1.5), the following empirical relation can
be used:

d
Q
d
Ws = - ·- - = - - 60 Qlim
60 -SF

(13)

5.4. Failure load ofpile group

The estimate of the failure load Qlim.G of a group made by n piles, each of them having a failure
load Q!im, is based on the following equation:
(14)

Qli!.n,G = TJ · n · Qlim

in which 11 is the efficiency factor.
For piles in granular soils and spacing s 2: 4·d, it was found that TJ > l. AGI (1984) suggests to
adopt TJ = 1, except for those cases for which piles were bored without care.
Concerning with piles in cohesive soils, Viggiani (1993a) suggests to assume TJ = 0.670.7.
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Table 10. Bearing capacity factor Ne (after AGI 1984)
Ne
L/B 1
0.25
0.50
0075
1.00
1.50
2.00
2050
3.00
> 4.00

B2/BI

=

6.7
7.1
7.4
7.7
8.1
8.4
806
8.8
9.0

I

I

1 < B2/BI < 20

5.6
5.9
602
6.4
6.8
7.0
7.2
7.4
7.5

I B2/BI > 20

o(I + 002 oL/B 1)
(I + 0.2 oL/B 1)
(1 + 0.2 L/B 1)
(I + 0.2 oL/B 1)
o(1 + 0.2 oL/B 1)
o(1 + 0.2 oL/B 1)
(1 + 0.2 L/B 1)
(I + 0.2 oL/B 1)
(I + 0.2 L/B 1)

5.6
5.9
6.2
6.4
6.8
7.0
7.2
7.4
7.5

°
°

°

°

°

°

°
°

°

For pile groups in cohesive soils with s :o:; 4od, AGI (1984) recommends to determine Qlimoo
assuming a block failure mode, as originally proposed by Terzaghi and Peck (1967):
(15)
where B 1 and B2 are respectively breadth and width of the group (B 1 < B2), Lis the length of the
piles, cuL is the undrained shear stength at depth L, f,oav is the average value of the shear resistance
along the pile length, Ne is a bearing capacity factor which values are listed in table 10.
Ifthe spacing s :o:; 3od, more rigorous analysis are requested by D.M. 11.03 .1988. Alternatively,
the evaluation of the failure load of the pile group must be made by considering an equivalent
shallow foundation at a depth L.

5.5. Average and differential settlement ofpile group

In the last twenty years (Burland et al. 1977) a number of compelling arguments for moving
towards a settlement based design methodology for pile foundations were discussed and
interesting developments have occurred in this direction. Nevertheless, a capacity based design is
still largely used, probably due to the widespread belief that predicting deformations is more
difficult and less reliable than predicting capacity (Randolph 1994).
In the last years, an extensive research program consisting of theoretical analysis and
experimental observation on full scale pile foundations has been carried out at the University of
Napoli. As a consequence, in the following the obtained results will be shown in some details.

5.5 .1. Empirical approach
Once the settlement w, of the single pile is known, the recommendations by AGI (1984) suggest
to evaluate the settlement we; of pile groups as follows :
( 16)
where R, is the group settlement ratio as originally introduced by Whitaker (1957) .
Therefore, the following relations for R, are suggested:
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(17)

(

R _
0.6·B 1
s - 0.3 · BJ+0.3

2

J

(18)

the former being applicable for driven piles, the latter being applicable for bored piles.
Recently, Mandolini (1994b, c) introduced an empirical method applicable to very different
combination of pile and soil types. After having postulated the following relationship:
(19)

where Rz; is the group reduction factor (Butterfield and Douglas 1981 ; Fleming et al. 1992) and
R is the modified aspect ratio introduced by Randolph and Clancy (1993), the author collected
104 well documented experimental works (13 full scale foundations , 12 large scale field tests, 79
small scale laboratory tests); they refer to bored, auger and driven piles embedded in granular,
cohesive and layered subsoil. All the available data were fitted with a hyperbolic function as:
RG = 0.34 ·R - I =: - 13 -R

(20)

On the overall, the following information were derived (Figure 5):
- in the range of the common values of R, the small scale model tests are quite representative
of the settlement behaviour oflarge scale tests and full scale foundations;
- ~ 80% of data fall within ±50% range.
Trials to separate the collected data as a function of pile technology and/or soil type did not
significantly improve the fitting.
From eq. 20 it can be seen that, for a given ratio Lis, R. is a function ofn° 5, as theoretically
found by Poulos and Mattes (1971).
It must be stressed that, according to eq. 20, the amplification (R,) of the settlement of the
single pile (ws) due to group action depends only on the geometry of the group. Technological
factors do affect, obviously, the settlement of the group (wG) by means of the value ofw,.
Even if differential settlement plays a much more significant role than the average settlement
in influencing the overall performance of a structure, a limited amount of data are available in
literature.
By using the few available data (Figures 6 and 7), Mandolini (1994c) showed that is possible
to establish a rough relationship between the maximum differential settlement ratio RI,, defined
as:

Omax
R ds ___
_

(21)

wa
and the ratio B2/B 1, already introduced in §5.4, as follows:
Rds

(22)

= 0.60 + 0.05 · (B 2 I B 1 -1)
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Figure 6. Measured average and differential settlements of full scale foundations (after Mandolini
1994c)

Being the data on which the eq. 22 is based referred to the measured settlement at the end of the
construction of the structure, higher differential settlement are to be expected during the
construction as a consequence of the reduced stiffening effect of the structure. In Figure 8 are
reported the data collected from an extensive research program carried out in Napoli in the last
years during the construction of some very important tall buildings founded on bored and auger
pile groups (n = 77+323; L = 20+42 m; d = 0.6+2.2 m) in Neapolitan pyroclastic soils.
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5.5.2. Rational approach
For complex foundations and/or for important structures, more rigorous analysis are required,
very often based on simplified B.E.M. (Poulos and Davis 1980) or approximate analytical
solutions {Randolph and Wroth 1979). Independent of the adopted tools for the analysis,
according to Poulos ( 1993) the evaluation of the soil properties relevant to the prediction of the
settlement of a piled foundations is the most difficult and uncertain step of the analysis.
This is probably true for all deformation problems in geotechnical engineering; in the case of
piled foundations, however, the difficulties arising from the influence of technological factors
connected to the installation of the piles make the evaluation still harder.
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In order to reduce such uncertainties and to make the evaluation as objective as possible,
Mandolini and Viggiani ( 1996) proposed a standard procedure in five steps, essentially based on
computer codes (Banerjee and Driscoll 1978; Rando1ph 1987; Poulos, 1990; Mandolini 1994a)
and/or available charts (Poulos and Davis 1980; Butterfield and Douglas 1981; Fleming et al.
1992), subsoil investigation and (when available) loading tests on single piles.
The procedure may be summarised as follows.

Step 1
All the available site and laboratory investigations are used to develop a model of the subsoil, in
which the geometry is adapted to a scheme of horizontal layering; each layer is supposed to be
linearly elastic and the ratio of the moduli of different layers is evaluated. The authors share the
emphasis put by Randolph (1994) on the importance of considering the overall geometry of the
foundation; engineers should be encouraged to prepare correct scaled drawings of the complete
foundation and relevant soil stratigraphy, which will often reveal shortcomings in the proposed
foundation scheme.
Step 2
The absolute value of the moduli is evaluated by fitting the results of load tests on single pile (if
available) with the available computer codes and/or charts. The fitting is aimed to reproduce the
measured initial axial pile flexibility Iwo·
Assuming a hyperbolic load-settlement relationship (Chin 1970), it can be shown that:

w

Q=

(23)

1
+ --· w

I
WO

Qlim

It must be stressed that, when using the load test results for the evaluation of the stiffness of the
spoil and the failure load of the pile, the technological effects are implicitly accounted for. Should
pile load tests not be available, the same quantities can be estimated by the typical pile design
approaches described before or, maybe preferably, by regional design methods.

Step 3
Once the subsoil model (geometry and properties) is fixed, the available computer codes and/or
charts are used to derive a set of interaction factors a 1j for various spacing/diameter s1/d between
piles i and j. Such values of a 1j and sJ/d are then best-fitted in order to have a continuous function
(linear, logarithmic, power, etc.).
Step 4
It is assumed that no interaction occurs for piles whose spacing s is larger than a limiting value
Smax that is defined according to Randolph and Wroth ( 1978). If the piles belong to a group, Smax is
increased by adding a term rG as suggested by Randolph and Wroth (1979) for a square group,
and extended by Mandolini (l994c) to any other shape of the group: For s ~ Smax + rG, <Xij is
assumed equal to zero.

Step 5
The non linearity ofthe behaviour is simulated as suggested by Caputo and Viggiani (1984). On
the basis of the experimental evidence, they claim that the non linearity is essentially concentrated
at the pile-soil interface, while the interaction may be represented by linear model with sufficient
accuracy. Accordingly, in a method of analysis based on the interaction factors, they assume that
all the factors a 1j (itj) are constant, irrespective of the load level, while the pile-pile interaction
factors a 11 vary as follows:
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(24)

where Q; and Q;.Iim are respectively the load acting on and the failure load of the i-th pile in the
group ('If;= load level).
According to eq. 23, eq. 24 corresponds to a hyperbolic load-settlement relationship3 for the
single pile. With this assumption and considering the settlement of the single pile w, under
working load Qw.i as the sum of a linear elastic component w,,1• and a non linear elastic
component Ws,nb it can be simply showed that:
(25)

Ws,nl

= Ws -

Ws, le

'l'i
'l'i )

(26)

= Ws,le · ( 1-

Concerning with groups of identical and equally loaded piles, the settlement of the pile group can
be deduced in a very simple manner by superimposing the linear elastic displacement fields
induced by nearby equally loaded piles in a group and adding the non linear component as
follows:

WG = R s ·Ws, le +ws,nl = Ws, le ·(Rs +_LJ
1- '1'

(27)

The same concepts are applicable when dealing with pile groups connected to a rigid cap.
It must be highlighted that the concept described in step 5 allows for a rational understanding of
the role played by non linearity effects on the settlement of piled foundations at working load (SF
= 273 :::::> 'I' = 0.337 0.50): for small pile group, for which the non linearity component 'lf/(1-'1') is
of the same order of magnitude of the group settlement ratio R,, to neglect non linearity effects
could imply a significant underestimate of wG; on the other hand, for large pile group, R, is so
high that 'lf/(1-'1') can be surely neglected.
The described approach was applied by Mandolini and Viggiani (1996) for the back-analysis
of 19 well documented case histories taken from the literature. Some of the obtained results are
showed in Figures 9 and 10.
The substantial correspondence between the values of the soil shear modulus obtained by
shear wave velocity measurements and those backfigured from by the load test on piles in terms
of initial axial pile flexibility lwo (step 2) shows promising implications for both the interpretation
of loading tests results in terms of soil properties and the prediction of settlement on the basis of
geophysical measurements. It must be stressed that the data are referred to bored, driven and
auger piles embedded in both granular and cohesive soils.
The non linear (NL) analysis, which essentially consists in adding the non linear component of the
settlement of the single pile to the settlement of the group, obtained as in the linear elastic (LE)

3

It is to point out that, either in eq. 23 or eq. 24, Q1im is intended only as a geometrical parameter of the
hyperbola fitting the load-settlement curve in the load range of interest. In some cases this value can
significantly differ from the actual failure load.
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Figure 9.- Comparison between the values of the soil shear modulus obtained by shear wave velocity
measurements and those backfigured from by the load test on piles in terms of initial axial pile flexibility
lwo (after Mandolini and Viggiani 1995)

analysis, slightly improves the prediction of the average settlement in all the cases where the LE
analysis was already successful. In those cases where the non linearity plays a significant role,
NL analysis substantially improves the prediction.
In Figure 10 are also showed the results obtained by an equivalent linear elastic (ELE)
solution, based on equivalent elastic soil properties backfigured from the observed load-settlement
curve, considering the secant stiffuess corresponding to the average working load of the piles in
the group. This kind of analysis, which incorrectly amplifies both the elastic and plastic
components of the settlement of the single pile, substantially overestimates the observed
settlement.

5.6. Rules for serviceability
D.M. 11.03.1998 states that the designer must verify that the predicted settlement of any point of
the foundation system is admissible for the structure; but no specific information are given about
the way by which to establish some limiting values.
As a consequence, the designer generally refers to the existing criteria, generally based on
limiting values for the angular distortion o/L (o = difference between the settlement of any two
points spaced L) and curvature LVL (~ = maximum movement from a straight line joining two
reference points spaced L).
A significant contribution in this field was given by Ricceri and Soranzo ( 1985). The authors
collected 69 Italian case histories published from the early '60, including various type of
structures (steel, load-bearing brick walls, reinforced concrete), foundations (shallow and deep),
soils (granular, cohesive, layered) and stiffuess (very low as for steel oil tanks, intermediate as for
office and industrial buildings, very high as for reinforced concrete cellular silos).
By using the available data in terms of maximum settlement and angular distortion
(respectively Wmax and oiL in the Figure 11 ), they found a significant correlation between the two
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Figure 10. Comparison between predicted and obseiVed settlement. a) average settlement, LE analysis;
b) average settlement, NL analysis; c) average settlement, ELE analysis; d) maximum differential
settlement, LE and NL analysis; e) maximum differential settlement, ELE analysis (after Mandolini and
Viggiani 1996)
quantities, allowing for the possibility to check the admissibility of deformations directly in terms
of the maximum settlement predicted, rather than attempting an estimate of the angular distortion
which is definitely more complex. Similar results were obtained analysing the data from
Skempton and MacDonald (1956). Very simple rules were therefore suggested:
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Wmax

and 8/L for deep and shallow foundations (after Ricceri and

- for Wmax :s; 8 cm should not determine serious problems;
- for Wmax ~ 20 cm are not tolerated by traditional structures and damage should be
anticipated, the extent of which depends on the relative soiVstructure stiffness;
- for 8 cm < Wmax < 20 cm, detailed soil-structure interaction analysis is required.
Obviously, as stressed by the authors, the quoted values must not be considered as rigid
design rules but rather as indications for useful comparisons, according to the idea that "each
building or structure should be .treated on its own merits, for its p erformance will depend on a
large number of facto rs including construction materials, method and form of construction,
type of cladding and brittleness offinishe s" (Burland 1977).

6. CONCLUDING REMARKS
In the paper it was attempted to represent the Italian point of view about the current design of
axially loaded piles, either isolated or in a group. For several and obvious reasons (brevity,
vastness of the topics, author' s lack of knowledge, available time, etc.) the writer apologise to all
that people thinking to be not represented their personal experiences in the paper.
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Dutch national codes for pile design
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ABSTRACT: Since october 1992 the new Dutch law Bouwbesluit is operative. Part of this
Bouwbesluit is a set of NEN codes, which prescribes in detail the requirements and design
methods for buildings and their foundations. The safety philosophy is based on the partial
safety factor approach. These codes ascertain that each structure fulfils certain minimum
requirements with respect to stability (ultimate limit state) and deformations (serviceability
limit state). The calculation method for the determination of the ultimate bearing capacity of
piles is based on empirical relations with the results of cone penetration tests (CPT's). The
relations are tested and compared with the results of load tests over the past 60 years. If
necessary they were modified.
This national report explains the philosophy of the Dutch codes concerning the design of
foundation piles.

1 GEOLOGICAL SETTING OF THE NETHERLANDS

1.1

Introduction

The stratigraphy of the natural sub soil underlying a structure is determining the foundation
design. In order to obtain useful and reliable information of the subsoil both geological and
geotechnical knowledge is required. The study of data in archives, geological maps,
geotechnical profiles and literature can be performed in an early stage. Based on data from
additional site investigation, a more detailed model of the stratigraphy can be made in a later
stage. The subdivision of the sub soil in different layers is done using litho-stratigraphical
characteristics such as composition of the layer and sequence of deposition. A secondary
division is made on the basis of geotechnical parameters such as the cone resistance.
In general the influence on soil strata, induced by loaded area's will be of significant
importance unto a depth of 1.5 times the width of the loaded area below foundation level. In
practice the depth of the soil to be investigated will vary from 25 m for domestic structures
to 75 m for large structures like high rise buildings or large tanks.
In this chapter, a short introduction to the geological setting of the Netherlands will be
given. The reader may thus gain insight in the geological factors controlling a design.

1.2

Geology

The Netherlands are located at the boundary of the North Sea basin, which was filled up
with sedimentation in the Pleistocene (Diluvium), and Holocene (Alluvium) periods. These
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predominantly fluvial and marine sediments were deposited by the rivers Rhine and Maas
and the North Sea intruding from the west. The location of these rivers and the North Sea is
shown in figure 1.
In the western part of the Netherlands the groundlevel is about or below sealevel. The
groundwater table is kept at about 0.5 meter below the surface. Towards the east the land
rises until approximately 100 meter above sealevel. The depth of the groundwater table
increases towards the east until a maximum depth of several m below groundlevel.
",f
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~ geotechnical profiles in the
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Netherlands can be summarized in four different areas:
West pan:
In the west part of the Netherlands the following layers
have to be expected:
!
from grade to NAP i
)
15 m (NAP equals to
about mean sea
level): very soft
holocene clay and
peat layers. The cone
Germany
resistance is generally
less than 1 MPa.
from NAP -15 m to
NAP -75 m: pleistocene fine to medium
fine normally consolidated sandlayers.
These sediments are
deposited by the
rivers Rhine and
Maas. The cone resis__ ~.......,
tance of the sand
Figure 1.
Location of The Netherlands
ranges from 5 MPa to
30 MPa. Locally
shells and normally consolidated clay layers are present. The clay layers have a thickness of
1 to 5 meters and have a cone resistance of about 2 to 4 MPa. In the north area of the
west part a marine clay layer of the Eem-Formation is present at NAP -25 m. The thickness
of this layer varies from about 30 m near Amsterdam to a few meters towards the eastern
part of the country. This layer is normally consolidated to slightly overconsolidated.
South west pan:
In the south west part of the Netherlands the following layers have to be expected:
- from grade to NAP -5 m: very soft holocene clay and peat layers. The cone resistance is
less than 1 MPa.
- from NAP -5 m to NAP -25 m: pleistocene fine to medium coarse sand with thin to very
thin clay layers. The cone resistance of the sand varies from 5 MPa to 30 MPa. The sand
is normally consolidated.
- from NAP -25 m to NAP -75 m: medium stiff clay layers. The clay layers belong to the
fluviatile Formation of Kedichem (deposited 1.700.000 years - 800.000 years ago) and
the marine Rupel Formation (tertiary period, age older than 2.500.000 years). These clay
layers have a thickness from 5 to 20 m. The cone resistance is about 2 to 4 MPa. The
clay layers are (slightly) overconsolidated due to aging or to a low water table in the past.

..

244

South east part:
In a south east, small part of the Netherlands the subsoil consists of rock formations consisting mostly of mar! and limestones. These rock formations are eroded by the river Maas and
sedimentation of sand and gravel can be found in the fossil and young channel beds of the
river.
North east part:
The subsoil of the north east part consists of:
- from grade to NAP -10 m: very soft holocene clay and peat layers. The cone resistance is
less than 1 MPa. Locally from groundlevel to NAP -10 m medium dense pleistocene
sandlayers with a cone resistance of 10 MPa are present.
- from NAP -10 m to NAP -75 m: pleistocene fine to medium coarse sand with intersections of glacial till. Because this part of the Netherlands is at least twice covered with an
icecap the sand is overconsolidated. The cone resistance may be up to 75 MPa. Two
distinct till layers can be detected in this area, deposited during two glacial periods. The
till layers are, due to the deposition below the ice cap, overconsolidated.
Seismic activities are of minor importance.

2 SOIL INVESTIGATION.
In general, for piled foundations, the soil investigation consists of a number of cone
penetration tests (CPT's) with electrical registration of the cone resistance and the local
friction. The soil type is derived from the calculated friction ratio ( = local friction divided
by the cone resistance at the same depth), combined with the results of one or more borings.
Depending on the complexity of the structure a poor to more extended laboratory test
program on undisturbed samples from borings will be executed. Exceptionally, for instance
if the lateral behaviour of the piles is of importance, in situ tests like the dilatometer test or
cone pressiometer test is executed.
The national code NEN 6740 Geotechnics, Principals and loads, prescribes the minimum
extend of the soil investigation as a function of the complexity of the structure.

3 PILING TECHNOLOGY.
In general all piles are end bearing piles. The tip elevation varies from 1 m to 10 m into a
sand layer; commonly the Pleistocene sand.
If, induced by the environment, there are no restrictions with respect to vibrations and or
noise, driven displacement piles are commonly used. Prestressed precast piles or cast in
place piles type Vibro are most popular. The dimensions of precast piles vary from 180 mm
x 180 mm to 500 mm x 600 mm, with a length of 10-20 m to 33 m respectively. The
diameter of the Vibro piles ranges from about 300/350 (shaft-/bottom diameter) to 600/680
mm, with a length up to 35 m.
If there are restrictions with respect to vibrations, augered piles like the auger pile or
screwed piles like the Fundex pile are commonly used. If there are restrictions with respect
to vibrations, to a small spacing to other structures or piles, or to the acceptable settlements,
a combination of augering and simultaneous grout injection is common practice.
In general the piles are driven with a diesel or hydraulic hammer with a blow energy of
about 40 to 220 kNm.
4 NATIONAL DOCUMENTS

Since october 1992 het Bouwbesluit became operative. This law prescribes that all structures
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should satisfy minimum performance requirements. These requirements are related to safety,
serviceability, health and economical use of energy. Het Bouwbesluit distinguishes three
types of structures: domestic structures, non-domestic structures and structures not being
buildings. The minimum requirements are laid down in TGB 1990. This TGB 1990
encompasses codes like NEN 6700 General principals, NEN 6702 Loads and deformations,
NEN 6740 Geotechnics; Principals and loads, NEN 6743 Piled foundations .
If the principal demonstrates that his structure meets the minimum requirements according to
het Bouwbesluit, local authorities may not impose extra requirements in excess of the
national building code; they are obliged to provide a building permit.

5

NATIONAL CODES FOR PILE DESIGN

For the design of piled structures the codes NEN 6702 Loads and deformations, NEN 6740
Geotechnics; Principals and loads and NEN 6743 Piled foundations are relevant. These
codes will be discussed in the following sections.
The code NEN 6743 contains a design method which is based on the use of in situ soil tests
(CPT's) and empiric design rules . The execution of CPT's is an extremely cheap and quick
method of soil investigation, especially in the soft soils in the Netherlands. The design rules
prescribed in NEN 6743 are easy in practical application; especially after introduction of
computer codes. As a consequence there is a wide extended acceptance and use of these
codes. Other design methods are only tolerated if it is demonstrated that with those methods
the same level of foundation performance will be guaranteed as in the case of the methods
mentioned in the codes. In practice this demonstration will only be successful by means of
static pile load tests. For that reason other methods of design like dynamic pile load tests,
wave equation analysis or driving formulas are seldom used. These methods are not
discussed in this report. It has to be stated that static pile load tests are always required and
executed in the case of the introduction of new pile types .

6

GENERAL PHILOSOPHY DUTCH CODES FOR PILE DESIGN

6.1

Introduction

In this article only requirements for structures concerning safety and serviceability (displacements and deformations) are discussed; requirements for durability and energy consumption
are beyond of the scope of this report. The requirements for safety and serviceability as
mentioned in het Bouwbesluit are laid down in the NEN-codes NEN 6702, NEN 6740 and
NEN 6743 . For structures not being buildings, the requirements concerning displacements
and deformations are not prescribed . They have to be adopted by the structural engineer.
The performance requirements are linked to limit states . Limit states are defined as failure of
the structure or such deformations/displacements that the structure will not fulfil the
requirements for normal use. The codes NEN 6740 and NEN 6743 provide tools to verify
that those limit states will, with sufficient safety, not occur. These tools are based on a
probabilistic approach. Uncertainties with respect to the loads on and the strength and
,. stiffness of the structure are taken into account by means of partial factors . The basic
philosophy is in line with Eurocode 7.
All structures are classified in geotechnical categories and safety classes. The geotechnical
categories determine the extend of the required analysis. The safety classes determine the
level of safety and durability.
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6. 2

Limit states

Two types of limit states, 1 and 2, are defined. State 1 is the ultimate limit state, when
failure of the structure or failure in the interface soil-structure occurs. Limit state 2 deals
with the serviceability and is defined as an occurrence of deformations or displacement
which lead to a minor use of or damage to the structure or extra maintenance costs. The
TGB 1990 requires that no limit state will occur. Limit state 1 is divided in type lA and
type lB. Type lA means failure in the soil around the structure or in the interface between
soil and structure. Type 1B means deformations of the structure itself in such an extend that
the requirements for structural safety are not fulfilled. Type lA deals with failure of the soil,
while type lB deals with failure of the structure due to large deformations.
The difference between type lA and 1B has been defined for reasons that large deformations
will not necessarily lead to consequences for the structure, if these settlements are more or
less uniform (tilting). The check for fulfilling limit state lA and 1B are tasks of the
geotechnical and structural engineer respectively. Normally a maximum relative rotation B of
1: 100 is adopted (see figure 2). The relative rotation B is defined as the absolute value of
the difference between e and w.

7~ 6

.f;~A

Figure 2.

6.3

.f;:t; (

.f;~

For domestic structures limit state 2 has to be
fulfilled. This means that the settlements of
the structure, calculated for load and material
factors of 1.0, should not exceed 0.15 m.
The rotation 8 and relative rotation B (see
figure 2) should not exceed 1:300.
If for other structures no requirements for
settlement and rotation are specified, the
requirements for domestic structures, should
be fulfilled .

Rotation and tilting

Safety

The method of partial factors must ensure that the difference between calculated load and
strength is so large that it is sufficiently certain that the real load is less than the real
strength. Deformations are approached similarly. The partial factors create the required
margins between the actual and the design values. The magnitude of load- and material
factor is based on the reliability index. This index is a measure for the chance of reaching a
limit state. Depending on the consequences of failure of the structure, each structure has to
be classified in safety classes. NEN 6700 prescribes for each safety class the required
reliability index (table 1). For each structure it should be proven that the reliability index
(and the associated chance on failure) is smaller than given in table 1. It is possible to prove
this with a full statistical analysis. For an average structure however, it is much easier to use
the simplified model with load and material factors, which should ensure that the requirements with respect to the reliability index will be fulfilled.
The receipt for using the simplified model is the following:
- select characteristic values for loads and material parameters (typically a 5% upper or
lower bound, as appropriate);
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- determine the design values from the characteristic values using the partial factors;
- verify that the design value of the load is smaller than the design value of the strength.
Table 1 Reliability index

consequences of failure
safety
class

1
2

chance on
personal
damage

chance on
economical
damage

negligible
small

small

small

large

reliability indices
limit state 1
if wind
decisive
2.3

if other
loads
decisive

limit
state
2

3.2
1.8

2.4

3.4
1.8

3

large

large

2.6

3.6
1.8

7 METHODOLOGY OF NEN6740 "PRINCIPALS AND LOADS"

7.1

Geotechnical categories

In accordance with Eurocode 7 three categories of geotechnical structures are distinguished.
Each category contains structures with similar circumstances. Before starting the soil
investigation the structure has to be placed in it's category:
- geotechnical category 1: light and non complicated structures. The behaviour of similar
foundation types must be known from other structures in the same conditions. The load
per m wall should not exceed 100 kN. Concentrated loads should not exceed 250 kN. The
load on floors should be less than 20 kPa. The soil conditions and water table are known
from investigations at adjacent area's;
- geotechnical category 2: structures which are not belonging to geotechnical category 1 are
placed at least in geotechnical category 2;
- geotechnical category 3: complicated, large structures, with complicated soil and/or loads.
Examples of these structures are: underground structures, structures with dynamic loads
like machine foundations, chemical installations, high rise buildings, offshore structures,
etc.

7.2

Soil investigation

For Geotechnical Category 1 structures no additional soil investigation is required when
results of adequate soil investigation is available for at least 2 locations within a distance of
50 m to tll.e new structure. The foundation type should be similar to adjacent structures.
Only driven piles are allowed and negative skin friction may not expected. The level of the
water table should be known.
For Geotechnical Category 2 structures the distance between the investigated locations
should be in balance with the geology of the area, the soil conditions and the extend of the
building area. For piled structures at least 2 CPT's are required, each CPT covering an area
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not greater than 25 x 25 m2 • The depth of the CPT' s should be at least 5 m below the final
tip elevation of the piles. At least one CPT should reach to a depth of 10 times the smallest
width of the pile. If compressible layers are expected below tip elevation or when
hydrological problems are to be solved, the investigation should reach to a greater depth, to
be determined by a sensibility analysis.
The investigation for structures of Geotechnical Category 3 should fulfil at least the
requirements for Geotechnical Category 2. Additional requirements can be prescribed on
basis of the specific characteristics of the project.

7. 3

Interpretation and reporting

After evaluation of the results of the soil investigation it has to be checked that the requirements for the geotechnical category are still fulfilled; if not, the structure has to be placed in
the right, more severe category.
NEN 6740 prescribes that the factual report of the soil investigation contains at least the
method of investigation, the results of all tests, and specifics like the geology of the area,
water table, etc, and an evaluation of all geotechnical data related to the structure.
It also prescribes the contents of the design report.

7. 4

Analysis of limit states

The requirements for the limit states are fulfilled if:
- for limit state lA:
Fs;d

<=

Fr;d

- for limit state 1B and 2:
Wd (Fs;tPFs;rep;nk/'ft;nk• E,ep, 'Ym.·E)

<=

w,eq

where,
F s;d
Fr;d

»-:·d
w;req
Fs;rep;nk

"ff;nk' "fm.·E
E,ep

7. 5

is
is
is
is
is
is
is

the design value of the force on the structure;
the design value of the strength of the structure;
the design value of the settlement of the pile head;
the maximum tolerated accepted settlement of pile head;
the representative value of the force due to negative skin friction;
the partial load factors for negative skin friction and the stiffness;
the representative value of the stiffness of the soil below tip elevation.

Determination of Fs;d

Loads on structures may be induced by loads or deformations. Only those forces, of which
the magnitude will not be influenced by the interaction of the structure with the sub soil will
be considered as loads according to NEN 6702. The external loads should be determined
according to NEN 6702 Loads and deformations. This code specifies the material factors to
be applied on static loads. Three types of load are distinguished: permanent loads, live loads
and special loads; each with an own load factor. The total load will consist of a combination
of the different types of loads. NEN 6702 specifies which combinations have to be considered. The magnitude of the load factor depends not only on the type of load but also on
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the safety class of the structure and the limit state considered. Common, non industrial
buildings, are classified in the highest safety class 3 (reference period of the structures is 50
years). The load factor for structures be"longing to safety class 3, for the loading combination without live loads, and the ultimate limit state, is set to 1.35. In the combination of the
permanent and live load, the load factor for the permanent load is 1.2 and for the live load
1.5. In practice the permanent load will be 50 to 80% of the total load. In that case the
mean load factor will range from 1.35 to 1.25. In the case of limit state 2 all load factors
are set equal to unity (1.0).
In the loading combinations with special loads all load factors are also equal 1.0.

7. 6

Determination of Fr;d

In the determination of the design value of the strength of the foundation the following items
have to be considered:
- the overall stability of the foundation mass;
failure of the soil around the pile or group of piles due to tension forces, compression
forces or lateral forces should be analyzed;
- the design value of the capacity of the piles may be determined by means of pile load
tests;
- the design value of the strength of the piles may be determined on basis of the results of
CPT's according to NEN 6743;
the resistance of pile groups should not be taken larger than the sum of the resistance of
the individual piles, and determined according to NEN 6743.

7. 7 Determination of w.-d
In the analysis of the settlement of the foundation the following items have to be considered:
the settlement of the head of an individual pile. This settlement should be analyzed
according to NEN 6743, taking into account the effects of negative skin friction. The
load-displacement behaviour of a pile is based on empirical relations. If these relations are
not available, load tests are required;
the settlement of a pile group. The settlement of a pile group should be determined taking
into account the extension of the area with increased stresses below tip elevation.
if the design value of the maximum force due to negative skin friction is not included in
the total load on the pile, the settlement of head of the pile should be increased with 50%
of the settlement of ground level after pile installation, with a maximum of 0,05 m.

7. 8

Determination of relative rotation jJ and rotation 8

The relative rotation and rotation according to figure 2 should be determined based on the
settlement w.-d· In the case of flexible foundations due to a possible heterogeneous subsoil
and an imperfect installation of the piles an additional differential settlement has to be taken
into account between two adjacent single piles or single pile groups. This additional
settlement should be 1/3 of the average settlement of the head of the single pile or the single
pile groups.
In the case of a stiff foundation this differential settlement may be set to zero.
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7. 9

Material factors

The material factors to be used are summarized in Table 2.
Table 2. Material factors

pile type

limit state

partial factor ('y,)

limit state 1

compression
piles

displacements
tJ

limit state 2

lA

1B

2

'Ym;bl

without investigationl)

1.4

1.4

1

'Ym;b2

with load test

1.25

1.25

1

"fm;b3

for preloaded piles

1.15

1.15

1

'YmM

design with CPT

1.25

1.25

1

1.3

1.3

1

'Ym·E

If during pile installation blow counts are registered; if not

'Ym:bi =

1.8.

8 METHODOLOGY OF NEN6743 "PILED FOUNDATIONS"
8.1

Introduction

NEN 6743 presents a method for the evaluation of the ultimate and serviceability limit states
for piled foundations . Empirical load-settlement relationships are used, where the load is
expressed as a percentage of the maximum bearing capacity.
For the evaluation of the serviceability limit state, total and differential settlements have
also to be established. For the determination of these settlements, the partial load and
material factors are set equal to unity (as indicated in chapter 7.5 and Table 2).
NEN 6743 further takes into account the effect of redistribution of the load between the
foundation points in relation to the stiffness of the structure and the number of cone
penetration tests carried out on the site.
With respect to the determination of the negative skin friction, NEN 6743 provides
recommendations for calculating the maximum value which can be expected.

8.2

Terms and definitions

The following terms and definitions are applicable:
- pile: ·Element for which the length is at least five times the smallest dimension of the
cross-section of the pile point.
- pile base: Geometric shape of the bottom part of the pile that could either be enlarged or
not.
- pile point: Lowermost full cross-section of the pile base.
- pile point level: The level in the soil at which the pile is placed in relation to a reference
level.
- maximum point resistance: The maximum pile point resistance in the soil when the pile
penetrates the soil.
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- maximum shaft resistance: The maximum friction between the pile shaft and the soil
when the pile penetrates the soil.

- pile shaft: The part of the pile between the pile base and the pile head.
- equivalent pile point diameter (De) or pile shaft diameter (de): The value for the pile
point diameter or the pile shaft diameter respectively to be used in calculations, for round
pile points or pile shafts respectively, equal to the largest outer diameter; for rectangular
pile points or pile shafts respectively defined by:

Du[esp.deq

=

1.13a

J~

,where

Deq
deq

is the equivalent point diameter;
is the equivalent shaft diameter;
a
is the smallest dimension of the largest cross-section of the pile point or the pile
shaft respectively;
is the largest dimension of the largest cross-section of the pile point or the pile
b
shaft respectively, with b :::;; 1.5 a.
- overconsolidation ratio (OCR): The ratio of the vertical effective stress to which the soil
at a certain level has been subjected and the present vertical effective stress at the same
level.
- maximum bearing capacity: if determined from the results of load tests the force applied
by the load test to the pile head, whereby the settlement is equal to O.lDeq for displacement piles and 0.2Deq for augered or bored piles.

8. 3 Determination of the maximum bearing capacity
8.3.1

Determination of the design value of the maximum bearing capacity

The design value of the maximum bearing capacity of the foundation under a structure or
parts of it must be determined as follows:
F r;found; max ;d

Fr,found;max;d
FrJound;max;rep

'Ym;b

=

F r ;found ; max; rep

,where:

'Y m;b

is the design value of the maximum bearing capacity of the foundation;
is the representative value of the maximum bearing capacity of the foundation of
the relevant part of the structure, determined in accordance with 8.4;
is the material factor in accordance with Table 2.

8. 4 Determination of the representative value of the maximum bearing capacity of the
foundation
The representative value of the maximum bearing capacity of the foundation of a rigid
structure or a rigid part thereof is determined by:
FrJound;max;rep

where:
M

=

M

• Fr;max;rep

is the number of piles under the relevant part of the structure;
is the representative value of the maximum bearing capacity of a pile under the
relevant part of the structure.
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Representative values for the maximum bearing capacity of piles placed under a rigid
structure or a rigid part of the structure
A structure or a part thereof may be considered to be rigid if the condition as stated below
has been met.
If a foundation element is removed it must be apparent that the settlement of the structure at
the location of the removed foundation element (see figure 3) is less than or equal to 5 mm,
under the influence of the load for the serviceability limit state.
The representative value of the maximum bearing capacity of a pile in the foundation of a
rigid structure or a part thereof shall have been determined using the following formula:

whereby:
i=N

L

F, ;max;mean

N i =1

Fr ;max;i

where:
is the representative value of the maximum bearing capacity of a pile;
is the mean value of the maximum bearing capacity of a pile;
is the maximum bearing capacity for the selected pile point level at CPT i;
Fr;max;i
N
is the number of cone penetration tests in that part of the site;
is a factor that depends on the number of piles M and on N. For 1 pile and 1
~
CPT ~=0.75; for M and N > 10 ~=0 . 92
The factor ~ serves to take account of:
- the capacity of the structure to transfer forces from a point with a "weak" foundation
element to points with a "strong" foundation element and,
- the better knowledge of the variability and the quality of the soil which is obtained if
more cone penetration tests are carried out.
The value of the factor ~ has been derived from a statistical analysis and calibration based
on current practice. If the results of the soil investigation indicate that locally the elevation
of the top of the foundation layer and the strength of it differs significantly it is recommended to treat the CPT's in that area as a different group.
Fr;max;rep

Fr;max;rrwm

__jT

JT

lL

JDDl
pile cap is
foundation element
A,

A,

A,

Figure 3 Type of foundation elements
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pile is foundation
element

Representative values for the maximum bearing capacity of piles placed under a non-rigid
structure or a pan thereof
The representative value of the maximum bearing capacity of a pile in the foundation of a
non-rigid structure or a part thereof shall have been determined using the following
formulas :
- For N ~ 3:

Fr;max;rep

=

~I;N

Fr;max;min

- For N > 3:

Fr;mox;rep

=

~I;N

Fr;mox;m£011

where:
is the representative value of the maximum bearing capacity of a pile;
is the lowest value of the maximum bearing capacity of a pile from the results
of the cone penetration tests carried out in the considered part of the site;
is the mean value of the maximum bearing capacity of a pile;
is the factor ~ for M = 1;
is the number of considered cone penetration tests;

Fr;mox;rep
Fr;mox;min

Fr;mox;m£011

~I;N
N

In the case of driven piles, the following formula is acceptable:
Fr;max;rep;i

=

0 . 75 Fr;max;i

whereby the following conditions must be met:
1.
For the purpose of the design of the pile foundation, the site is subdivided into
adjoining areas surrounding each cone penetration test i.
2.
The blow count diagram over the bottom metre of each driven pile in an area may not
deviate more than 35% from the blow count diagram over the bottom metre of a pile
driven at a distance of not more than 1 m from the cone penetration test location of
that area.
3.
If condition 2 is not met (deviation > 35%), then F,:mox:i must be determined from the
results of a cone penetration test carried out at a maximum distance of 1 m from the
pile.

8.5

Determination of the maximum bearing capacity of a single pile based on the results of
a cone penetration test

The maximum bearing capacity of the pile at the location of cone penetration test i shall
have been determined as follows :
Fr;mox;i = Fr;mox;poinl;i

+ Fr;max;shaft;i

where:
Fr;max;poinJ;i

=

A point • P r;mox;poinl;i

and
M_,
Fr;max;shajt;i

F,:max:poinl:i

Op;m£011

!

Pr;max;shaft;i

dz ,where

is the maximum point resistance of the pile determined from the results of cone
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penetration test i;
is the maximum shaft resistance determined from the results of cone penetration
test i;
Apoint
is the cross-sectional area of the pile point;
Pr;max;point;i
is the maximum unit point resistance from the results of cone penetration test i;
Op;mean
is the mean circumference of the part of the pile shaft in the layer in which the pile
base has been positioned;
M
is the length of the part of the pile on which the pile shaft friction has been
assumed,
whereby:
- M is equal to the entire pile length if the soil layers above the pile point level
mainly consist of sand, and further only of clay and silt layers in which cone
resistances greater than 2 MN/m2 have been recorded;
- M.., is not greater than the length of the enlarged part of the base, in the case of
preformed piles with an enlarged base;
Pr:max;shoft;i
is the maximum unit shaft resistance determined from the results of cone
penetration test i;
z
designates the vertical direction.
F,,.max;shoft;i

The bearing capacity of an open pipe pile shall have been determined by taking the sum of
the maximum shaft resistance of the outer and inner walls and the maximum point resistance
of the bottom edge of the pipe pile. The adopted maximum shaft resistance of the inner wall
must not exceed the maximum point resistance, which is mobilised if the soil in the pile
forms a fixed plug.
For cast-in-place piles, including those with an enlarged base or baseplate, whereby during
pile installation concrete or grout is placed in contact with the soil, shaft resistance may be
included over the previously indicated length M .

8.5.1

Determination of the rrwximum point resistance

The following determinations are applicable for a pile placed at the location of cone
penetration test i. The index i has been further omitted.
The maximum point resistance Pr:max;point must have been determined with the following
formula, whereby the obtained value for sand and gravel must be reduced according to
figure 7.
P r; IDll ;point

1/2

(X

p

(3 s (

qc·J·mean + qc·ll·mean

..

2

,,

+q

)
c ;l/l;mean

where:
P r;max;point

qc;/;mean

is the maximum point resistance;
is the mean value of the cone resistance q c;z;co" in trajectory I that runs from the pile
point level to a level that is at least 0. 7 times and at most 4 times the equivalent
diameter (D"') deeper. The bottom of trajectory I must be selected within the
above-mentioned limits in such a way that Pr,-max;point is minimal;
is the mean value of the cone resistance q c;z;co" in trajectory II that runs from the
bottom of trajectory I to the pile point level, whereby the value used for the cone
resistance must never be higher than the previous value in the trajectory;
is the mean value of the cone resistance q c;z;co" in trajectory III that runs from the
pile point level to a level that is 8 times the equivalent diameter (D"') higher,
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-

-

-

deq

\--::t

c:>l
"
::t:

')

.

·-·-++-pie pomt

Figure 4 Shape of the pile base

whereby in the same way as for trajectory 11 the value used for the cone resistance
must never be higher than the previous value in the trajectory. The starting value of
the used cone resistance in trajectory Ill is the lowest value used for the cone
resistance in trajectory 11. For continuous flight auger piles this trajectory must start
with a cone resistance less than or equal to 2 MN/m2 , unless the results of a cone
penetration test are used, which has been carried out at a distance of 1 m from the
pile after the pile installation;
is the pile class factor, determined in accordance with table 3;
is the factor that takes into account the influence of the shape of the pile base (figure 4);
s
is the factor that accounts for the influence of the shape of the cross-section of the
pile base, determined in accordance with figure 6.
The maximum point resistance is
determined as the weighted mean of
the cone resistances below and above
the pile point, where the failure of
(3 1 o
the soil occurs. By giving more
=
I
weight
to the low cone resistances in
2
the area below the tip, the effect of
for example punching is taken into
(3= 0,9
account. The value of 2 MN/m2 takes
account of the disturbance that can
occur, at the moment that the extrac:---..__
tion of the continuous flight auger
starts after reaching the required
~
!
level. Before concreting or grouting
'\
can begin, space must be made to
(3= 0.8
open the valve at the bottom end of
the central tube. This allows relaxation or even flow of the sand at the
(3=0
location of the valve, whereby the
originally
recorded cone resistance
0
can be reduced locally. The results of
3
2
cone penetration tests made after the
installation of continuous flight auger
piles have shown that cone
Figure 5 Pile base shape factor {j
resistances can drop to values that are

• -

-

-~

\'

~

\
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Table 3 Values for the pile tip factor

pile class I type

Oip

displacement piles:
- driven piles
- driven cast-in-place piles
- screw cast-in-place piles
- screw prefabricated piles
small displacement piles:
- steel sections and steel open pipe piles
replacement piles:
- continuous flight auger piles
- bored piles (formed with the use of drilling mud in an
uncased borehole)
- bored piles (formed by use of shelling techniques and
permanent casing)

1.0
1.0
0.9
0.8
1.0
0.8
0.5
0.5

less than 2 MN/m2 • The pile tip factor aP is taken according to table 3, however it is
allowed to use higher pile class factors, if certain (in this article not specified) conditions are
satisfied.
The pile base shape factor fJ shall have been established from figure 5 after the effective
height of the pile base (H), its equivalent diameter (D"' ), and the equivalent diameter of the
pile shaft (d"') have been determined in accordance with figure 4, with the provision that
fJ = 1 if the two following conditions have been met:
- fJ is determined for driven cast-in-place piles without permanent casing, whereby the full
grout or concrete pressure acts against the soil during pile installation;
- D"' 2 / d"' 2 is less than or equal to 1.5
where:
D"' is the equivalent diameter, which in this case is the diameter of the steel base plate;
d"'
is the equivalent diameter of the pile shaft (inner diameter of the driving tube).

1,0
0,9

i\

0,8
0.7
0,6

•I
I

i

The factor s shall have been established from figure 6, with the relevant ratio of the largest and the
smallest dimensions of the crosssection of the pile point.

'

........._""'"

Value of the maximum point resistance in sand and gravel.

0, 5

For the maximum point resistance
in sand and gravel, a
reduced Pr:mtU;f'Oinl:red value must have
been determined using figure 7.

i 0,4
s 0,3

Pr:mtU;poinl

0.2
0,1
0

2

3

4

b

a

Figure 6

..
5

6

7

8

Values of s
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The overconsolidation ratio (OCR
value) must at least have been generally established on the basis of geological data concerning the magnitude
of previous loading by ice or soil.

20.-----,-----~--------------------------~

limit value is 15 MN/m2 for all
non-cohesive types of soil.

MNfm2

Pr; max; punt;;red

5

20

15

10

25

30 MNJm235

Pr;mix;punt-

Figure 7

Value for the maximum
point resistance
in sand and gravel

OCR
8. 5. 2

sand and gravel
sand and gravel
sand and gravel

1

2
3
=

OCR~

2

2

~OCR ~4

OCR> 4

overconsolidation ratio

Determination of the maximum shaft resistance

The maximum shaft resistance Pr;max;shoft must have been determined using the formula:

where
is the maximum shaft resistance at depth z;
is the factor, according to tables 4 and 5, that takes into account the influence of
pile installation, whereby:
- Ms is the sand median;
- M 8 is the gravel median;
- z is the depth;
is the cone resistance whereby values higher than 15 MN/m2 that occur over a
depth range of more than 1 m have been limited to 15 MN/m2 and values higher
than 12 MN/m2 that occur over a depth range of less than 1 m have been limited
to 12 MN/m2 •

Pr;max;shoft;z

as

qc;z;a

Requirements with respect to the cone penetration test
The cone resistance qc;z shall have been determined by means of cone penetration tests
carried out at the building site in accordance with chapter 5 of NEN 3680:1982. Where
excavation occurs after the execution of cone penetration tests, then qc;z shall have been
corrected in the following manner:
qc;z;corr

=

a' v;z

~qc;z
v;z;r
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Table 4 Maximum values of a, in sand and gravelly sand

a sIJ

pile class I type
displacement piles:
driven straight-sided precast concrete pile
and closed-ended steel pipe pile
- cast-in-place pile, whereby the driving tube is raised by
upward blows of the hammer after the concrete has been placed
- cast-in-place pile, whereby the driving tube is raised by a
vibrating unit after the concrete has been placed
- tapered timber pile
- screw piles:
with grout injection or grout mixing
without grout
small displacement piles:
- steel sections
replacement piles:
- continuous flight auger piles
- bored piles (formed with the use of drilling mud in an
uncased borehole)
- bored piles (formed by use of shelling techniques and
permanent casing)

-

1>

2>

0.010
0.014
0.012
0.012
0.009
0.006
0.0075
0.006

2)

0.006

0.005

The values are valid for very fine to coarse sand, whereby in accordance with
NEN 5104:1989, the following must have been satisfied: 105 /km < Ms < 600
/km.
For very coarse sand with Ms > 600 /km and gravel with M8 ~ 2 mm, reduction
factors must have been applied to as of 0.75 and 0.5, respectively.
This maximum value of a, shall be applied if qc values have been used from cone
penetration tests that have been carried out before pile installation. If qc values are
used from cone penetration tests that have been made near the piles after pile
installation, the maximum value of a, = 0.01.

Table 5 Maximum values for a, in clay, silt, and peat
type of soil

relative depth z/d

clay I silt qc :s; 1 Mpa
clay I silt qc :s; 1 Mpa
clay I silt qc > 1 Mpa
peat

5 < zld < 20
z/d >= 20

where
qc:z:co"
a'v:z
a'v:z:i

qc:z

-

'

as
0.025
0 .055
0.035
0

is the corrected cone resistance at depth z below the bottom level of the excavation;
is the vertical effective stress at depth z below the bottom level of the excavation;
is the initial vertical effective stress, before excavation, at depth z below the bottom
level of the excavation;
is the measured cone resistance at depth z.
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Load Tests

8.5.3

If load tests have been conducted on the site as a check on the calculated maximum bearing
capacity the maximum bearing capacity shall have been determined with,
for displacement piles:
Fr;max :S Fo.JDeq - Fshoft;l

for augered piles:
Fr;max :S Fo.2Deq - Fshoft;l

where:
is the force applied by the load test to the pile head, whereby the settlement
is equal to O. !Deq or 0.2Deq respectively.
is the force due to soil friction acting on that part of the pile shaft (l = L AL) that has not been included in the calculation of the maximum bearing
capacity:

Fo.weqiFo.weq
Fshoft;I

!

AL

OP

Fshoft;I

D eq

op·
L

AL

Pr:max;shoft

p r;rmx;shoft dz

is the diameter or the smallest cross-sectional area of the pile point;
is the circumference of the pile shaft;
is the length between the pile point and pile head;
is the length of the part of the pile on which the pile shaft friction has been
assumed; AL = L - l;
is the length between the top point of the part L - l of the pile on which pile shaft
friction has been assumed, and the pile head;
is the maximum unit shaft resistance whereby the following applies :
- as ~ 0.07
for clay and peat;
- as ~ 0.015
for sand.

9 DETERMINATION OF THE DESIGN VALUE OF THE SETILEMENT OF THE TOP OF THE
FOUNDATION

The design value of the settlement of the top of a foundation element shall have been determined as a function of the pile load, using the following formula:
wd

=

WI;d

+ Wz;d

where:
wd
is the design value of the settlement of the top of a foundation element;
w1;d is the design value of the settlement of pile head;
w2;d is the settlement due to compression of the soil layers situated below the pile point
level.

Determination of the design value of the settlement w1;d
The design value of the settlement w1;d shall have been determined with the following
formula :
wl;d

=

wpoint;d

+ w,,.d

where:

w1;d

is the design value of the settlement of the pile head;
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Fr,-point;d

---

Frmax;point;d50
25 .

7'5

%

100

wpoinr:d

1 displacement pile
2 continuous flight auger
pile
3 bored pile

25~---~-----~-------L------~

Figure 8 Relationship between
a percentage of D UJ

Fr:poinl;d

expressed as a percentage of Fr:max:poinJ:d and

wpoinJ;d

expressed as

is the design value of the settlement of the pile point due to the load on the pile;
is the design value of the settlement of the pile head pile relative to the pile point,
due to elasticity of the pile.

wpoinl:d

w,1,d

Determination of wpoinl:d
Determine the design value of the maximum point resistance

(F,:max:poinl::>

and the maximum

Fr;:~hafr:d
Fr;max;shaft;d

15

50

%

100

1 displacement pile
2 continuous flight auger
pile
3 bored pile

mm
15~---~--------~------~~~~~

Figure 9 Relationship between
millimetres

F,:sh4ft:d

expressed as a percentage of Fr:max:sh4ft;d and
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wpoinl:d

expressed in

shaft resistance

(F,;max;shaft;d)

in accordance with:

Make a diagram with:
- values of wpoint;d, on the vertical axis, in millimetres ranging from zero to at least the
value whereby F,;max;point;d according to figure 8 and F,;max;shaft;d according to figure 9 is
reached (in figure 8, the value on the vertical axis of (wpoint;d I D,q) x 100% must be
converted to wpoint;d by multiplying with 0.01 Deq);
- on the horizontal axis to the left, values in kN of F,;shaft;d ranging from zero to F,;max;shaft;d
and to the right, values of F,;point;d ranging from zero to F,;max;point;d •

Determination of w,,.d
Determine the design value of the settlement of the pile head relative to the pile point due to
the elasticity of the pile using the following formula:

L . Fmean;d

where:
[ Fs;rot;d

Fmean;d

+

0.5 (L - l)

(Fs;rot;d

+

FR;point;d)

L

and:

Fs;rot;d
Fr;point;d

L
l

is the design value of the settlement of the pile head in relation to the pile point due
to the elasticity of the pile;
is the design value of the mean normal force in the pile shaft, determined from
Fs;ror;d and FR;point;d for the distribution of the pile shaft friction, which has been
adopted for the determination of the bearing capacity over the part ( L - l ) of the
pile in the soil layer supporting the pile;
is the design value of the total load on the pile head;
is the design value of the actual force in the pile point;
is the length between the pile point and the pile head;
is the length between the top point of the part ( L - l ) of the pile on which pile
shaft friction has been assumed, and the pile head;
is the design value of the cross-sectional area of the pile shaft;
is the design value of the modulus of elasticity of the pile shaft material in accordance with:
=

-

Ep;nw;d

Ep;b;d

-

Ep;nw;d

= Ep,a;d

-

Ep;nw;d

=

Ep;h;d

20 x 109 N/m2 for concrete;
= 200 x 109 N/m2 for steel;
= 15 x 109 N/m2 for timber.
=
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Determination of the design value of the settlement w2:d
For centre-to-centre pile spacings of more than ten times the smallest dimension of the crosssection of the pile base, w2:d = 0 may be used. If the pile spacing does not comply with this
requirement, then the design value of the settlement w2:d must be determined. The prescribed
method is beyond of the scope of this article.

10

CALCULATION OF THE REPRESENTATIVE VALUE OF THE MAXIMUM NEGATIVE SKIN
FRICTION FORCE AND SWELLING FORCES

NEN 6743 specifies a calculation method for the determination of the magnitude of the
negative skin friction force and swelling forces if excavations are applied. These methods
are not discussed in this paper.

11

EXAMPLE

Worked example of the determination of the maximum bearing capacity and the design value
of the settlement of the pile head (w 1;J for the serviceability limit state.

Data for calculation in the serviceability limit state
Pile: a = b = 0.4 m; pile is driven and made of concrete (curves (1) in figures 8 and 9).
The c.t.c. spacing with other piles is more then 10 times the diameter with other piles.
Design value of the modulus of elasticity of the concrete pile shaft: Ep:d = 20 x 106 kN/m2 •
Negative skin friction: Fs·nk-d = 500 kN, whereby Fs·nk"d must be considered as a part of the
design value of the total ioad on the pile head, due to the fact that the ground surface settles
more than 0.1 m after installation of the pile.
Design value of the load on the pile head: Fs·d = 700 kN.
Cone penetration test: according to figure io, whereby shaft resistance may only be taken
into account in the layer from 1 = 15 m to L = 19 m (the displacement of the pile shaft in
relation to the soil is, in this layer, equal to the settlement of the pile point).
Design value of the cross-sectional area of the pile point:
Apoint = a 2 = 0.16 m2 .
Design value of the effective shaft area on which the shaft resistance acts:
AeJJ;shafl = (4 a) • ( L - 1) = 4 • 0.4 (19- 15) = 6.4 m2 •

Determination of design value of maximum bearing capacity F ,;max
According to 8.4 and 8 .4 .1 :
Fr;max

=

Fr;max;poinl

=

F,:max:poinl

= ~ .

Fr;max;poinl;rep

=

F,:max;point;d

+

Fr;max;shafl

Apoinl • Pr:max:poinl
Fr;max;poinl

= 0.16 . (112 (1.1.1 (13 +
= 0.75 . 1.600 = 1.200 kN

11)/2 + 8) = 1.6 MN = 1.600 kN

1.200 kN (for limit state 2 'Ym:b4= 1.0)

According to 8.4 and 8.4.2:
=

F,:max:shafl

Fr;max;shajl;rep
F ,,max:shafl,d

F,,max

=

6.4 . 0.01 . 10 = 0.64 MN = 640 kN
480 kN
kN (for limit state 2 'Ym.b4= 1.0)

A qr. Pr:max:shafl

= ~ .
= 480

1.200

Fr;max;shajl

= A eff a s qc:z:a =
= 0. 75 . 640 =

+ 480 = 1.680 kN
263

0

10

MN/m 2

20

I
~

Deq

pile .....:;.
--5

--10

depth
i

'

-----15,_--~--~-+-

m

-

--19+-----~

-

20

1~

Figure 10 - Record of cone penetration test

Determination of W 1,.d
According to chapter 9: wd = w 1,.d + w 2;d· Since the spacing between the piles is more then
10 times the diameter of the piles w2,.d = 0.

Using figure 8, on a graphical way or by trial and error:
2% . Then Fr;point)F,,.max;point;d=62.5%. So Fr;point;d=0 .625 . 1.200 = 750 kN.
wpo;111)Deq= 2%, wpoint;d = 0.02. 1.13 . 400 ""9 mm. Using figure 9 then
Fr;shaft)Fr;max;shaft;d= 95%. So Fr;shaft;d= 0.95 . 480 = 456 kN.
F,,."""' = 750 + 456 = 1.206 kN "" 1.200 kN, so wpoint;d "" 9 mm.

Wpoint)Deq=

According to chapter 9:
W el;d = (L • F mean;d) / ( A,haft;d • Ep;mat;d )
whereby the following steps are taken:
Determination of F mean:d:
Determine the magnitude of Fr.-poinr;d using figure 11.
This gives: Fr.-painr;d = 1.200 - 456 = 744 kN; then:
Fmean;d = ((15) 1.200 + (19-15) X 0.5 (1.200 + 744)) / 19
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=

1.152 kN

F,600

depth

kN

1200

L. Fgern.d

10

(1200,15)

15
m

20

(750,19)

Figure 11
Determination of L • Fmean·d
from the schematized
relationship between the
design value of the
normal force in the pile
shaft and depth

Determination of L • F mean;d
Fmean;d = 19 X 1152 = 21888 kNm
Determination of Ashaft;d • Ep;mat;d
- Ashaft;d is equal here to Apoint: 0.16 m2
Ep;mat;d is equal here to Ep;d: 20 x 106 kN/m2
Therefore: Ashaft;d • Ep;mat;d = 0.16 X 20 X 106 = 3.2 X 106 kN
It now follows for w,1.d:
w,,,d = 21888 I (3.2 X ,106) " ' 6.8 X 10' 3 m (wel;d"' 6.8 mm)
L •

WI;d

= Wpoint;d + Wel;d = 9 + 6.8"' 16 mm.
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1.

REGIONAL GEOLOGY

1.1 General Background
In total, only about 25% of the land area in Norway is covered by soil deposits. The major part is
dominated by bedrock, or just a very thin cover of morainic materials, normally not representing
serious geotechnical challenges. Areas covered by deep soil deposits are particularly concentrated in
the lowlands, in the bottom of the valleys and in a narrow strip along parts of the coastline. The
geological origin of these deposits is mostly related to the Quaternary period, covering the last 2
million years of the geological history. However, recent processes like landslides, erosion and
weathering have many places influenced the local geology considerably.
During the Quaternary period, the climate was generally very cold and glaciers covered large land
areas. This last ice-age represented several sequences where the Scandinavian peninsula was
covered by a massive ice-cap. However, a number of warm interglacial periods caused the ice-cap to
retreat temporarily. This period of time, rich of climatic fluctuations, represents the most significant
influence on the Norwegian geology, both with respect to the type and structure of deposited
materials.
The ice-cap was at its maximum extension about 20 000 bp, compressing the land masses to a
level several hundred meters below the present. The movement of the glaciers scoured the rock
surface, and transported eroded material in front, beneath and incorporated in the ice mass.
About 10 000 years ago, a warmer period set in and the glaciers started to retreat permanently.
During deglaciation, large rivers of meltwater from the retreating ice cap deposited the glacially
transported material into the sea. The sea level in the deglaciation period was significantly higher
than present, reaching about 180-220 masl in some regions in the eastern and central parts of
Norway. At the same time, the land masses started to heave, explaining the presence of marine
sediments on dry land today. Land areas below this marine limit comprise large parts of the
populated areas in Norway.
1.2 General geology below the marine limit
The geology below the marine limit is generally dominated by the sedimentological processes
taking place in a marine environment. At some locations, glacifluvial deltas have been formed,
mainly containing gravel and sand, but also strata of finer material. Clays and silts were deposited
in the sea at some distance from the retreating glacier, and these soils dominate large areas below
the marine limit. Glacial tills of variable thickness usually cover the bedrock, containing all soil
fractions from clay to block.
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1.3 General geology above the marine limit
The thickness of the soil deposits above the marine limit is generally less and more patchy than in
the lowlands. The geology in these areas is dominated by glacial tills, glacifluvial sediments or
dead-ice deposits from a stagnating glacier. Lacustrine clays and silts are scarce, but can be found
in or near existing lakes or previous glacial lakes.
A typical soil profile above the marine limit may be described as follows:
-

Top layer of organic matter, slide debris or other mixed materials.
Alluvial gravels and sands.
Lacustrine or sediments deposited in glacial lakes, mainly consisting of silts and sands.
Moraines and/or glacifluvial sediments

1.4 Geotechnical properties
Coarse grained soils
Norwegian sand and gravel deposits usually contain equal portions of quartz and feldspar,
sometimes representing as much as 80 to 90 % of free mineral grains. Typical geotechnical
properties of our quartz-rich sands are summarised in the following:

unit weight:
unit weight of solids:
max. porosity:
min. porosity:
cohesion:
friction:
modulus number:

y

Ys
nmax
nmin
c
tan<p
m

18-21 kN/m3
26,0-27,0 kN/m3
45-50%
30-38%
0-10 kPa
0.6-1.1
150-850

Fine-grained soils
Norwegian clays generally consist oflow-activity clay minerals such as verrniculite and chlorite, in
addition to minerals like feldspar and muscovite.
Some of the marine, fine-grained deposits have been overconsolidated due to ice loading, removal
of previous overburden, capillary effects or a lowered groundwater table. The soft clays and silts
show a small apparent overconsolidation, probably due to ageing or creep effects.
Typical ranges in properties for Norwegian clays and fine silts are shown below:

clay fraction:
void ratio:
water content:
liquid limit:
plastic limit:
plasticity index:
unit weight:
unit weight of solids:
sensitivity:
undrained shear strength:
cohesion:
friction:
modulus number:
coefficient of consolidation

< 2 mm25-60%
e
w
WJ
Wp
Ip

y
Ys
St
Su

c
tan<j>
m
Cv

0,6-1,5
25-55%
35-45%
17-27%
10-35%
16-20 kN/m3
26,5-28,5 kN/m3
>5
10-150 kPa
5-50 kPa
0.4-0.7
15-50
5- 100 m2/yr
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The detection of possible quick clay deposits is usually on the agenda when performing site
investigations in fine-grained soils. This clay liquefY completely when remoulded, and the debris
from a quick clay slide may overflood large areas. The undisturbed strength may however be
considerable, which means that the sensitivity may be very high (lOO- 1000). This behaviour can
be explained by the open grain structure in a marine clay, established during sedimentation. The
structure turns into a labile "cardhouse-structure" if salt ions are removed from the pore water by
long-term leaching processes or groundwater transport.
With soil conditions ranging from soft quick clays to very stiff moraines, it is necessary to apply
different geotechnical field equipment to remedy an optimal site investigation. The variations in
geological conditions also represent given restrictions for general use of some types of field
equipment.

2.

COMMON PRACTICE FOR SOIL INVESTIGATION

2.1

Introduction

The soil investigation shall form the basis for the design of technical and economical good pile
solutions.
The soil stratification, geotechnical properties, depth bedrock or firm ground and ground water
level are important parameters for the selection of pile type and pile design. The soil investigation
shall also comprise of sufficient data for the evaluation of the overall stability and settlements in the
piled area.
The soil investigation is normally specified or reviewed by the geotechnical consultant.
Friction piles require soils data to sufficient depth below the pile tip. End bearing piles to bedrock
calls for percussion drillings or total soundings. The various investigation methods are specified in
guidelines from the Norwegian Geotechnical Society.
Friction piles require soils data to sufficient depth below the pile tip .
2.2

Rotary weight sounding

In the test, the rod system with a screw point is rotated by hand or machine, carrying a weight
varying from 100 kg (starting value) to 25 kg (soft conditions with the rod system sinking). The
number of half turns per 0,2 m penetration is recorded, and expresses the variation in soil stiffness in
the profile. This method is now mostly used on small projects to assess the relative density of the
soils strata.
2.3

Rotary pressure sounding

The equipment consists of a drill bit extended by rods with flush couplings. It is forced into the
ground at a constant rate of penetration (3m/min) and a constant speed of rotation (25 rpm). The
thrust necessary to maintain the penetration according to these requirements is measured and plotted
versus depth.
The method may be used in preliminary investigations, where a grid of rotary-pressure soundings
usually are the first investigations to be carried out. Based on results from these tests, the optimal
location of sample bore holes and in situ tests can be determined.
2.4

Total sounding

Where the rotary-pressure sounding equipment cannot penetrate due to very hard layers, total
sounding can be used. This sounding method combines the principles of rotary-pressure sounding
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and rock drilling into an effective method for mapping of soil conditions and determination of depth
to bedrock.
When performing total sounding, the rig must be equipped with a hydraulic drilling system with
sufficient capacity to supply a penetration force of 30 kN on the rod system. In addition, a
percussion hammer and a flushing system may be activated for penetrating hard soil strata or
boulders and rock.
The f45 mm rod system is equipped with a f57 mm drill bit with a spring loaded valve, which
prevents clogging of the flushing system during penetration. When the flushing fluid is pressurised,
the valve opens and drilling with flushing is continued, with or without additional activation of the
percussion hammer. The drilling operations may be reverted to rotary pressure sounding procedures
at any time during penetration. This equipment is especially suited for end bearing piles to firm
layers or bedrock.
Mapping of the bedrock surface is also carried out by percussion drilling. A minimum of 2 m is
normally drilled into bedrock. High capacity piles/bored piles or uncertain rock formation may call
for core drilling.
2.5 Cone penetration test
In Norway, CPT/CPTUs are done from hydraulic drill rigs since the use of special CPT trucks are
inconvenient with our topography. These rigs push about 1 m in each stroke before a new rod has to
be added ..
Two types of Swedish cone penetrometer systems dominate the Norwegian market:
ENVI Memocone
This equipment consists of the Memocone penetrometer itself and the corresponding Geoprinter
data aquisition unit. The system is cableless, with the data acquisition based on synchronised clocks
within the Geoprinter and the Memocone.
GEOTECH cordless cone penetrometer.
With this system, data measured at the probe is transformed into a sound signal via a
microprocessor. This signal is transmitted through the CPT rods to a microphone which is located
between the top rod and the drill rig. The data is then transferred through a cable from the
microphone to the Geologg CPT interface. The same interface is also fed with the exact penetration
depth from a sensor. Measured CPT data are displayed real time during the test, which is a large
advantage compared to the memory type cone penetrometers ..
The Norwegian Geotechnical Society has issued guidelines for use of CPT/CPTU.
CPT data may form the basis the design of friction piles.
Assessing values of the undrained shear strength fro CPT's is not a simple task since this
parameter is influenced by factors such as anisotropy, stress history, rate of straining and mode of
failure.
In the interpretation of Su from CPTU records, empirical correlations are still the most popular
approach, see for example Lunne et a! (1985, 1989). These correlations are carried out by first
assessing the empirical cone factor NKT from the expression:
NkK

=

(q,

(2.5.1)

-y ·z)! su

A reference Su- value should then be found from other relevant in situ or laboratory tests in selected
profiles at the site. After assessing a local value of NKT, this value is used in subsequent
interpretation of the CPTU results. If no reference values for Su exist, NKT = 15 is usually
recommended.
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2.6

Vane tests- undisturbed sampling

In situ vane tests and undisturbed sampling are typically used to calibrate CPT tests, establish
geotechnical parameters for the design of friction piles or design of horizontal loaded piles or piles
subjected to cyclic loads.
Special laboratory test for determination of geotechnical design parameters usually involve
consolidation tests, static and or cyclic compression or extension triaxial , direct static and or cyclic
shear tests and shear box tests.

3.

PILING TECHNOLOGY

3.1

General

The most common pile type are friction or end bearing displacement piles of concrete, steel or
wood. Bored piles to bedrock is also used.
Large areas in the southern Norway are covered by soft to medium stiff clay to bed rock. The
depth to bed rock is typically less than 30 m and driven piles to bed rock is the most common pile
type.
3.2

Prefabricated driven piles

3.2 .1

Concrete

The dimensions are normally 230x230 mm, 270x270 mm and 345x345 mm. The concrete quality
is typically of grade C50 and reinforcement 2 %. The piles are equipped with pile shoe for the
purpose of chiselling the pile into bed rock..
The piles are driven with hydraulic impact hammer with 30-60 kN drop weight. End bearing piles
are chiselled carefully into bedrock rock, typically 200 blows with drop height 100 mm and then
driven until a specified driving criteria based on driving formula. The bearing resistance is
occasionally verified by stress wave measurements. The piles shall also fulfil the driving criteria on
restriking.
The characteristic resistance or installed capacity in ULS is in the order of 1000-2200 kN.
3.2.2

Steel

Steel piles, H profiles etc. are occasionally used when displacements are of concern or for special
foundation purposes like underpinning of buildings. The piles are installed in a similar way as
described above for concrete piles.
Steel pipe piles are used for foundation of structures with large concentrated loads such as bridges
and piled harbour structures. They are normally 500-1500 mm diameter with wall thickness 8-20
mm. Steel pipe piles are normally driven to end bearing in firm layer or bed rock using large pile
shoe . The pile are typically reinforced and filled with concrete after having obtained the driving
criteria. The steel mantel is either considered as corrosion protection or partly as reinforcement. The
pile shoe may be hollow allowing to drill through the pile tip and into boulders, bedrock etc. Insert
of rock dowel is also used in difficult rock formations.
Typical characteristic resistance or installed capacity is in the range of2500-8000 kN.
The piles are driven with diesel hammers and or hydraulic impact hammers with required net
energy in the order of30-150 kN.
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3.2.3

Timber

Timber piles are normally friction piles in clays. The minimum pile tip diameter shall be greater
than 125 mm. The piles may be spliced or combined with a top pile of concrete.
The piles are typically used as relief piles in bridge abutments and harbour structures, roads and
foundation of building, especially to reduce possible differential settlements.
The characteristic resistance or installed capacity is in the range of 80-200 kN.
3.3

Bored Piles

The diameter ranges from approx. 900 mm to 1500 mm. The piles are basically used for
foundations with large concentrated loads.
The piles are socketed into sound bedrock by chiselling/drilling or in combination of preblasting.
They are reinforced and concreted with typically grade C 45. Bored piles are installed with water
filled casing during excavation. The casing is normally pulled in steps during concreting.
The characteristic resistance or installed capacity is in the range of 2500-20000 kN. The capacity
and quality is documented by core drilling, ultrasonic testing or dynamic testing.

4

RELEVANT NATIONAL DOCUMENTS WITH REGARD TO PILE DESIGN

The design philosophy is described in «Safety principles in Geotechnique» and is common for
all type of geotechnical engineering design.
The design of timber, steel and concrete structures are covered by Norwegian Standards, NS 3470,
3472 and 3473 respectively. General rules for pile design and execution together with examples is
covered by Guidelines for Piles, issued by the Norwegian Council for Building Standardisation. The
publication is partly translated to English. Specification for fabrication of concrete piles is given in
Norwegian Standard NS 3046 (Norwegian and English issue).
General specification texts for tenders covering steel, concrete and timber piles are given in
Norwegian Standard NS 3420.
Other guidelines, handbooks and papers etc. have also been published by the Norwegian Road
Directorate, University ofTrondheim, NGI and geotechnical consultants.
The loads and load actions to be use din the design are described in Norwegian Standard (NS
3479, 1991).

5.

DETAILED DESCRIPTION OF THE NATIONAL DESIGN METHODS

5.1

General philosophy. Definitions

The design should ensure that the piles and the pile foundation is -with acceptable probability able to support the loads without failure or excessive movements.
The design of piles is based on limit state method. The limit states are defined as most
adverse situations in which the stresses - in the pile or in the ground - (or the deformations or
movements) due to loads combined in unfavourable way can be greater than the strength of the
pile material or of the soil (or greater than the movements causing structural damages or loss of
functionality).
The engineer should document that none of the possible limit states will occur. The following
classes oflimit states have to be considered:
-ultimate limit states, in which the stresses induced in the pile material or in the
surrounding soil exceed the material strength causing failure
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-fatigue limit states, in which the repeated actions (such as vibrations or traffic loads)
can reduce the material strength below the applied stresses causing failure
-accidental limit state, in which possible but little probable actions of high intensity
such as earthquakes, flood, landslides, etc. can induce failure of the piles or of their
foundation soil .
-serviceability limit states, in which the induced deformations or movements can cause
damage or loss of functionality for the structure.
The loads used in the design are design loads (defined as the most unfavourable values which
could occur in extreme situations). They are calculated by multiplying the characteristic loads
(the unfavourable values which could occur in normal circumstances) by load factors
(accounting for the uncertainties in the characteristic loads).
The characteristic strength of the material is the value of strength for which there is little
probability that a lower value can occur. The design strength is obtained by dividing the
characteristic value by a material coefficient , accounting for the uncertainty in strength
determination
The pile design structural capacity is determined using the design strength of the pile
material. The pile installed capacity is determined by multiplying the design structural capacity
by a reduction factor accounting for installation conditions at the site.
The pile design geotechnical capacity is however obtained by dividing the -characteristic
geotechnical capacity (calculated using the characteristic strength) by an equivalent factor, Ye,
accounting for uncertainties in determining the characteristic bearing capacity.
The pile design capacity is the minimum of design geotechnical capacity and installed
capacity
The design procedure is summarised by the flow chart ( Fig.5 .l.l)
5.2

Design on basis of static load tests

The most reliable method to determining pile capacity for most sites is the load test. The load
test procedure is described in Guide Lines for Pile Design (1991) and will not be reproduced
here. The following issues are however pointed out as they are very important for a successful
pile load test:
-Except for pile driven to bed rock, the bearing capacity of all piles does not reach the
ultimate until after a period of rest. Load tests are not reliable unless made after this
period of adjustment. Table 5.2.1 shows the minimum period of adjustment. For piles
in clayey/silty soils it is recommended that loading test should be repeated after a
period longer than that indicated in Table 5.2.1 to see whether the bearing capacity
increases with time.
-To begin with, the load is applied in increments of one-tenth the expected bearing
capacity. Each increment of load is maintained constant and the settlement is measured
at 1, 2, 5 and every 5 minutes interval, until the rate of movement is less than 3 mm
/hour. After the load has reached 60-79% of the expected bearing capacity, or the pile
settlement is 3-4 % of the pile diameter/side, the pile is completely unloaded in
decrements of load. Each decrement is hold at least 5 minutes and readings are taken at
at least 1, 2 and 5 minutes. Thereafter the pile is reloaded in the same manner as
unloading up the maximum previous load. The pile is further loaded at a constant
settlement rate of 0.5 mm/minute while load and settlement are recorded every minute.
The test is stooped when the load is constant or starts to decrease (as for clays) or when
it increases linearly with settlement (as for sands).
-If the pile is going to be tested again, the constant settlement rate loading should be
stopped as soon there is sign of incipient failure and the unloading should be recorded
as previously.
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Loads

Pile geotechnical capacity

Pile structural capacity

Soil

Characte·risti
loads

Charcteristic
strengths of
pile material

characte·
ristic
s~e1191hs

Material
coefficient
Characteristic

Load
coefficients
Design strengths

Design pile
structural
capacity

Design load

factor

Negative skin
friction

Final
design load

Equivalent material
coefficient

,-----"''----, Design geotechnical
capacity

Qd=min(Nd,Qd)

F,

Design capacity

YES (CHANGE THE FOUNDATION GEOMETRY, RECALCULATE LOADS)

Fig.5.1.1

Table 5.2.1

Soil type

Pile material

Clay

Wood
Concrete

Minimum time after driving (weeks)
4
4-12

Silt

Wood
Concrete

2
4-6

Sand/Gravel

All

0-1

The results of loading test are summarised in a load-total settlement curve.
The characteristic geotechnical bearing capacity, Qk , is determined by one of the following
methods:
-«90 % rule» (Brinch Hansen) : Qk is the minimum load that induces a settlement twice
as large as the settlement corresponding to 90 % of Qk
-Davisson method (Davisson, 1972): Qk is the load corresponding to a settlement, sk,
defined as:
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s

= k+

k

Qk ·L

(5.2.1)

A·E

where:
k

= 4 mm + D/120

(5.2.2)

D- diameter/side of the pile in mm.
-«Pile Commission» method: the same as Davisson's but with
k

= 20 mm + D/20

(5.2.3)

-«ISSMFE»'s method: the same as Davisson's but with
(5.2.4)
-«Creep bearing capacity» method: the settlement records for the last part of each load
increment are used to plot the settlement rate as a function of load. The «creep bearing
capacity», Qk, is determined as the load where a sharp change in settlement rate occurs.
The 90% rule is the most common method used in Norway. The designer should always
document that the chosen method is appropriate to local experience and site conditions.
The design geotechnical capacity is then calculated by dividing the characteristic capacity by
an equivalent material coefficient , Ye, that accounts for uncertainties in determining the
characteristic capacity. It is establish based on local and regional experience and engineering
judgement in interpreting the results of loading test. Recommended values are described in
Section 5.6.
5.3

Design based on in situ and in laboratory test results (static geotechnical capacity)

The characteristic geotechnical pile capacity is determined by summing up the ultimate values
of the components by which a pile transfers the load to the soil, i.e. skin friction (although true
friction does not develop in all cases) and end bearing:
(5.3.1)
The skin friction and end bearing in cohesionless soils are calculated as:
(5.3.2)
(5.3.3)
where 'tfi - average skin friction in the «i»-th soil layer along the pile shaft; qn - specific end
bearing capacity; Ar i- the lateral area of the pile shaft in the «i»-th soil layer; Ap - the cross
section area of the pile tip.
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5.3.1 Static formulae based on
laboratory test results
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Cohesionless soils
The average skin friction and the
are
specific
end
bearing
determined
using
Janbu's
method (Janbu,l976):
(5.3.4)

::>
0
0::

where Sv - skin friction number
(Fig. 5.3.1) depending on
i --1--!--+-t---1--..J o. 5
roughness number, r, defined as
the ratio between mobilised
shear at pile soil interface and
- silt sand
the shear strength in the soil on a
vertical plane - and on angle of
0
0.8
1.0
0.2
0.4
0.6
internal friction, tan <p.; p'zieffective overburden at the
tan<jl
average depth of layer «i»;
Fig. 5.3.1
attraction of the layer «i».
Alternatively, for a homogeneous layer, the average skin friction can be calculated as:
(5.3.5)
with p-an empirical skin friction factor depending on the length of pile in the soil (Fig.5.3.2);
p ' 0 - the average overburden pressure in the soil along the part of pile for which skin friction is
calculated.
(5.3.6)
with p' P - the overburden effective pressure at pile tip; Nq - the bearing capacity factor
(Fig.5.3.3)
Cohesive soils
Undrained total stress analysis
•
For cohesive soils in undrained conditions the average skin friction and the specific end bearing
capacity are calculated as:
• fi =

(5.3.7)

ai. sui

with a; - empirical skin friction factor depending on clay type, average un-drained shear
strength ratio (sufp' o) of the soil layer and the ratio depth /diameter (width) as shown in Fig. 5.3.
4; Sui- the average undrained shear strength of the clay layer «i»
(5.3.8)
with Sup - the undrained shear strength at the pile tip.
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Undrained, effective stress analysis of skin
friction
The skin friction for clayey soils in
undrained conditions can alternatively be
calculated as:

10

'I=
,.-_

20

f3. Pa· (OCR)os
(5.3.9)

El
'-'
..c
....

l:)fl

=

..2:!
..2:!
~

with

30

f3 =

~

- skin friction factor:

0.4·(L+L0 )·(2·L+LJ
(5.3.10)

40

- empirical constant (Lo =
20 m); OCR - overconsolidation ratio of the
clay.

L - pile length; L0

so

60

0

0,4

Piles in silt or layered soils

o.s

For piles in silt the geotechnical bearing
capacity
is taken as the minimum of the
Fig. 5.3.2
capacities calculated for cohensionless and
cohesive soils.
A special attention should be paid to the cases where the layers have different
stiffnesses such as a soft clay layer trapped in between sand layers. The soft clay will settle and
will induce additional loads as negative skin friction (see Section 5.3.4). The designer should d
ocument that the underlaying sand layer has sufficient capacity to carry the increased loads.
5.3.2

Design based on in situ test results

Rotary weight drilling and SPT

The characteristic geotechnical bearing capacity m sands can be derived from empirical
correlations as shown in Fig. 5.3.5.
The correlations imply however so many uncertainties that this type of in situ tests are used
only for preliminary calculation of geotechnical capacity
Cone Penetration Test

The characteristic geotechnical capacity of the pile can be calculated as:
(5.3.11)
where q1fi - cone tip resistance in the layer «i»; q1p - cone tip resistance at the pile tip
fr and fp - empirical skin friction factor and end bearing factor respectively (Table 5.3 .1)
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5.3.3

Negative skin friction

200 r--""'T'"'--,....----,...--,..----.

Negative skin friction occurs if the soil around
the pile settles more than the pile itself as is the
case of soft normally consolidated clays. The
settlements can be induced by lowering of the
ground water table, filling, or by soil creep
under constant overburden.
The negative skin friction can be calculated as
described in Sections 5.3.1 - 5.3.3. As shown
in Section 5 .I, the negative skin friction is
considered an additional load for the pile.
The design negative skin friction is equal to
the characteristic negative skin friction:
F dnsf

Yr

= Fknsf • Yr

= 1.0

(5.3.13)

tan<j>

Fig.5.3.3

Skin friction factor, fr

End bearing factor, fp
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(5.3.12)

SPT (rod diameter 32 mm,
weight 650 N)
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Fig.5.3.5

For pile groups the characteristic negative skin friction is reduced as explained in Section 5.6
Tension capacity of pile

5.3.4

For the pile loaded in tension the charac-teristic capacity is the skin friction plus the own weight
of the pile. In cohesionless soils and in cohesive soils under long term loads the skin friction is
lower in tension than it is in compression. The skin friction number, Sv, in tension and the
empirical skin friction factor,~. in tension are presented in Fig. 5.3.6 and 5.3.7 respectively.
The equivalent material coefficient is Ye =1.5 for short term loading and Ye =3.0 for long term
loading.

clay

-

silt

-

5.3.5. Buckling capacity of axially
loaded piles
sand

The pile shaft is a structural column that
is fixed at the tip and restrained at the
1.0
top. The elastic stability of a p1"1e
o.s depends on its straightness, length,
moment of inertia, and modulus of
elasticity and the lateral resistance of the
soil that supports it.
For many site conditions in Norway
where deep deposits of very soft,
sensitive silty clays are underlained by
moraine and bed rock the buckling
ultimate limit state is a critical one. The
buckling capacity of a pile is calculated
as:

0.15
c:

>

V'l

:;;
..0
E
::>

o. 10

c:
c:

.2

t
:E 0.05
.,
.~

0

.,

z"'
0

tan<jl

Qkc = ·n · E · I I L2 + C · L2 I n 2

Fig.5.3.6

(5.3.14)
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(5.3 .15)

C=k*D

where E,I, L - are pile modulus of elasticity, moment of inertia and length, respectively; C soil lateral reaction modulus; D - pile diameter/side; k -coefficient of lateral subgrade reaction .
The half of the elastic wave length should be calculated :
(5.3.16)
If the pile length is greater than Lk> Lk should be used in Eq.(5.3.14). In this case the equation
becomes:
(5.3.17)
Recommended values for the coefficient of subgrade reaction are presented in Table 5.3.2
The design buckling capacity is calculated as
(5.3.18)
The design buckling capacity is calculated as
(5.3.18)
using an equivalent material coefficient of ye= 1.5.
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where: 00 - is the initial deflection; o- is
total deflection after the axial load, N,
is applied.
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(5.3.19)
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An initial deflection of the pile (due to,
for instance, difficulties in installation
or lateral movements of the soil ) will
induce a further deflection as the axial
load increase:
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Fig.5.3.7
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For steel piles total deflection will
generally not reduce the pile stiffness.
For concrete piles, however, as the total
deflection increases it will induce
fissures at tension fibre and the bending
stiffness (El) will consequently be
reduced. This should be taken into
account in determination of buckling
capacity.

Table 5.3.2
Soil type
Clay (undrained condition)
Loose silt, sand, organic silt
Medium dense sand
Dens sand

5.4

30*su
2500
5000
10000

Design on basis of driving formulae

The driving formulae are based on the transfer of kinetic energy of the falling pile hammer to
the pile and the soil.
For the pile driving with movement measurement, the characteristic geotechnical capacity is
calculated as (Janbu's formula):
(5.4.1)

where 11 - the driving efficiency factor; W - the hammer weight; H - the hammer drop; s - the
plastic (net) settlement of the pile per hammer blow; 8e - the elastic (reversible ) settlement of
the pile for a hammer blow.
The design geotechnical capacity is then obtained from the characteristic capacity using an
equivalent material factor of 1.6.
For pile driving without movement measurement, the Janbu's formula becomes:
(5.4.2)

where a- is force distribution factor; for short (10 to 15 m) end bearing piles the axial force is
distributed over the most of the pile length and a= 0.9; for long, friction piles only a fraction of
total pile weight is accelerated at one time and a= 0.5; s - is the average pile set measured in
the last ten blows; L, A and E - the length, cross section area and Young modulus of pile
material; 11 - the driving efficiency is taken as 0.5 for falling (simply acting) hammer, 0.6-0.9
for hydraulic hammers and 0.35-0.5 for Diesel hammers.
When the characteristic geotechnical capacity is determined by equation (5.4.2), an equivalent
material coefficient , Ye= 1.8 should be used for the design capacity.
The eqs. (5.4.1 and 5.4.2) can also be used with the net energy (11WH) from PDA
measurements giving a more reliable characteristic capacity.
5.5

Design on basis of wave equation analysis

The wave equation analysis is used to study the movement of the wave of compression in the
pile due to hammer drop. The force variation in time at pile head depends on the pile elastic
properties and dimensions as well as on soil properties. The total pile resistance can be
determined from the record of force and velocity as a function of time at one point of the pile
during driving. The total pile resistance can be determined as:

Rr = F(tl) + F(t1 + 2·Lic) + M·c[v(tl)-v(t1 + 2 · L i c)]
2
2·L
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(5.5.1)

where F - the force; v - is the particle velocity of the pile ; tl is the time of the first maximum
force, c - is the stress wave velocity in the pile; L is the distance between the measuring point
and the pile tip and M is the pile mass
The total pile resistance consists of the static resistance and the dynamic resistance which is
can be calculated if the damping ratio of the soil is assumed. The geotechnical capacity can be
thus determined as:

Rs

=

Rr- Jc · [F(tl) + zv(tl)- Rr]

(5.5 .2)

where Jc- is the damping ratio of the soil; z- is the soil impedance.
If the wave stress measurements is combined with a wave equation analysis, using for
instance the programme CAPW AP (Gob le Rausche Linkis, 1996 ), the soil parameters can be
found by matching the measured and computed force-time relation and thus a more reliable
geotechnical capacity can be found.
An equivalent material coefficient, Ye = 1.5 is used to obtain the design geotechnical capacity
of the pile.
5.6

Prescribed global and partial factors . Other aspects of axially loaded pile design

5.6.1

Prescribed global and partial factors

The structural pile capacity is a matter of structural design and will not be treated here. The
installed structural capacity however depends on pile initial deflection, driving conditions,
corrosion, pile geometry, pile defects non-homogeneous soil conditions, and on control during
construction phase. All these factors should be analysed and an overall rating mark (favourable,
middle and unfavourable) is given for the particular conditions which could be met at the site.
The reduction factor used to obtain the installed capacity from design capacity of the pile is
then chosen as shown in Table 5.6.1.
The conditions are rated as shown in Table 5.6.2
The following recommended equivalent material coefficients are used to determine the design
geotechnical pile capacity, Table 5.6.3.
Table 5.6.1
Construction condition rating
Favourable
Middle
Unfavourable

5.6.2

Reduction factor , fa
0.90
0.75
0.60

Design of pile groups

The behaviour of piles in a pile group is different than that of a single pile due to such factors as
change in initial stresses and density in the ground due to driving of piles close to each other,
different negative skin friction acting on centre piles and on periphery piles, different skin
friction and end bearing between centre piles and periphery piles and so on.
The minimum centre to centre pile spacing in a group of vertical driven piles is indicated in
Table 5.6.4
The negative skin friction acting on a pile group can be calculated as :
Fnf= 2*(B+L)*D*su

(5.6.1)

Fnf= 2*(B+L)*D*P* Po

(5 .6.2)
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Table 5.6.2
Favourable conditions
Homogeneous, no blocks and
stones
Increasing strength with depth
Even bed rock of good quality
rock type for fixing the pile tip

Soil conditions

Soil investigations
Constructive conditions

Driving
equipment
technology

Thorough
More than 5 pile in pile group
Small variations in pile length
Stiff, tension resistant joints
and Adequate hammer weight,
good helmet and cushions,
good hammer guidance

Quality control of execution

Good control of the piles and
pile driving
Good concreteing control for
cast-in-situ piles
Complete pile protocol
Specification followed during
execution

Table 5.6.3
Basis for determination of characteristic pile capacity

Equivalent
coefficient Ye
1.6
2.0
1.6-1.8

Static geotechnical capacity (laboratory soil testing)
In situ tests
Driving formulae
Wave equation analysis
Loading test (« 90% » method)
Loading test (Davisson' s method and variants)
Loading test («creep» method)

Table 5.6.4
Pile length

(m)
< 12

material

1.5
1.3

1.4
1.2

Friction piles
sand
3D

Unfavourable conditions
Variable soil conditions
Soil type susceptible to induce
corrosion
Stones and blocks that can
cause pile deflection
Sloping, uneven, bed rock
Sparse
Less than 3 pile in pile group
Large variations in pile length
Bad joints, loss of driving
energy
Too light hammer, inadequate
helmet and cushions, large
loss of driving energy
Inexperienced entrepreneur
Sparse
control
of pile
execution
Specifications not followed

End bearing piles
clay

12 to 24
4D
>24
5D
D - pile diameter/width

4D

3D

5D
6D

4D
5D

for piles in sand and in clays respectively, where B,L- the width and length (Fig.5.6.1) of the
pile group; D - the depth at which the relative pile-soil movement is negligible; su - mean
undrained shear strength within depth D; p0 ' - the average overburden pressure within the depth
D.
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The average geotechnical
capacity of a pile in a pile
group is higher than that of a
single pile in sands and less
than that of a single pile in
clays.
The
difference
depends on pile spacing and
installation. As a simple rule
the
pile
geotechnical
capacity of a pile group is
the minimum between the
sum of single pile capacities
and the bearing capacity of
an
equivalent
large
foundation. More accurate
evaluation can be obtained
by use of other methods as
explain in Section 5.6.2.

The settlement of a pile group can be approximated by the settlement of an equivalent
foundation placed at a depth equal to 2/3 of pile length and having the dimensions of the pile
group (Fig. 5.6.2).
5.6.3.

Use of other methods for pile design

The design rules described in this report are regarded as guiding lines for design specifying the
general frame, design philosophy and simple rules to design pile foundations.
In many situations the designer will meet conditions that are different and often more complex
than described in this report. In such situations the design practice in Norway is to use more
elaborate design methods and computer programmes in order to obtain solutions for both force
distribution between the piles of a pile group and along individual pile and of pile capacity,
deflections, settlements and capacity mobilisation degree, provi-ded the designer can docu-ment
that adequate safety is achieved.
The force distribution be-tween piles can for example be obtained by use of com-puter
programme SPLICE (Clausen, 1993) which is based on API (API, 1993) and DNV (DNV,
1977 ) codes or of programme GROUP ( Lieng, 1989) based on effective stress analysis
developed at Norwegian Technical University in Trondheim, Grande (1977), (Janbu,l976 ).
The geotech-nical capacity of a single, axially loaded pile can be computed based on calculation
of static bearing also using computer programme SPLICE, PIAl (Nordal, 1985). The pile
buckling capacity and deflections can be computed using the computer programmes PILEST AB
( NOTEBY, 1996).
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More complex problems such as axially loaded
piles in a pile group subjected to soil lateral
movements due to an adjacent excavation can be
analysed using finite element codes such as, for
example, PLAXIS (Vermeer and Brinkgreve,
1995) or ABAQUS ( 1989).

~~

TRYKKFORO£LING

Fig.5.6.2

The settlements and lateral deformations of pile
foundations are limited by the condition that the
structure should not suffer damage or loss of
functionality. Thus the serviceability rules are
merely a matter of structural design than of
foundation design.
The specific serviceability rules are determined
for each project according to structural solution
and functionality.
6.
Some particular example to demonstrate
the methods.

6.1
Friction pile in sand
Calculate the design geotechnical capacity (compression) of a concrete pile 22 m long in sand
(Fig.6.1.1).
Average effective overburden is p 0 '= y'*zav = (19-9)* 11 =99 kN/m 2 ;[3=0.24 (Fig.5.3.2), 't'c = f3*
Po'=0.24*99=23 .8 kN/m2 ; Cha-racteristic skin friction: Qf= n* 0.277 * 22 * 23.8 = 455.6 kN;
Effective overburden at pile tip: p'p=22 *(19-10)=198 kN/m2 ; End bearing qp= Nq *pp'=
21 * 198=4158 kN/rn2 (Fig.5.3.3). Characteristic end bearing: Qp=n*0.277 2/4*4158= 250.6 kN
Characteristic geotechnical capacity: Qk=Qf+Qp=455.6+250.6=706 kN
Design geotechnical capacity: Qd=Qk!ye=706!1 .6=441 kN
6.2

d=0.277

E
C\J
C\J

Medium dense sand:
y=19 kN/m3
tan<j>=0.73

a=b

Fig.6.l.l

Friction pile in clay

Calculate the design geotechnical capacity
(compression) of a concrete pile 20 m long in
clay (Fig.6.1.2).
The lateral area of the pile is Apl7.5 rn2; the
tip area is Ap=0.05 m2 • The average undrained
shear strength is su=30 kN/rn2; the average
effective overburden pressure, p' o= (19-10)*10
=90 kN/m2 ; Su!p' 0 =30/90=0.33;
Lld=20/0.277=72.
From
Fig.
5.3.4,
a=0.9;
The
characteristic end bearing is Qp= 9
·50·0.06=27 kN and the characteristic
skin friction is Qp=0.9·30·17.5=472.5
kN. The characteristic geotechnical
capacity is Qk=27+472.5=500 kN. The
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design
geo-technical
Qd=Qk/ 1.6=312 kN.

E

is

Use of pile load test and PDA
6.3
measurements to determine geotechnical
capacity

d=0.277

C\J
C\J

capacity

Extensive pile load testing and PDA
measurements were undertaken by
NOTEBY A/S Consulting Engineers in
connection with construction of a new
aluminium plant in Tyssedal, west coast
of Norway (Simonsen and Jensen,
1983). The site conditions consist of
glacial and glacifluvial deposits of loose
sands and gravels with isolated boulders.
The depth of bedrock varies between I 0
and 70 m. The friction angle is <p' = 35 °
and y = 20 kN/m3 • Full scale load tests
on close end steel pipe pile (800 mm
diameter, 20 mm wall thickness) were
performed at three levels (25, 30 and 35 m).

Soft clay:
y=19 kN/m3
su=1 0+2z kN/m2

Fig.6.1 .2

The characteristic geotechnical capacities for the three levels were determined from load test
results as illustrated in Fig.6.3.l using the «90%» rule (Section 5.2) and using PDA
measurements with assumed Jc = 0.1 (eq. 5.5.2) . The characteristic capacities were also
determined using soil laboratory test results (Section) and by CAPWAP analyses. A comparison
of geotechnical characteristic capacities is presented in Table 6.3.1.

Table 6.3.1
Pile

Test pile
Level I (25 m)
Test pile
Level 2(30 m)
Test pile
Level 3 (35 m)
Anchor pile C40
37.5 m

CAPWAP

CASE, (Jc=O.l)

(kN)

(kN)

3700

6770-9000

Static
Formulae

Static load test
(kN)

4820

4300-5600

5700

6800

5600-7000

6100

7800

7000-8800

7030

6980-7380

7700-9500

The axial force- displacement relations as obtained by analyses with PIAl (Section 5.6.2) for
the three levels are compared to load test measurements in Fig. 6.3 .3. The load test results,
dynamic measurements and static formulae show that the differences in capacities determined
from load test (taken as reference) and other methods show fairly good agreement.

286

a .~ ~700kN• ULTIHAT£ BEARING CAPACITY AFTER 90•1. ·CRITERION
a , • 3030kN • ULTIMATE FRICTION BEARING CA~CITY
O., • 2670kN• ULTIMATE ENO BEARING CA~CITY

.

J

"

.. ------....

SOIL SAND / GRAVEL tp·3~·
y·20k N/t~~ 1
PILE : DIMENSION t•ll00·20tnm ,ST.S2.3
LENGTH IN SOIL Ls·24.4111
TDTALLENGTH L0•40.0M

.

,

., .

-

....

,

::::

/CAPWAP

-LOAOikN
tn··~700kN
I

l,

.;'(~O,ICAPWAPI
r-~·a..IOAVISSON"~ METHOD I

I

"'-...

I
I
I

---;
~a.IPOAI

I
I
I
I

\T
\:

pm-

'

DEFORM. •16.~11111

O,..FRICTION

'
"

O.,.ENO BEARING

I

~

PILE LOAD TEST RESULTS ,LEVEL 1

SOIL: SAND/GRAVEl CJ)•JS•
Y•20kN/ m1
PILE : DIMENSION t•I00·20••, SlS2.l
LENGTH IN SOIL Ls•J4.h
TOTAL LENGTH Lo•SO,O•

a. • 70JOkN• ULTIMATE BEARING CAPACITY AFTER 90•4 · CRITERION
a, • 427~kN• ULTIMATE FRICTION BEARING CAPACITY
a, . 27~5kN• ULTIMATE END BEARING CAPACITY

PILE LOAD TEST RESULTS, LEVEL 3

TYSSEDAL. NORWAY

Fig.6.3.1

TYSSEOAL . NORWAY

OISPLACEitENT , TOP OF PILE ••

DISPLACE !tENT , TOP OF PILE -

LOAD- DEFLECTION RELATIONSHI P
AT LEVEL 1. 2 AND 3

Fig.6.3.2

287

DISPLACEitENT . TOP OF PILE M

6.4

Buckling capacity of piles in soft clay
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Fig.6.4.1
In connection with design of a railway bridge in Vestfold county, Norway, NOTEBY A/S
carried out buckling capacity analyses for steel core piles in sensitive, soft clay, 25 - 60 m down
to bed rock (Fig.6.4.1). The bending stiffness of the piles is EI=5850 kN·m2 , the pile diameter
is 150 mm and outer pipe diameter is 193 mm. With C=30·su= 300 kN/rn2, the half of the elastic
wave length is according to eq. (5.3.16), Lk= 11:-(EI/C)0·25 = 4.2 m and the buckling capacity (eq.
5.3.17) for piles of any length greater than Lk. is Qkc= 2·("'EI·C)= 2650 kN. A more detailed
analysis were undertaken using the programme
PILESTAB. The lateral soil reaction to
buckling is modelled by p-y curves as recommended by API Code (API 1993a and b). An initial
deflection is assumed due to fabrication /installation errors and to soil creep along batter piles .
The development of instability to axia1load modelled in the analyses is shown in Fig. 6.4.2. The
results of a parameter study are presented in Table 6.4.1
Table 6.4.1
Pile
length( m)
10
25
35
60
60
60
60

su Layer
(kN/m 2)
30
30

:lO
30
30
30
30

Layer
(kN/m 2)

1 su

10
10
10
10
20
30
10

7.

Quality control and monitoring

7.1

Quality Control

2 Initial
deflection
(mm}
10
20
20
30
30
30
30

Characteristic
buckling
caJ!aci!! {kN}
6048
5375
4990
4880
7080
9345
4600

Pile
type
vertical
vertical
vertical
vertical
vertical
vertical
batter

A suitable qualified and experienced person shall be in charge of the execution of the work. He
shall be responsible for that the work is carried out in according to the specifications and relevant
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standards, the monitoring of pile construction and keeping of the pile records and updated pile
drawings.
7.2

Monitoring

The pile installation shall be supervised and all relevant data shall be recorded in a pile record for
each pile. The monitoring should follow the European standards for displacement piles and bored
piles, PR EN 288005 and EN 1536.
The monitoring may also include among others measurements of noise, vibration, pore pressure,
deformations, inclinations heave and corrosion protection.

8.

Particular national experiences.

Particular norwegian experience is related to our soil condition with soft clays to bedrock.
Special experience has been developed in installing driven precast concrete piles and steel pipe
pile to end bearing with high capacity. Piles driven to hard or weak rock with erratic rock surface
combined with boulders or soft clays are situations met and solved on several projects. Many of
these cases are reported.

9.
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Polish design methods for single axially loaded piles
K.Gwizdala
Geotechnical Department, Technical University ofGdansk

ABSTRACT: The calculation procedure of piles, based on Polish Code No. PN-83/B-02482,
"Foundations. Bearing capacity of piles and pile foundations" is presented. The attention has
been focused on the bearing capacity of single pile calculation. The results of comparative
analysis for a determination of complete load-settlement relation with application of load
transfer functions are briefly shown. Values of unit resistance under a base and along a shaft of
pile, for load transfer functions were assumed on the basis of Polish Code. The results obtained
seem to be satisfactory from the engineering point of view.

I INTRODUCTION
Piles and pile foundations are mostly applied in the cases when part of a subsoil is built of weak
soils of small bearing capacity such as: loose non-cohesive soils, soft cohesive or liquid soils
and peat. Additionally, piles are used in the case of soils with good bearing capacity when there
is a need to transmit very high, vertical and horizontal concentrated loads and theirs
combinations.
In Poland piles are widely applied in industrial building, bridges, civil engineering and housing.
Typical kinds of a subsoil for structures founded on piles can be grouped as follows:
a) layered non-cohesive soils occurring along entire length of pile and under its base,
b) layered cohesive soils occurring along entire length of pile and under its base,
c) very weak soils occurring directly under the ground level such as weak cohesive soils or
peat, bottom part of pile and its base are embed in good capacity non-cohesive or cohesive soils,
d) cohesive and non-cohesive soils of highly differentiated shear strength occurring
alternately along pile shaft; in the base region occur non-cohesive and cohesive soils 'Q f
good bearing capacity,
e) cohesive and non-cohesive soils of highly differentiated shear resistance occurring
alternately along pile shaft; in the base region exist high strength non-cohesive soils,
under the base at the depth equal to several pile diameters are again weak cohesive soils.
Foundation on piles is then somewhat affected by subsoil conditions together with continuously
increasing vertical and horizontal loads and new areas of application of piles.
New kinds of piles, technology of their construction and calculation methods are strongly
related to the introduction of new technique achievements. It regards both new technologies of
piles as well as methods of subsoil investigations.
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Calculation methods of pile foundations regard the analysis of an individual pile or a group
of piles. For both cases two main states are considered: ultimate bearing capacity state and
serviceability limit states.

2 METHODS OF A SUBSOIL INVESTIGATION
An exploration and classification of a subsoil should provide with any possible information for
safe and economically effective choice and design of structures' foundations .
In many cases the archive data are very helpful in planning of in situ investigations. Theirs
scope should consider the conditions related to design of deep foundations.
The conclusions summarising geotechnical report include usually some indications and
recommendations referred to a way of founding together with necessary geotechnical
parameters.
Geotechnical report consists mostly of three main parts:
- in situ investigations, borings, cuts, excavations, sampling and in situ testing,
- laboratory investigations,
- analytical elaboration of investigations and tests, formulation of final conclusions.
Nowadays in Poland, in situ investigations are mainly based on borings together with sampling
which provides with undisturbed samples of soils of natural moisture content and natural
particle-size gradation.
Among various in situ investigations most common are the following methods:
- standard penetration tests (SPT), light and heavy dynamic penetrometer,
- cone penetration tests (CPT and CPTU),
- Vane shear tests,
- presiometer tests (PMT) and dilatometer tests (DMT).
The results of in situ and laboratory investigations are a basis for establishing the profiles of
general subsoil conditions with stratification, groundwater conditions and physical and
mechanical parameters of individual soils.
According to the calculation method contained in Polish Code No. PN-83/B-02482 for pile
foundations, for calculations of bearing capacity of piles it is sufficient to know a general
geotechnical profile with specification of soils including either density or liquidity indexes, ID
and h respectively (see chapter 5). For cohesive soils the calculations may be performed using
undrained shear strength Su (cu).
Presently, the code does not yet contain direct methods of application of in situ
investigations for calculations of piles.

3 COMMON PILE TYPES
Kinds of piles applied are basically related to geotechnical conditions (see chapter 1),
a potential to be used and technical possibilities. Additionally, they are always connected with
a kind of building e.g. bridges, civil engineering, industrial building etc.
During many years in Poland classical kinds of piles have been used such as (see also
Table 4):
- precast reinforced concrete piles,
Franki piles,
Vibro, Vibro-Fundex piles, recently also Vibrex piles,
bored Wolfsholz piles with placing the concrete under pressure,
- large diameter bored piles performed in casing pipe and in bentonite,
- driven and vibrated steel pipe or steel section piles either closed- or open-end.
Recently, CFA andjet-grounting piles are also being introduced to the engineering practice.
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4 NATIONAL DOCUMENTS AND PUBLICATIONS ON PILES CALCULATIONS
Methodology of calculation of piles and pile foundations has been initiated in Poland in fifties .
In 1955 first Polish Code No. PN-55/B-02482, "Foundations. Bearing capacity of piles and
piles foundations" appeared. In subsequent issues of pile code, in 1958, 1969 and 1983 new
kinds of piles were being introduced and calculation methods specified.
The introduction to engineering practice large diameter piles had required determination of
common standards for theirs design. Thus, in turn in 1975 and 1993 were issued "Design and
application recommendations oflarge diameter piles in bridge objects".
In post-war period a lot of papers referred to the piles and pile foundation problems have
been published. Among others, the most important are works of Hueckel (1963), Tejchman
(1966, 1971), Mazurkiewicz (1968), Jarominiak et al (1976), Klosinski (1976), Klos (1977),
Gwizdala (1977, 1984, 1996).
At present, a basic report which regulates the principals of pile calculations and loading tests
of piles is code No. PN-83/B-02482, "Foundations. Bearing capacity of piles and pile
foundations" .
Investigation works and implementations of new technologies in the nearest future should be
focused on the analytical determination of complete load-settlement curve, application of direct
methods with the use of in situ investigations (mainly cone penetration tests) and the
determination of a behaviour of large groups of piles with field measurements.

5 CAPACITY CALCULATIONS OF PILES ACCORDING TO POLISH CODE
PN-83/B-02482
5 .I Bearing capacity ofpiles
In Polish practice so-called ,geostatical" calculations and loading tests are recommended (see
PN-83/B-02482 and Gwizdala, Jacobsen 1992).
Bearing resistance from pile driving formulae is applied additionally for non-cohesive soils
mainly. It is required to determine calibration factors using the results of loading tests (see
Tejchman, Gwizdala 1993).
For the ultimate bearing capacity state the following condition has to be fulfilled:
(1)

where: Q, = YrQn,
Q, - calculated load,
Yr - load coefficient,
Qn - characteristic load,
m - assumed correction factor equal to 0.9 for pile foundations; for single piles
and group of two piles m = 0.7 and 0.8 are assumed, respectively,
N - bearing capacity of single pile.
From Eq. (I) it results that for calculations a method of partial coefficients is applied.
Coefficient Yr (Yr > 1) includes different influence of loadings, whereas correction
coefficient m refers to an accuracy of the method and a number of piles considered.
Non-uniformity of a subsoil has been taken into account by a material coefficient Ym, see
equation (2).
Bearing capacity N of a single pile is a sum of base Np and shaft }f,. resistances:
- in compression:
N = NP + N, = SPq<'> AP +Is,;~}'> A,;

(2)
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-in uplift:

Nw = "Swt(r)
L.... I I A.\"1.

(3)

where: q(r) = Ym q,
/r) = Ym f,
i - index refers to a number of soil layers,
q - is unit base resistance,
t - is unit shaft resistance,
Sp, S, St - are engineering factors.
Ym - material coefficient, Ym < I, depending on ether density or liquidity indexes, ID
and h respectively.
Values of bearing capacity calculated on the basis of the above formulae should be compared to
measurements from loading tests for a structure analysed. A number of loading tests depends on
local subsoil conditions and number of piles performed.

Base resistance
The unit base resistance q of non-cohesive soils at the pile base is specified in Table 1,
depending on the type of soil and density index ID or liquidity index It,. The influence of pile
base diameter on q (and he) should be taken into account for medium dense and dense noncohesive soils (Figure 1a and 1b).
Table 1. Unit base resistance q (kPa).
Density index

Soil type

ID = 1.00

ID = 0.67

ID = 0.33

ID= 0.20

Gravel, sand-gravel mix

7750

5100

3000

1950

Coarse and medium sand

5850

3600

2150

1450

Fine sand

4100

2700

1650

1050

Silty sand

3350

2100

1150

700

Liquidity index

Soil type

h < 0, w =0

lt,=O, w=w/1

It.= 0.50

It.= 0.75

Loamy gravel,
gravel-sand-clay mix

4150

2750

1650

850

Loamy sand, sandy loam,
loam, silty loam

2750

1950

850

450

Firm sandy loam, firm loam,
firm silty loam, sandy clay,
clay, silty clay

2800

1950

800

400

Sandy silt, silt

1850

1250

500

250

Unit base resistance q is specific for depths, equal to or exceeding the critical depth

he; = h~ JD; I D0

,

where: hc0 = 10 m, Do = 0.4 m and D; is the actual base diameter. Linear

interpolation should be adopted to determine values of q for depths less than h, with zero taken
as the value of q for the initial or equivalent ground level, Fig. 1.
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a) Driven piles

b) Bored piles

q [kPa]

0.0

q [kPa]

D0 = 0.4m

h~i =1.3 hci -+----- ---o

h [m]

h [m]

Figure 1. Interpolation of unit base resistance (non-cohesive soils).

The critical depth should be increased by 30% in case of bored piles, he,'= 1.3 hci. The ultimate
resistance of soil under the pile base should be interpolated according to Fig. 1b.
For other soils (as specified in Table 1) values of q do not depend on the pile diameter and
become constant and independent of the depth when the critical value hc0 = 10 m is exceeded.
For cohesive soils (clays, <!>u"' 0) the following formula may be adopted:

q = 9Su

(4)

where Su is undrained shear strength.
Shaft resistance

0.0

t [kPa

The value of the unit shaft resistance t,
is specified in Table 2. It depends on the type
of soil and its density index ID or liquidity
index h.
Values oft, as shown in Table 2, should be
used for depths equal to or exceeding 5 m
below the ground level. For smaller depths the
appropriate value oft ought to be determined
by interpolation between the table entry and
zero assumed for the initial or equivalent
ground level as shown in Fig. I .
For cohesive soils (clays, <!>u"' 0) values
h [m]
oft may be set depending on the undrained
shear strength of soil, Su, see Fig. 3.
Values oft do not depend on pile diameter.
Figure 2. Interpolation of unit shaft resistance.
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Table 2. Unit shaft resistance t (kPa).
Density index

Soil type
ID= 1.00

Iv = 0.67

ID= 0.33

ID= 0.20

Gravel, sand-gravel mix

165

110

74

59

Coarse and medium sand

132

74

47

34

Fine sand

100

62

31

22

Silty sand

75

45

25

16

Liquidity index

Soil type
h <0, w=:O

h=O, w=wp

h= 0.50

134

95

67

44

Loamy sand, sandy loam,
loam, silty loam

95

50

31

14

Firm sandy loam, firm loam,
firm silty loam, sandy clay,
clay, silty clay

95

50

25

11

Sandy silt, silt

65

30

16

7

Mud

48

18

0

0

Loamy gravel,
gravel-sand-clay mix

60
40

0

=

0.75

[kPa]

t

20

h

/

V
0

V

...... ~

--------

~

T

I
I
I
I
T

I
I
I
I
I
I
I
I

40

80

120

160

200

Figure 3. Unit shaft resistance t for cohesive soils.

Engineering factors
Sp, S,, and !::J.w are dimension less factors, specified in Table 3 and 4.
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240:

250

Su [kPa]

280

Table 3. Engineering factors Sp, S" and S", non-cohesive soils.
Values of factors for soils
non-cohesive
10 = 0.67 .;. 0.20
fo > 0.67
Type of pile and
method of installing

downward
movement
of pile

uplift
of pile

downward
movement
of pile

uplift
of pile

SP

s.,

S'' *)

SP

s.,

S'' *)

1.0

1.0

0.6

1.1

1.1

0.6

1.0

0.8

0.4

-

-

-

1.0
1.0

0.8
0.8

0.4
0.5

I. Precast reinf. concrete piles

a) driven
b) installed by jetting
(the last I m driven)
c) driven with vibr. equip.
2. Franki piles

1.3

1.1

1.0

1.8

1.6

1.0

3. Vibro piles

1.1

1.0

0.6

1.4

1.1

0.6

1.0
1.0

0.8
0.8

0.7
0.6

1.0
1.0

0.9
0.8

0.7
0.6

1.0
1.0
1.0
1.0

1.0
1.0
1.0
0.8

0.7
0.7
0.7
0.6

1.0
1.0
1.0
1.0

1.1

1.0
1.0
0.9

0.7
0.7
0.7
0.6

0.8
0.8

0.6
0.6

0.4
0.4

0.9
0.9

0.7
0.7

0.5
0.5

0.8
1.0
1.0
0.8

0.7
0.9
1.0
0.6

0.5
0.6
0.7
0.5

0.9
1.0
1.0
0.9

0.8
0.9
1.0
0.7

0.5
0.6
0.7
0.5

1.0

1.0

0.5

1.1

1.0

0.5

1.0

0.7

0.4
-

1.0
1.0

0.6
0.8

0.4
0.5

4. Piles bored in non-coh. soils * *)
(except of fine and silty sands)
a) in temporary casing
b) cased
c) with casing sunk into the
ground and lifted out by
means of a rotary cap .
d) in drilled fluid
e) washbored
f) Wolfsholz piles
5. Piles bored in fine and silty sands**)
a) in temporary casing
b) cased
c) with casing sunk into the
ground and lifted out by
means of a rotary cap
d) in drilling fluid
e) washbored
f) Wolfsholz piles
6. Closed-end pipe piles
a) driven
b) installed by jetting
(the final I m driven)
c) driven with vibr. equip.
7. Steel section piles
a) driven
b) installed by jetting
(the last I m driven)
c) driven with vibr. equip.

-

-

1.0

0.8

0.5

1.0

0.9

0.5

1.0

0.5

0.3

1.0
1.0

0.6
0.7

0.3
0.4

-

-

-

*) for anchor piles used only during pile loading tests values of S" may be increased by 20%.
**)factors specified under No. 4 and 5 in the table do not cover cases of special treatment of
subgrade improving its performance under the base or along the shaft. Values of the
engineering factors for such cases should be based on results of site investigations.
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Table 4 . Engineering factors Sp, S, and S', cohesive soils.
Values of factors for soils
cohesive

h = 0 + 0.75

It.< 0
Type of pile and
method of installing

downward
movement
of pile

uplift
of pile

downward
movement
of pile

uplift
of pile

S"

s,

S'' *)

S"

s,

S'' *)

0.7

1.0

0.9

0.6

1. Precast reinf. concrete piles
a) driven
b) installed by jetting
(the last I m driven)

1.0

1.0

-

-

-

-

-

-

-

c) driven with vibr. equip.

-

-

-

-

-

-

-

2. Franki piles

1.2

1.1

0.8

1.1

1.0

0.7

3. Vibro piles

1.0

1.0

0.6

1.0

0.9

0.6

1.0
1.0

0.9
0.8

0.6
0.6

1.0
1.0

0.9
0.8

0.6
0.5

1.0
1.0

1.0
0.9

0.7
0.5

1.0
1.0

1.0
0.9

4. Piles bored in non-coh. soils**)
(except of fine and silty sands)
a) in temporary casing
b) cased
c) with casing sunk into the
ground and lifted out by
means of a rotary cap
d) in drilled fluid
e) wash bored
f) Wolfsholz piles
5. Piles bored in fine and silty sands **)
a) in temporary casing
b) cased
c) with casing sunk into the
ground and lifted out by
means of a rotary cap
d) in drilling fluid
e) wash bored
f) Wolfsholz piles
6. Closed-end pipe piles
a) driven
b) installed by jetting
(the final 1 m driven)
c) driven with vibr. equip.
7. Steel section piles
a) driven
b) installed by jetting
(the last 1 m driven)
c) driven with vibr. equip.

-

-

-

1.0

0.9

0.6

1.0

0.8

0.6
0.5
0.5

1.0
1.0

0.9
0.8

0.6
0.6

1.0
1.0

0.9
0.8

0.6
0.5

1.0
1.0

1.0
0.9

0.7
0.5

1.0
1.0

1.0
0.9

0.6
0.5

-

-

-

-

-

-

-

1.0

0.9

-

0.6

1.0

0.9

0.5

1.0

1.1

0.5

1.0

0.9

0.5

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1.0

1.0

0.5

1.0

0.9

-

-

-

-

-

-

-

-

-

-

-

-

0.5

*) for anchor piles used only during pile loading tests values of S' may be increased by 20%.
**)factors specified under No. 4 and 5 in the table do not cover cases of special treatment of
subgrade improving its performance under the base or along the shaft. Values of the
engineering factors for such cases should be based on results of site investigations.
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Open ended piles

The open ended pipe piles should be determined according to formula:
- in compression:
(5)

- in uplift:
Sw (r)Asi
N w -- ""'b
L..,.. 2 i I;

(6)

where b 1 and b2 are reduction factors as specified in Table 5 and Table 6.
In the case of non-cohesive soils of large grain size and higher degree of compaction, the actual
bearing capacity of a pile will be larger than that calculated based on these values.
Use of open ended pipe piles in non-cohesive soils characterised by degree of compaction
lower than 0.4 is not recommended.
Table 5. Values of b 1 and bo- for non-cohesive soils.
Io = 0.40

hiD

No.
moist

ID= 0.70

hiD

b2

bl

wet

1

bl

b2

moist

wet

4.0

6.0

0.22

0.27

2

6.0

9.0

0.28

0.61

5.5

8.0

0.50

0.35

3

7.5

11.5

0.78

0.61

6.5

10.0

0.90

0.37

4

17.0

26.0

1.00

0.61

17.0

26.0

1.00

0.65

Table 6. Values of b 1 and b2 for cohesive soils.
Liquidity index h ::;; 0.50 and t ;:: 20 kPa
No.

hiD

b2
steel pipe

bl

reinforced
concrete pipe

I

6 -15

2

15

0.7
pipe empty inside

=

0.9

pipe filled with concrete

=

1.0

0.8

1.0

0.8

1.0

Notes to tables of b 1 and b2 :
a) small relative penetration depths hiD specified in the tables should be regarded as
minimum required for driven open ended pipe piles.
b) factors b 1 and b2 for intermediate values of relative penetration depths and for
0.4 < ! 0 < 0.7 ought to be determined by linear interpolation. For ID;:: 0.7, b1 and b2 are
assumed to be constant.
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a)

b)

c)

+Or

+Or

bearing
soil

+Or
weak
soil
t~0

bearing
soil

N
t

~

0

hi~

0.5m

t

~

0

bearing
soil

hi> 0.5m
bearing
soil

bearing
soil

N

N

d)

e)

f)
+Or

--- ·

for

fresh fill

bearing
fill

down drag
excavation
bearing
soil

bearing
soil

N

g)

bearing
soil

N

N

h)

i)

I"'"

weak
soil

bearing
soil

:7

t~

NW

h i~O.Sm

weaks oil
bearing
soil
weak soil

hi > 0.5m

....

0

bearing
soil
t

~

0

weak soil
bearing
soil

bearing
soil

NW

bearing
soil
N

Figure 4. Interpretation of the q and t for layered soil according to the equivalent ground level.
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For piles embed in layered soils it is suggested to make the interpolation of q and t from an
equivalent level, based on equivalent height h= calculated from the following relation
(see Fig. 4):

hZ = 0.65 ( "L...,; y I hI )
y
f

(7)

f

where: y' -unit weight of bearing soil
y'; - unit weight of i - layer above the bearing soil
0.65- correction factor reflecting non-uniformity of soils.

5.2 Settlement curve ofpile

For the evaluation of real behaviour of pile in a subsoil it is necessary to know load-settlement
curves for pile base and shaft resistances, loading distribution along length and shortening of
pile.
Practically, the relations accurate enough from the engineering point of view can be
obtained applying load transfer functions methods, see Gwizdala (1984), Gwizdala and
Jacobsen ( 1992), Gwizdala (1996), Gwizdala and Tejchman ( 1997).

l_ ~Q
s

zrrr

Figure 5. Calculation model of single elastic pile.

301

Many years experience of application of unit resistance values under a base and on a shaft of
pile included in Polish Code PN-83/B-02482 has been used in the research. The method
presented below of determination of complete load-settlement curve is not yet included in
Polish Code.
A pile is divided into a defined number of elastic elements. Soil response on the contact with
pile is expressed by non-linear functions q-z and t-z, describing relationships between base or
shaft resistance and settlement of the considered pile point, respectively, see Fig. 5. A solution
consists in the iterative search of the relation between axial force in a pile at any depth and
settlement at this depth. The calculations are made using numerical code PALOS. The
calculations procedure provides with a possibility of a choice of almost 20 types of t-z and 13
types of q-z functions. Numerical code has been verified on experimental data from piles'
loading tests.
The accuracy of the results being calculated by PALOS depends mostly on the following
factors:
- the correct prediction of ultimate unit shaft and base resistance t and q, respectively,
-

a determination of reliable non-linear stiffness functions for particular depths and soil
layers,

- calculation or assumption of limit settlements, at which both t and q resistance reach
their maximum values, denoted as zv for shaft (for given point of pile) and z1 for base.
In the verification calculations the values of resistances under a base q and on a shaft t and the
way of theirs interpolation were used according to PN-83/B-02482 (see Fig. 4).
In order to receive better compatibility the values were increased of 30% for Franki piles and
20% for Vibro-Fundex piles in comparison to, standard values. The values of Zv and z1 were
assumed equal to 1% and 5% of the pile diameter, respectively.
Generally, values of q and t can be determined on the basis of any arbitrary method using
the results of loading tests, laboratory or in situ investigations
Summary results of the analysis containing totally 240 piles of different kinds are presented in
Table 7.
As a criterion of the correctness of calculations a ratio of calculated to measured values (from
load-settlement curve) has been assumed in terms of conformity coefficient:
(8)

where P and Q denote the values of calculated and measured load, respectively and index i
refers to subsequent real values of settlement. The values of 11 coefficient less then unity show
that the calculation results are on the safe side.
Examples of conformity coefficients distributions for 32 large diameter bored piles in noncohesive soils are presented in Fig. 6.
In Fig. 6a are shown calculation results for all investigation points referred to complete loadsettlement curves of 32 piles. The calculation results for chosen settlement s = 10 mm are
presented in Fig. 6b. The results obtained in the histogram form were approximated in terms of
log-normal distribution.
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Table 7. Values of conformity coefficients T].
Type of pile

Measured
points

Number of
points

Mean value

Standard
deviation

Coefficient
of variation

11

(J

V

Precast

all points

484

0.933

0.282

0.302

rein f.

s=3 mm

51

0.955

0.322

0.337

concrete

s= 5 mm

37

1.014

0.304

0.300

piles

s = 10 mm

21

0.930

0.276

0.297

all points

391

0.925

0.340

0.368

Wolfsholz

s=3 mm

28

0.907

0.350

0.386

piles

s=5 mm

28

1.042

0.374

0.359

s = 25 mm

8

0.786

0.201

0.256

Large

all points

303

0.924

0.250

0.270

diameter

s=3 mm

30

0.951

0.264

0.278

bored piles

s = 10 mm

25

0.994

0.238

0.240

non-coh. soils

s = 20 mm

19

0.960

0.200

0.208

Large

all points

207

0.987

0.285

0.288

diameter

s=5 mm

25

0.976

0.278

0.284

bored piles

s = 10 mm

19

0.976

0.205

0.210

cohesive soils

s = 20 mm

10

0.935

0.233

0.238

all points

151

0.978

0.154

0.157

Franki

s=3 mm

13

0.980

0.154

0.157

piles

s = 5 mm

12

0.954

0.161

0.169

s=7mm

11

0.961

0.151

0.157

Fundex piles

all points

429

0.974

0.269

0.276

non-cohesive

s=3 mm

35

1.028

0.259

0.252

soils

s = 5mm

18

1.084

0.200

0.185

all points

362

0.989

0.240

0.267

Fundex piles

s=3 mm

26

0.972

0.270

0.278

cohesive soils

s=5 mm

23

1.042

0.278

0.267

s = 7mm

20

1.009

0.264

0.262

5.3 Determination ofpile bearing capacity from loading tests
Bearing capacity of piles calculated by statical formulae should be examined in terms of
loading test for a given structure. As a principle two loading tests at the first I 00 piles and one
test for the next I 00 piles are assumed.
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Figure 6. Histogram of conformity coefficients (non-cohesive soils).

The final number of tests should be determined taking into account local subsoil conditions,
type of construction and previous practical experience resulting from the application of a given
type of pile in similar subsoil conditions.
Taking into account the results of loading tests, the following condition has to be fulfilled:
(9)

where: k - is a correction coefficient, k = 0.8 . ,._ 1.0 resulting from the analysis of real
load-settlement curve,

Nc 0 - denotes bearing capacity of pile resulting from the analysis of load-settlement
curve obtained on the basis of loading tests, according to PN-83/B-02482.
The above considerations show that in Poland as a principle for larger constructions being
founded on piles the application of loading tests is assumed. The tests are usually carried out
using anchoring piles or ballast.
A base of pile work evaluation is real relation of load-settlement (settlement curve). The
load which can be safely transmitted by a pile is determined in terms of graphical differentiation of that curve.
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The details of the problem can be found in ,Dynamic and static analysis and in situ tests for
evaluation of pile bearing capacity" (Tejchman, Gwizdala, Klos 1985).

5.4 Settlement ofpiles and pile foundations
The problem of settlement of piles and pile foundations is very wide and will not be analysed in
details in this paper. The attention will be only focused on some aspects of the problem with
regard to Polish Code regulations.
In general, the calculation method according to Poulos and Davis (1974, 1980) has been
accepted. Independently, some author's verifying calculations based on statical loading tests
were being carried out together with establishing the principles of the modulus of determination. The method assumed allows for settlements' calculations of a single pile and a group
of piles in the range of characteristic loads Qn.
For the case when the highly deformable layer of a subsoil occurs below the pile base
(see e) subsoil type in chapter I) the settlement of pile foundation should be calculated as for
equivalent deep foundation .
The basic method of the determination of complete load - settlement curve is staticalloading
test. Recent works show that there is a possibility of an analytical evaluation of load-settlement
curve, see Gwizdala ( 1996).

6 SUMMARY
The evaluation of piles' bearing capacity contained in Polish Code No. PN-83/B-02482 relies
on statical calculations and examination of the correctness of results obtained in terms of
statical loading tests.
The calculations are performed for the specified subsoil conditions and determined
parameters of soils from the subsoil profile. The values of unit base and shaft resistances are
presented in the tabular form (see Tables I and 2). The technology of a given pile included in
terms of technology coefficients (see Tables 3 and 4).
Polish Code requires the examination of calculations by loading tests performed on chosen
piles in nature. The base of the proper evaluation of calculations is a real load-settlement curve
obtained during such tests.
Application of load transfer functions of q-z and t-z type enables the analytical evaluation of
complete load-settlement relation. In calculations the unit base and shaft resistenaces
recommended by Polish Code are used. The accuracy of that method was shown in Table 7.
For the more accurate evaluation of piles bearing capacity and complete load-settlement
curve it is suggested to apply direct methods. In the methods mentioned CPT tests are widely
used. Such analyses can be found in Gwizdala ( 1984), Tejchman, Gwizdala ( 1988), Gwizdala,
Tejchman (1995) and Gwizdala (1996).
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ABSTRACT : Main types of piles have been used in the past decades in Romania as a result of
the simultaneous recurence of soils of high compressibility and of constractions carrying heavy
loads. The domain of piles is completely covered by technical regulations, among which two
national standards (codes) dealing with design matters. A strong emphasis is put on the field
tests, especially on static load tests on piles. The design of pile foundations in Romania is
governed by the concept of limit state design.

1. REGIONAL GEOLOGY

1.1 Main Romania's tectonic units

The territory of Romania has a very complex and varied geological structure (Marchidanu &
Antonescu 1995). The main geological unit of Romania is represented by the Carpathian
Geosyncline that makes up a segment of the great Alpine - Carpathian - Himalayan Geosyncline
and includes the Eastern and Curvature Carpathians, the Southern Carpathians and the Western
Mountains.
On the eastern and southern border the Carpathian Geosyncline is limited by the Pericarpathian Depression that continues toward the western extremity with the Getic Depression.
Between the Eastern Carpathians, Southern Carpathians and Western Mountains there is the
Transilvanian Depression. Westward of Western Mountains stretches the eastern frame of the
Pannonian Depression.
The territory comprised between the Pericarpathian Depression in the western side and Prut
river on the eastern side belongs to the Moldovian Platform, while the territory situated
southward of Pericarpathian Depression and Getic Depression belongs to the Moesian Platform.
The geological unit of Dobrudja, comprised between Danube river and the Black Sea, is
considered as a distinct unit with an intricate geology.
The main tectonic units of Romania are tightly correlated with the structure of lithosphere
that is intensely divided into tectonic plates and microplates. The great East - European plate
stretches eastward of the Eastern Carpathians and has the Moldovian Platform as its western
limit. Southward of Southern Carpathians there is the Moesian Microplate over which the
Moesian Platform is disposed. Westward of the curvature of Carpathian Mountains there is the
Intralpine Microplate. Between the Moesian Microplate and the East - European Plate, the
Microplate ofthe_Black Sea with a shape of a promontory is located.
The great dislocations that mark the limits of tectonic plates make their junction in the
curvature zone of Eastern Carpathians, in the region of Vrancea. This area represents the most
sensitive zone of Romania' s territory from the seismic point of view. The hypocentres of
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earthquakes in this region have depth usually comprised between 70 and 160 km. The maximum
magnitude of earthquakes produced in the region has reached 7.2-7.3 degrees on the Richter's
scale, while the seismic intensity increased until 9-10 degrees on the Mercalli' s scale.
1.2 Geological features of the Romanian main units
The Carpathian Mountains, belonging to the Alpine - Carpathian - Himalayan chain, are young
mountains, in full process of folding, intensely divided into fragments by the erosion processes
due to the existing dense hydrographical network. The diluvial deposits on the mountain slopes
are relatively thin due to strong denudation process favoured by the vigorous slope proving a high
slope energy.
The Pericarpathian Depression forms an uninterrupted strip at the outside of the Eastern and
Southern Carpathian Mountains. It is formed by the mio - pliocene molasse formations, in claysandy facies with intercalations of chemical precipitation rocks, in particular salts, generating
numerous diapiric folds. The geological formations in this area are much folded and fractured,
easy erodible and covered by shallow deposits, especially diluvial, .colluviaL..and proluvi.at
affected by important erosional processes and landslides.
The Getic Depression represents a continuation westwards of the Pericarpathian Depression,
covered in its upper part by mio - pliocene sedimentary deposits with intercalations of brown
coal, in clay - sandy facies. All this area is covered by shallow deposits, especially by eluvial and
diluvial materials. The hilly zones, with a sloped ground surface, are often subjected to active
landslide phenomena.
The Transilvanian Depression is characterized by sedimentary deposits which predominantly
develop in the clay - sandy facies with frequent intercalations of volcanic tuff and diapiric salt
structures. The main shallow deposits are represented by clayey - sandy dilluvial materials. The
geological formations of the depression are also affected by many landslides.
The Pannonian Depression~ The pannonian (mio - pliocene) deposits are present, in the clayey
- sandy facies, covered at the surface by shallow formations made by clayey and silty alluvial
and aeolian deposits.
The Moldovian Platform is predominantly covered bt clayey, shallow, eluvial, diluvial and
alluvial deposits and partially by loessial sediments. It is affected by numerous landslides and
erosional processes.
The Moesian Platform has a sedimentary coverlet formed by miocene and pliocene clayey and
sandy layers covered by the pleistocene clayey - sandy deposits placed, sometimes, on fluvio lacustrine deposits predominantely formed by sand and gravel. The alluvial holocene deposits are
mostly clayey and sandy while the aeolian deposits are represented by loessial collapsible soils.
The geological unit of Dobrudja . Various parts of the geological unit of Dobrudja have
different geological features.
The north - west part of the Northern Dobrudja is formed by old magmatic intrusions, while
the southern part is formed by carboniferous detrital sedimentary formations, triassic detrital and
calcareous rocks and cretaceous flisch in marly - sandstony facies. At the surface a coverlet of
loessial deposit is placed, having a thickness of more than 10-15 m.
The Central Dobrudja is formed by the discontinuous clayey - sandstony flisch formations,
slightly affected by metamorphic processes, and much newer detrital and calcareous deposits. An
important area of this zone is covered by loess deposits, too.
In the Southern Dobrudja cretaceous deposits are predominant in the flisch facies ; the
sarmatian deposits are well represented by slightly inclined or horizontal calcareous deposits and
sometimes pliocene deposits in clayey- sandy facies. All the surface of the Southern Dobrudja is
covered by thick loessial deposits.
The Danube Delta is characterised by the presence of highly compressible deposits of
unconsolidated silty - clayey formations.
The low plains bordering the course of the Danube or of other important rivers have also
unconsolidated young sedirnents or loose sands.
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2. COMMON PRACTICE FOR SOIL INVESTIGATIONS
Soil investigation is carried out by means of trial pits and trenches, boreholes, penetration tests.
Trail pits and trenches are used quite seldom, when undisturbed samples of very good quality,
which cannot be obtained from boreholes, are required, like in the case of loessial soils. Their
depth is limited by the presence of the ground water.
The most used method for soil investigation is the test boring. Drilling is done by augering,
wash boring or rotary drilling with a revolving cutter and circulating liquid to remove the
cuttings. In stiff soils, the borehole is unsupported. In soft clays and in sands below the water
table a casing is used.
Two kinds of samplers are used.
The open drive sampler is a thick walled steel table of 140 mm diameter driven dynamically
by means of a drop weight.
The thin walled sampler has an internal diameter of 70 mm allowing to obtain directly
undisturbed samples to be used in oedometer and direct shear tests.
Among penetration tests, the Standard Penetration Test is the.most.widely.used..
Dynamic penetration is also used, with a 50 kg hammer falling 0.50 m. From the static tests,
the Dutch cone is the most popular (cone with a 60° point angle, a diameter of 36 mm, a
projected area of 10 cm2 and a penetration rate of over 2 cm/sec).

3. PILING TECHNOLOGY
During the regime which collapsed in December 1989, and particularly in the 60' s and 70' s
when constructions for the heavy and petrochemical industries were booming, pile foundations
were very much in favour of both designers and contractors in Romania. The highest authority of
the country became so worried about a possible misuse of this foundation solution and the
resulting waste of money and resources that in September 1976 issued an order stating that for
the use of a pile foundation, regardless the type and the number of piles, a decree signed by the
President of the country was mandatory!
In reality, there was no abuse of the pile foundations. Many of the huge metallurgical and
petrochemical combinats ss well as other industrial plants were erected along the Danube or
other rivers ; ground conditions on the sites were characterized by the presence of alluvial soils of
high compressibility. Since loessial collapsible soils cover about 17% of the teritory of the
country, many industries, like for instance the big metallurgical plant in Galati, were developed
on such soils prone to large and uneven settlements. The use of deep foundations was the only
rational solution for industrial buildings carrying heavy loades. The same applied for bridges and
for Danubian harbours. Considerably less was the use of the piles for dwelling houses, even in
the case of multi - storeys buildings.
Most of the known types of piles have been used : precast reinforced concrete piles, cast - in situ driven piles using Franki technology, uncased bored piles in dry using Salzgitter and Calweld
equipments, uncased bored piles under slurry using Romanian equipment FA - 12, bored piles
with recoverable casing using Benoto technology. For exceptional works, like new bridges over
Danube, bored piles with non - recoverable steel casing lowered by vibration have been used.
Several quays in harbours on Danube have been founded on bored piles with non - recoverable
reinforced concrete casing lowered by vibration. For a number of very high chimneys, of 250 m
and over, rectangular piers (barrettes) with excavation and pouring of the concrete done under
slurry, have been used.

4. NATIONAL RELEVANT DOCUMENTS WITH REGARD TO PILE DESIGN
For the time being, there are several levels at which technical regulations in civil engineering are
enforced in Romania.
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At the highest levels are situated the Romanian standards which represent documents of
national importance and coverage.
Standards must be observed. However, according to a new rule introduced after 1990, some
deviations are admitted provided they are very well documented and that the entire responsibility
is assumed by those who propose the deviations .
At the following level come prescriptions called technical instructions or "norms", which are
also documents of national coverage but regarded merely as guidelines.
The third level belongs to documents of sectorial (departmental) coverage. They are a
synthesis of the experience accumulated in a certain sector (transportation, energy etc.) but which
is worth to be known and applied by the whole technical community.
Altogether, the domain of piles is covered in Romania by seven documents which are in the
reference list, from which five standards, one technical instruction .a nd one norm.
The "package" of four standard in the serie 2561 is put at the base of the pile design in
Romania. The first in serie, STAS 22061/1-83 refers to the classification and terminology of
piles. The second one, STAS 2561/2-81 is devoted to the problems of pile loading tests. The
most comprehensive standard is STAS 2561/3-90 which deals with design problems for all types
of piles. The last in the serie, STAS 2561/4-90, refers only to the large diameter bored piles but
is broader in scope, covering design, construction and reception matters.
Similar in content with STAS 2561/4-90 are the technical instructions P I 06-85 dealing with
piers (barrettes).
The norm C 160-75 has as objective the execution of all types of piles.
The standard 7484/74 defines constructive provisions and quality criteria for precast
reinforced concrete and prestressed concrete piles.

5. DETAILED DESCRIPTION OF THE NATIONAL DESIGN METHODS

5.1 General philosophy
Pile design, like geotechnical design in general , is governed in Romania by the concept of limit
state design. The general principles of the limit state design, to be applied to geotechnical
problems, are defmed in the Romanian standard 3300/1-85.
Ultimate limit state analysis is required for all categories of piles. Serviceability limit state
analysis is required only for friction piles.
For the ultimate limit state, the following condition should be checked :
(I)

S:s:R
Where S is the load on the pile of the foundation and R is the bearing capacity of the pile.
For the serviceability limit state, the following condition should be checked :

(2)

where 11 is the computed probable deformation of the pile foundation and 11 in the allowable
deformation.
The Romanian Standard 2561/3-90 has the following provisions concerning the ways of
establishing the bearing capacity of piles.
a. In preliminary phases ofthe design, the bearing capacity of the piles, regardless the class of
importance of the construction, can be determined by using empirical formulae given in the
standard.
b. For regular constructions it is allowed to use the empirical formulae also in !he final design
phase if under the piles tips is encountered a practically incompressible ground and only if the
total number ofthe piles on the site is less than 100.
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c. In the fmal design phase, the bearing capacity of the piles is established on the basis of field
loading on test piles constructed with the same technique and with the same equipment previewed
in the project of the pile foundation.
d. For constructions of exceptional importance, and whenever possible, it is recommended to
perform the field loading tests in phases of the design preceeding the fmal one.
e. The static loading test of piles is done in accordance with the Standard 256113-90. The
number of piles to be tested under static load on a site is established by the designer and the
geotechnical consultant in relation with the total number of piles, the area covered by the piles,
the uniformity of the geological profile and the degree on knowledge about the site. When no
other types of field tests are foreseen, the number of statically loadedpiles (ex.ceptlarge diameter.
bored piles) should be at least the one given in table I.
Table I
1001...2000
100... 500
501...1000
under 100
Number of piles according
to the project
3
Number of test piles
2
5
6
Note to Table I.
In foundations with over 2000 piles, beside the six piles given for 2000 piles, one extra pile is tested
for each 1000 or 2000 additional piles depending on the uniformity of the stratification ..

f. For the large diameter bored piles, the minimum number of test piles, depending on the
total number of piles and the type of loading is established by Standard 2561/4-90 as follows :

Number of the pile in the
work or in the zone
1... ... 20
21...100
101...200
~ 201

Compression
1
2
3
3 + one pile for each
hundred piles over 200

Type of loading
Tension

Horizontal forces

1
2
2

1
2
2

2

2

The same standard prescribes that at constructions at which is necessary to limit the
deformation (settlements, horizontal displacements, rotations etc.) testing of piles is performed
regardless the number of piles in the work.
In the case of precast driven piles, when along with static load tests are performed on the site
other types of field tests, like for instance dynamic tests on piles (in agreement with Standard
256112-81) or static penetration tests (in agreement with standard 1242/6-76) whose results,
reduced according to the Standard 256113-90 are close to those obtained by static load tests, the
number of test piles can be reduced but without becoming less than half of the number shown in
table 1 and no less than two. Also, the number of piles subjected to static load tests can be
reduced to half of the number shown in table 1 (but no less than two) in zones characterized by
uniform stratification in case when on neighbouring sites a corresponding number of static load
tests on piles similar to those on the considered site have been performed.
At jobs with a small number of piles on a site, 20 or less, it is allowed to perform static load
tests on piles which will be incorporated in the foundation. In this case, the maximum load
applied to the pile durmg the test should not be greater than the load generated by the design
loads in the most unfavourable combination.
5. 2 Design on basis offield tests

According to the Romanian standard 2561/3-90, the bearing capacity of a compression pile is
established with the relationship :
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R=kmPer
where k is a partial factor of safety taken as 0, 7 ;
m is a partial factor of safety taken as 1 ;
per is the critical load on pile, determined on the basis of field tests.
5. 2.1 Static load tests

The static load tests of piles is regulated in Romania by the standard.STAS . 256l/2.=8.LA.stress~
controlled type of test is prescribed. The loading is performed in steps, each step being selectea
as 1/15 ... 1110 of the presumed critical load. Each load is maintained until the vertical
displacement of the pile is stabilized. Stabilization is considered to be reached when difference
between settlements recorded at four consecutive readings is less than 0,1 mm.
The ultimate load is considered the load at which one of the following conditions is fulfilled :
-average settlement is larger than 1/10 of the diameter (width) of the pile;
-after 24 hrs since the application of the load the stabilization was not reached.
Critical load Per is the greatest load for which the condition of stabilization was reached.
When during the test critical load cannot be reached, the maximum load reached during the
test is considered as critical load.

5. 2. 2 Dynamic tests
The total penetration of the pile under I 0 blows with low frequency of hammer is recorded. The
set is then computed as the average penetration under a single blow.
The critical load based on dynamic tests is computed with the relationship :

p er = -

aA

-2 +

(3)

where per
a
A
e
Q0
q

is the critical load, in kN ;
factor depending on the type of pile and driving conditions, given in table 2, in kPa ;
transverse area of the pile, in sqm ;
the set of the pile, in cm ;
the weight of the hammer, in kN;
the weight of the pile, including the protective cap and the stationary part of the
hammer, in kN ;
Ho falling height of the hammer (established according to table 3), in cm ;
H 1 the total movement of blowing part of the hammer, in cm;
Eo energy delivered by the hammer, in kJ .
Table 2
Type of pile and driving conditions

a
kPa
1500
1000

Reinforced concrete pile (with protective cap)
Word pile (without protective cap)

Type of hammer
Free fall hammer or single action hammer
Diesel hammer or double action hammer

Vertical piles
Ho = H1
Ho=

100E 0

Qo
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Table 3
Battered piles 3 : 1
Ho = 0,8 HI

80E 0

Ho= - - -

Qo

5. 2. 3 Static penetration test

Based on the results of a static penetration test, the critical load oiiprecast diiven p1les can oe
computed with the relation :

(4)

where Rp is the cone resistance, calculated as :
Rpl

Rp =

+ Rp2
2

(kPa)

Rp 1 is the average of the cone resistances recorded in the layers situated below the tip of
the pile down to a depth of 4 d, in kPa ;

Rp2 is the average of the cone resistances recorded from the level of the tip of the pile to
d
p

a height pd above that level, in kPa ;
diameter or large side of the rectangular section of the pile, in cm ;
coefficient, given in table 4.
Table 4

Layer in which penetration occurs
Cohesive soils, loose sands
Medium dense sands
Dense sands and sands with gravel

p
3
8

15

A area of the transverse section of the pile, in sqm ;
F 1 friction force on the lateral surface of the penetrometer, lowered to the level of the
pile tip,in kN ;
U perimeter of the transverse section of the pile, in m ;
up perimeter of the transverse section of the penetrometer casing, in m.
The above relationship can be used in the case of a static penetrometer having a constant rate
of penetration on the whole depth of the testing and the following characteristics :
-diameter of the base ofthe coned:= 3,6 cm;
-diameter of the casing d:as = 3,6 cm ;
-rate of penetration v;::: 3,3 cm/s.

5. 3 Design on basis ofsoil characteristics obtained by laboratory tests or by empirical
methods
a. The bearing capacity in compression of an end bearing pile
The following relationship is used:
R = kmPvA (kN)
(5)
where
k is a partial factor of safety taken as 0, 7 ;
m is a partial factor of safety taken as 1 ;
Pv is a conventional resistance of the ground below the pile tip, in kP., which is taken
as follows:
- for displacement piles with the base on hard or soft rocks or on macrogranular noncohesive soils (blocks, boulders) Pv = 20,000 kPa ;
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- for displacement piles with the base on gravels, according to table 6 ;
- for non-displacement piles with the base on hard or soft rocks :

cr,s is the average compression strength of the rock, established in accordance
with the Standard 6200/5-71 on saturated samples, in kP.;
t depth penetration of the pile in rock, in m ;
d diameter of the pile at the level of the base;
- for non-displacement piles with the base in macrogranular, non-cohesive soils
(blocks, boulders, gravels) the relationship (5) is used.
A area of the maximum section at the level of the pile base, in sqm, which is
taken as follows :
- for cast in situ piles :
7td2

A=--

for piles with constant circular section, with diameter d ;

4

7td2

A=09 _ _
b

,

4

for piles with enlarged base, when the diameter db of the
enlarged base can be controlled.

- for tubular piles, A is taken equal to the total area of the section with external
diameter d only if the void has been filled with concrete for a height of at least
3d from the level of the tip; in contrary case, A is taken as the netto area of
the annular concrete section.
When in the bearing stratum below the pile tip there is a heavily fissured rock, or soil
insertions, in all situations is compulsory to check the bearing capacity by static loads on test
piles.
b. The bearing capacity in compression of a precast friction pile
The following relationship is used :

R= k (mlpvA + U L: mz H) (kN)
where k is a partial factor of safety taken as 0, 7
m1
m2
A
U
Pv
:t;
li

(6)

partial factor of safety given in table 5 ;
partial factor of safety given in table 5 ;
has the same significance as in relationship ( 1) ;
perimeter of the pile transverse section, in m ;
conventional resistance of the soil below the pile tip, given in table 6, in kP. ;
conventional resistance on the lateral surface of the pile corresponding to the "i"
layer, according to table 7, in kP.;
length of the pile in contact with the "i" layer, in m.

c. The bearing capacity in compression of a friction cast in situ pile
The following relationship is used :
(7)
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Type of pile from the execution standpoint
Driven piles
Jetted piles in sandy soils, provided driving is performed on the
last metter without jetting
Piles introduced by driving in :
a) sandy saturated soils, medium dense:
- large and medium
-fme
- silty
b) clayey soils having consistency
0,5 < le s; 1 :
- sandy silts
- sandy clays or siltv clays
-clays
c) clays with consistency index le> 1

m
1,0

Table 5
m
1,0

1,0

0,6

1,2
11
1,0

1,0
1,0
1,0

0,9
0,8
0,7
1,0

0,9
0,9
0,9
1,0

Table 6
Depth
of
penetration

Cohesive soils with le :

Noncohesive soils
Sands

Gravel

Large

Medi
urn

Silty
sand
0,8

0,7

0,6

0,)

0,4

4000
5100
6200
6900
7300
7500
8200
8800
9400
10000

3000
3800
4000
4300
5000
5600
6200
6800
7400
8000

2000
2500
2800
3300
3500
4000
4500
5000
5500
6000

1200
1600
2000
2200
2400
2800
3100
3400
3700
4000

1000
1200
1300
1400
1500
1600
1700
1800
1900
2000

600
700
800
850
900
1000
1100
1200
1300
1400

p,
kPa

m

3
4
5
7
10
15
20
25
30
35

0,9

~1,0

Fine

7500
8300
8800
9700
10500
11700
12600
13400
14200
15000

6500
6600
6700
6900
7300
7500
8200
8800
9400
10000

2900
3000
3100
3300
3500
4000
4500
5000
5500
6000

1800
1900
2000
2200
2400
2800
3100
3400
3700
4000

1200
1250
1300
1400
1500
1600
1700
1800
1900
2000

7000
8300
8800
9700
10500
11700
12600
13400
14200
15000

Notes to table 6
I. The penetration depth ofthe pile is measured from the level ofthe natural ground to the level of
the pile tip, when the fill or the cuts to be made are not exceeding 3 m. When fills or cuts are larger
than 3 m, the penetration depth is measured from a level above or, respectively below 3 m from the
natural ground level.
2. Tabulated values ofpv can be used provided the pile penetrates in the stable soil (which is not
ubjected to erosion or slides) at least 4 m in the case ofthe foundations of bridges and hy dro technic
works and at least 3 m in the case of other constructions.
3. In the case ofnon-cohesive soils, tabulated values ofPv are valid for dense or medium dense
soils (DR > 0,33).
4. In the case of large sands and gravels, tabulated values ofPv can be used only when the relative
embedment ofthe tip ofthe pile in the layer is tld ~ 15. For values oftld < 15, a corrected design
resistance should be computed usinf! the relationshiTJ :
Pv eorr = Pv (0, 7 + 0,02 t/d} (kP,}
where t is the embedment depth ofthe pile tip in the layer of large sands or gravels, in m ; d
diameter ofthe pile in the base plane, in m.
5. In the case ofsands (except large sands mentioned at p. 4) and ofcohesive soils, tabulated values
of Pv can be used only when the relative penetration of the pile tip tld ~4. For tld values 4 less than
the corrected resistance is computed with the relationship:
Pvcorr = Pv (0. 5 + 0.125 t/d) (kPaJ
6. For intermediate values ofthe depth or ofthe consistency index l e, values of Pv should be
obtained by linear interpolation.
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Table 7
Depth to the
middle of the
layer m
I

2
3
4
5
7
10
15
20
25
30
35
Notes to table 7

Noncohesive soils
silty
large and
fme
medium

~0 , 8

Cohesive soils with le :
0,7
0,6
0,5
0,4

0,3

r kPa

35
42
48
53
56
60
65
72

79
86
93
100

23
30
35
38
40
43
46
51
56
61
66
70

15
20
25
27
29
32
34
38
41
44
47
50

35
42
48
53
56
60
65
72

79
86
93
100

23
30
35
38
40
43
46
51
56
61
66
71

15
20
25
27
29
32
34
38
41
44
47
50

12
17
20
22
24
25
26
28
30
32
34
36

5
7
8
9
10
11
12
14
16
18
20
22

2
3
4
5
6
7
8
10
12

-

1. Values off are taken for the average depths, corresponding to the distance between the middle of
the "i", layer to ground surface, taking into consideration the note 1 to the table 6. In case of
layers with thicknesses greater than 2 m, the establishment of the f values is made by dividing in
sub-layers of maximum 2 m.
2. For intermediate values of the depths or of the consistency index le, fis obtained by linear
interpolation.
3. If within the limits of the pile penetration there is a layer of very compressible soil, of low
consistency (peat, mud etc.) ofat least 30 cm thickness and the ground surface is going to be
loaded (because of the vertical planning or other reasons), values offfor the highly compressible
layer and for the layers located above, are established as follows :
-when the surcharge does not exceed 30 kP., for all the layers located above the lower limit of the
highly compressible layer (including fills) f is taken 0 ;
-when the surcharge is between 30 and 80 kP., for layers located above the highly compressible
layer (including fills) the tabulated value f is multiplied by 0.4 and taken with negative sign while
for the highly compressible layer f = - 5 kP.;
-when the surcharge exceeds 80 kP.for layers located above the highly compressible layer the
tabulated values off are taken with negative sign, while for the highly compressible layer
f = - 5kP•.
4. If the pile penetrates through recent fills, clay layers under consolidation or collapsible soils
sensitive to wetting, with thicknesses exceeding 5 m, the tabulated values off are taken with
negative sign.

Table 8
Type of soil at the pile base
cohesive
non-cohesive
m3
1,0
1,0

Procedure used for concreting
the pile
Concreting in dry
Concreting under water :
- with base grouting
- without base grouting
Concreting under slurry :
- with base grouting
- without base grouting
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0,9
0,8'

():'9-

0,8
0,6

0,9
0,8

1,0

Table 9
Type of soil around the pile
cohesive
non-cohesive
m4

Procedure used for the pile
construction
Pile with the casing introduced by driving and the
concrete compacted by driving
Pile with the casing introduced by vibration and
the concrete compacted by vibration (at the
extraction of the casing)
Pile bored in dry, uncaused
Pile bored under slurry
Pile bored with recoverable casing
Pile bored with non-recoverable casing

1,0

1,0

07
0,6
05
0,6
0,6

0,6
0,7
0,6
0,7
0,8

where k, A, U, f;, li have the same significance as in relationship (2);
m 3 partial factor of safety, depending on the procedure used for concreting the pile, given
in table 8;
m4 partial factor of safety, depending on the procedure for the construction of the pile,
given in table 9 ;
Pv design resistance of the soil at the pile base, in kP•.
For displacement piles (constructed by driving or by vibration) the value of Pv is taken from
table 6.
For non-displacement piles with the base on cohesive soils, the value of Pv is computed with
the relationship (4}, provided the pile penetrates in the cohesive layer on a depth of minimum the
diameter of the pile or of the base :

Pv =Ne Cu + Y1 D (kP.)

(8)

where Ne bearing capacity factor taken as 9 ;
Cu design value ofthe undrained cohesion, in kP.;
y1 the average weighted value, through the thicknesses of the layers, of the design values
of the unit weights of the layers penetrated by the pile, in kN /cum ;
D the real embedment of the pile (depth at which the pile base is located, measured from
the ground surface or, in case ofbridge foundations, from the level of the river bed,
considering the erosion depth) in m.
When data concerning the shear strength of the layer at the pile base are missing, it is
allowed, for cohesive soils, to use the values Pv from table 10.
Table 10
Depth of the pile base,
m
3
5
7
10
12
15
18
20
30
40

~

1

850
1000
1150
1350
1550
1800
2100
2300
3300
4500

0,9

0,8

750
850
1000
1200
1400
1650
1900
2100
3000
4000

650
750
850
1050
1250
1500
1700
1900
2600
3500
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le
0,7
0,6
Pv kPa
500
400
650
500
750
600
950
800
1100
950
1300
1100
1500
1300
1650
1450
2300
2000
3000
2500

0,5

0,4

300
400
500
700
800
1000
1150
1250

250
350
450
600
700
800
950
1050

-

-

-

Notes to table 10
1. For intermediate values of consistency index le and of the depth;-p;;values ·are·e'Stablished-by·
linear interpolation .
2. In case of a cohesive soil with e > 0, 5, corrected values ofPv have to be used, established with
the relationship :

e-05
Pveorr = Pv (1- 0,5

O6' }
'

For non-displacement piles with the base on non-cohesive soils, Pv is computed with the
relationship :

Pv =a (y db N1 + Y1 De Nq) (kP.)
(9)
where a coefficient given in table 11, depending on the relative density DR of the soil at the pile
base;
y design value of the unit weight of the soil below the pile base, in kN/cm;
y 1 the average weighted value, by the thicknesses oflayers penetrated by the pile, of the
design values of the unit weight of the layers penetrated by the pile, in kN/cu m;
De design embedment of the pile, in m, to be established as follows :
- if D ~ (3d, then De = f3db ;
- ifD < f3db, then De= D.
D real embedment of the pile having the same significance as in relationship (4) ;
N 1, Nq bearing capacity factors, given in table 12 in function ofthe design value of the
angle of internal friction 4>' of the soil at the pile base.
Note.
When above the non-cohesive layer in which the pile penetrates there is a recent,
uncompactedfi/1, a layer of soft or very soft cohesive soil or a layer ofpeat, as real embedment D
is considered the depth ofpenetration in the bearing layer, and to the expression Pv defined by (12)
the term Y2 h is added, where :
Y2 design value of the unit weight of the weak layer, in kN/cu m;
h thickness of the weak layer, in m.

Table 11

ID

a
0,5
04
0,3

0,00 ... 0,35
0,34 ... 0,66
0,67 ... 1,00

4!'
Ny
No

26°
9,5
18,6

28°
12,6
24 8

30°
17,3
32 8

13

10
15
20

34°
34,6
64 0

32°
24,4
45 5

36°
48,6
87,6

38°
71,3
127,0

Table 12
40°
108,0
185,0

d. Bearing capacity of a compression pile in group
The following relationship is used :

Rg =mu R [kN]
(10)
where R bearing capacity of the single pile (outside the group), in kN;
mu partial safety factor to consider the group effect, which is established as follows :
- for end bearing piles mu = 1 ;
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- for foundations with embedded cap and friction piles mu = 1 ;
-,for foundations with cap above the ground level and friction piles, mu is established
according to the table 13, except the case of displacement piles fully embeddethn non~
cohesive soils for which mu = I.

r minimum distance between neighbour sides of neighbour piles, in m ;

r0 influence radius of the single pile, at the base level, in m :
ro = I: li tan Ei
li thickness of the "i" layer penetrated by the pile, in m

~i

E· = -

'

4

<Pi design value ofthe angle of internal friction of the "i" layer.
Notes
1. Values below unit from table 13 can be increased to a maximum of mu = 1 when the computed
probable settlement ofthe pile foundation is within allowable limits for the given construction
In layers where negative skin friction is considered (see notes 3 and 4 for table 7) is taken & = 0.

e. Bearing capacity of a tension pile
The following relationship is used :
Rsm=0,6kUI:mfili [kN)
(11)
where k, U, li meanings as in (2)
fi according to table 7, which in all cases is taken with positive values;
m partial factor of safety, equal to m2 from relationship (6) in case of precast piles and to
m4 from relationship (7) in case of cast in situ piles.
5. 4 Rules for serviceability

As shown, the condition (2) should be checked for the serviceability limit state.
For the orientation of the designers the Romanian Standard 3300/2-85 gives recommended
values of the displacements or deformations allowable for structures which are not specially
adapted for large or uneven settlements. These values can be considered regardless the type of
foundation. Of course, is up to the designer to establish the value of the allowable deformation in
order to avoid the occurrence of a limit state in the structure.

6. PARTICULAR NATIONAL EXPERIENCE
The most relevant experience related to the use of pile foundations in Romania is represented by
the acquisition over the years of a large volume of data from static load tests. This is a direct
consequence of the provision of the national code requiring the load test in the fmal phase of the
design.
A very impressive test was performed on a 1.97 m diameter bored piles, with left in place
steel casing, on the site of a new bridge over the Danube (Manoliu, Teodorescu, Tranca 1994).
Under a maximum direct load of 41,000 kN the settlement was of only 21 mm. In the opinion
of the author' s report, this was the largest axial load ever reached during the test of a pile.
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Calculation of pile foundations on limiting states - Russian
practice
A.A.Bartolomey, I.M.Omeltchak & A.B.Ponomaryov
Perm State Technical University

B.V. Bakholdin
N M Gersevanov All-Union Scientific Research Institute ofFoundations andUnderground
Constructions, Moscow

Abstract: here the methods of calculation of pile foundations bearing capacity and settlements
are given. Methods of pile foundations projection proceeding from permitted settlements of
buildings and constructions are described here.

1 CALCULATION OF THE PILE FOUNDATIONS BEARING CAPACITY
All-Russia standards of pile foundations projecting (Building Standards and Rules - BS&R 2.02.03-85 (1)) currently in force nowadays, are the forth remade and expanded reissue of the
projecting standards of 1962. Since that time they have being used in all regions of Russia. That
is why these standards are considered as the well-tested by a 35-year practice of their successful
use by all building organizations. Calculation of pile foundations on their bearing capacity is the
important stage of projection. According to the requirements of BS&R 2.02.03-85 (1), the
number of piles in foundation (and in the most cases their length) is defined on the basis ofthe
piles bearing capacity.
Calculated load which may be applied to a pile, is defined (according to the standards) by
dividing of the pile bearing capacity meaning Fd into the safety coefficient which is equal to 1,4
in calculations on the table standard calculated meanings of ground resistance, and 1,2-1,25 when
calculating on the data of static sounding or static and dynamic pile testing carried out with
measuring of residual and elastic refusal in the piles immersion.
According to the BS&R, ground carrying capacity is considered as calculated on the data of
static testing conventional limiting resistance of the ground foundation of a pile. This resistance
formally corresponds to the load when the pile settling (in case of its immersing until
stabilization of the settling, equivalent to 0,1 mm per 1 hour) is equal to 0,2 of the meaning of
permitted settling for a building or construction.
These methods of the piles carrying capacity calculation are accepted because settlements
registered during static testing of the piles, in fact, are considered as the settlements caused by the
ground deformations which are the consequence of development of the local but rather fast areas
of limiting balance near the pile upper and lower parts. Because of the short-term tests, there are
no any evident deformations of ground in other parts of pile foundation.
In N.M. Gersevanov Scientific Research Institute of Foundations and Underground
Constructions on the basis of experimental researches resuhs (some of them are given on the
figures 1 and 2), the methods of the pile carrying capacity calculation were worked out.
Development of the limiting balance areas in which a total pressing-out of the soil from under the
piles may take place, was taken into account. These methods also imply acception of the thesis
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about substitution of the principle of indissolubility of the soil environment for the principle of the
environment mass preservation, they
100

0

o.----1~oo~__2To_o~crL.~kP1 a
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kPa

0,5
1,0
1,5
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Figurel.Fragment of the results of the experimental
research of the stress distribution on the surface of
the driven pile, immersed by the depth of 1, 7 m
1 - before the pile loading
2 - after the pile loading.

-......a..: r-....

~

V
ifi

Figure 2.Fragment of the results of the experimental research ofthe stress distribuion in the soil around the experimental pile
1- vertical stress
2 - horizontal stress

assume the possibility of the soil compression with its internal out-pressing. Stated above
methods of calculation make possible to do mathematical description of the soil limiting
resistance under the lower part of the piles and on their side surface with dependence on
durability and deformation characteristics of soil concerning the interpretation of resistance used
in the BS&R 2.025.03-85 (1). Methods of calculation were elaborated for dusty-clayey and
sandy soils as well. As for the sandy soil, these methods allow to get meanings of the soil limiting
resistance under the lower parts of the driven piles R and on the side surface f in a quite simple
form:

1

fsuk~

9 yh [
1+/3
]
- .(
)
2 ~ (su + 2 1- :
ro
0

tgrp [9
!=
-(-kEp)
2

2 1+/3

2

2 3

yh

+U"ifihi-

1

yh ] -3

'2'f

(1)

(2)

(3)
where: r = the specific weight of soil (in case of its weighing under the level of underground
waters);
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h = the depth of the soil layer; Su = the limiting settling for a building or construction; §=- the
coefficient taking into account the degree of permissibility of the settling development by means
of internal soil pressing-out from under the foot of limiting balance, it is equal to 0,2 (according
to the BS&R 2.02.03-85 (I)); k =the coefficient taking into account the teclmology of the pile
immersion (pressing, driving-in, vibroimmersion , etc.); f3 =the nondimensional coefficient, equal
to 0,8 (according to the Building Standards and Rules 2.02.01-85 (I)); E =the modulus of the
soil deformation; Eo= the instantaneous modulus of the soil deformation; ro =the radius (half of
the side) of the cross section of a pile; U = the perimeter of the pile trunk; j; is the resistance of
the soil on the side surface of a pile; h; = the thickness of the first soil layer within the limits of
the side surface of a pile; <p = the angle of the internal friction of the soil; Ep = the unloading
modulus of the sands deformation, for the sands of average and high density it is equal to 70
t/sq.m, for the sands of low density- 60 t/sq.m, for the dusty sands - 50 t/sq.m.

Figure 3. Calculated resistance of the soil under the lower part of the driven and bore piles, with
dependence on the depth H of the pile immersion:
a) of the driven piles: - in dusty-clayey soil with the fluidity indicators h equal to: 1 - 0,6; 2 0,5; 3 - 0,4; 4- 0,3; 5 - 0,2; 6- 0,1; 8 - 0; -in the sands of the average density: 2 -fine sand, 7large sand, 9 - gravel sand ;
b) of the bore piles in dusty-clayey soil with the fluidity indicator h, equal to: I- 0,6; 11- 0,0.

Figure 4.Calculated resistance of the soil on the side surface with the dependence on the depth H
of the layer: -in dusty-clayey soil with the fluidity indicators h , equal to: 1 - 1,0; 2- 0,7; 3 0,6; 4 -0,5; 5 - 0,4; 6 - 0,3; 7 - 0; -in the sands of the average density: 5 -dusty, 6 -fine, 7 -of
the average size.
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Although the dependence (1) and (2) coincide with the consequences observed in nature and
accepted in the BS&R 2.02.03-85 (1), these consequences are not widely used in projecting
practice as well as all other theoretical solutions of the considered problem. In fact, projection of
pile foundations in Russia is carried out with the use of general experimental meanings of the
piles foundations soil resistance. Fixed by BS&R 2.02.03 (1) calculated meanings of the ground
resistance under the lower parts of the piles R and on the side surface f with account of
granulometric structure of the soil, its consistence and depth of bedding are given on the figures
3 and 4, which are made according to the table data of these standards. When accepting
durability and deformation characteristics of the soil, according to BS&R 2.02.01-83 (2), these
calculated meanings R and f coincide with the meanings calculated on the formulas (1) and (2).
With use of the fixed meanings of the soil resistance, carrying capacity of the driven piles Fd is
calculated (according to the Building Standards &Rules 2.02.03-85) on the following formula:
(4)

where: Ye = the coefficient of the pile work conditions, equal to 1, with the exception of dustyclayey soils with the degree of humidity Sr < 0,9, when Ye = equal to 0,8; Yer and YcJ are the
coefficients of the ground work conditions under the lower parts and on the side surface of the
piles, taking into account the influence of the way of the driven piles immersion and the driven
piles structure. These coefficients are equal to: - for the driven piles (in case of their immersing
by hammers) Yer = YcJ=1,0; for vibro-immersed piles Yer = 0,7:1,0 and YcJ= 0,9:1,0 depending on
the kind of soil; - for the bore piles, concreted without water in the bore hole (dry way) Yer = I, 0
and Ycr= 0,6:0,7, and for the piles concreted under the water Ycr = 0,9 and YcJ = 0,8; R andf is
the calculated resistance of soil under the lower and side parts of the piles, equal to the fixed table
meanings of the Russian Building Standards & Rules, given on the figures 3 and 4; A= the area
of leaning of the lower pile parts on the soil; U = the perimeter of the cross section of the pile
trunk; hi= the thickness of the i layer of the soil contacting with the sides of the pile.
During the last ten-year period for calculation of the driven piles carrying capacity, the results
of static sounding of the soils are also used. In this case, according to the Russian standards
(Building Standards & Rules 2.02.03-85 (I)), piles carrying capacity is recommended to
calculate on the following formula:

.

Fd

y cL.F u
(5)

I

nyg

where: ye= the coefficient of the work conditions equal tol; Fu =the special significance of the
limiting resistance of the pile in the point of sounding, calculated on the formulas (6) or (7); n =
the number of the sounded points; yg =the safety coefficient of the soil calculated in accordance
with variability of specific meanings of limiting resistance of the pile Fu in the points of sounding
with probability a.=0,95.
Specific limiting resistance of the driven pile in the point of sounding Fu is calculated on the
formulas: - with the use of the sounder of the first type (which measures a general resistance of
the soil on the sides of the sounder)
(7)
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-with the use of the sounder of the second type (which measures soil resistance of separate layers
on the sides of the sounder)
(6)

where:j31, j32, jJi are the transitional coefficients defined on the table 1; q. = the average
meaning of the soil resistance under the tip of the sounder, one pile diameter higher and 4
diameter lower than the mark of the foot of the projected pile; A = the area of leaning of the lower
part of the pile; f3 = the average meaning of the soil resistance on the sides of a sounder; h = the
depth of the pile immersion; U = the perimeter of the cross section of the pile trunk; fs1 = the
average resistance of the layer "i" on the sides of a sounder; hi =the thickness of the soil layer i.

Table !.Determination coefficients :j31, j32, jJi

fJ2 - coefficient of jJ; - coefficient of
transition from Is to transition from .fs; to
f for the sounder of f for the sounder of
the first type
the second type

j31 - coefficient of transition
fs,
fromq.toR

q.,
kPa

<100
0
2500
5000
7500
1000
0
1500
0
2000
0
>300
00

for the for the spiral fsi,
piles with the kPa
driven
piles
load
compr pulling
essing ant
0,90

0,50

0,40

>20

in sandy in dusty in sandy
-clayey
soil
soil
soil
1,50
0,75
2,40

in dusty
-clayey
soil
1,00

0,80
0,65
0,55
0,45

0,45
0,32
0,26
0,23

0,38
0,27
0,22
0,19

40
60
80
100

1,65
1,20
1,00
0,85

1,00
0,75
0,60
0,50

0,60
0,55
0,50
0,45

0,75
0,60
0,45
0,40

0,35

-

-

>120

0,75

0,40

0,40

0,30

0,30

-

-

-

-

-

-

-

0,20

-

-

-

-

-

-

-

When calculating the driven piles carrying capacity, it is recommended (according to the
BS&R 2.02.03-85 (1)) to use the data of dynamic tests, for the bore piles -the data of static tests
held in conditions of a building ground.
In dynamic testing, according to stated standards and registered data of immersion of the
driven piles, the limiting resistance of the ground foundation Fu is estimated on the formula :

l

112
2
77A[(1 +4Ea
- - · mt+& (mz+m3)J
-1

F.=2

77A Sa

mt+mz+mJ
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(8)

where: 17 =the coefficient, in case of concrete piles driving it is equal to 1500 kN/sq.m, in case of
the wooden piles driving it is equal to 1000 kN/sq.m; A =the area, limited by the outer contour of
the solid or hollow cross section of the pile; Ed = the actual calculated energy of the hammer
shock or calculated energy of a vibroimmerser calculated on the table 2; Sa = the actual
remaining rejection equal to the significance of the pile immersion by one hammer shock; m1 =
the mass of hammer; m2 = the mass of the pile and its head; m3 =the mass of the shock part of a
hammer; El is the coefficient of shock restoration, equal to 0,2.

.
T a ble 2 .Ca Icu Iated energy ofth e VI'brounmerser
shockEd
Power of the
200
300
400
vibroimmerser,kN lOO
Equivalent
calculated energy
175
of
the 45
90
130
vibroimmerser
shock, Ed, kDt

500

600

700

800

220

265

310

350

Indicated formula (8) allows to make exact calculation of carrying capacity of the piles
receiving rejections of more than 2 mm by one hammer shock. If rejections are less than 2 mm, it
is recommended to carry out dynamic tests of the pile with measuring of elastic rejections, and to
make calculations on special formulas:

(9)

(10)

where the following marks are introduced: S.1 = the elastic rejection of a pile (elastic shift of the
soil and pile as a result of one shock); Af = the area of the pile sides contacting with soil; g = the
acceleration due to gravity; H =the height of the hammer shock part fall .
Choice of some method of calculation of the piles carrying capacity is usually made (in
Russia) by a project organization. But if the results of dynamic testing of the piles are used, the
number of tests must be no less than 6, except the static piles tests (no less than 2) with the
condition that they are held on the building ground with the most unfavourable soil layers.
2 PROJECTING OF THE PILE FOUNDATIONS ON PERMISSIBLE SETTLEMENTS OF
BUILDINGS AND CONSTRUCTIONS
Many experimental researches prove that concentrating deformations take place under the pile
foundations. Therefore, in projection of the pile foundations on the permissible states, it is very
important to calculate settlements and their accumulation with time. It is explained by the fact
that if the distance between the piles is 3-4 d, foundations work as an indivisible massif. Threfore,
in order to achieve the limiting state of the soil in the concentrated area under the piles of 5-15 m
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length and development of the plastic deformations area, much more load is required than for
achievement of permissible settling. fu this case, the pile and foundations loads are defined
proceeding from the limiting permitted loads for the buildings.
On the basis of solution of the plane and area problems, theory of linear-deformed
environment, filtration consolidation, phenomenological theory of hereditary creep and non-linear
mechanics, the estimation methods of the deformed state of the pile foundations active areas, of
settlements of different pile foundations with account of the main principles of their interaction
with the surrounding ground, were elaborated (4).
fu virtue of these researches, methods of the pile foundations projection proceeding from the
limiting settlements of buildings and constructions, were worked out. It was noted that ,
according to the Russian Building Standards & Rules 2.02.03-85 (1), special significance of
limiting resistance of a pile was equal to the load under which the influence of settling is equal:
(11)

S=c!;Su

where: Su = the limiting significance of the average settling of the projected building
foundation; ; = the coefficient of transition from the average limiting settling of the building
foundation Su taken into account because of long lasting load, to the pile settling received after
the static testing of the piles with the conventional dying-out of the settling.
According to the BS&R 2.02.03-85, the coefficient ; is equal to 0,2. The standards permit
more precise definition of the coefficient ; on the basis of long lasting piles testing and on the
results of observation of settlements of buildings erected on pile foundations in similar soil
conditions. However, project organizations do not have nowadays sufficient data of long lasting
testing of the piles or results of observation of the buildings settlements, that is why projection of
pile foundations is usually held in accordance with the recomendations of Russian Building
Standards and Rules.
Analysis of the numerous results of the pile testing proves that in calculated loads on the piles,
according to the recomendations, the settlements constitute 2-8 mm. Under the influence of long
lasting load, the settlements increase. Besides, in pile foundations there is the piles interaction
and their settling will be bigger than the settling of the single piles in usual static tests.
We made researches of the actual settlements of the tape one-row pile foundations which
carrying capacity was calculated according to recomendations of the BS&R. It was fixed that
settlements were equal to 15-20 mm, i.e. 4-6 times less than the limiting significance of the
average settling of the projected building or construction foundation. Therefore, adopted
nowadays methods of calculation of carrying capacity of suspension piles give an enormous
spare.
During the work of the piles as the parts of foundations, the character of transition of settling
to the ground changes to a marked degree. The size of active area and settling are influenced by
the distance between the piles, their number, leaning of raft on the ground or by lack of contact
of raft with the ground and by other factors.
Settlements of single piles usually increase much in case of loading close to the limiting one. For
the pile foundations, smooth increase of settling with the load increase is typical (Figure 5).
As a standard significance of limiting resistance of the piles we suggest taking the load ith
which a total stabilized settling is close to the limiting permissible settling of buildings (4). Total
stabilized settling is defined on the data oflong lasting tests of piles or by calculations.
On the basis of experimental researches and analytic solutions and depending on the initial
data, the following methods of the pile foundations projection are suggested.
l. The first method is based on calculation of settlements of the single piles and pile
foundations in the course of time according to the methods described in (4). When using this
method, it is necessary to have data of usual tests of the piles in analogous soil conditions, and
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graphs of settlements in time at least of 2 stages of loading. Settlements should be measured in
5, 10, 15,30 minutes and 1, 2, 4, 8 hours after the loads applying.

Figure 5.Comparison of calculated and real settlements of foundation from the piles ofthe section
30x30 cm, 12m long:
1 - in case of lack of raft and ground contact;
2- in case of the raft leaning on the ground;
3- calculated data.

Formula for calculation of settlements in the course of time has the following form:
- when working in sandy soil:

1
p
S, = -arctg-[1 + D(l- e-'1 1)]
B
b

(12)

- for the piles working in clayey soil:

(13)

- for the pile foundations there are the following formulas:
(14)

1
p
S, = (l + k 0 )-arctg-[l + A!-1-]
B
b

(15)

1
p
where: B = -arctg- , So= the settling measured in 15 minutes after the load P applying; Ko
s0
b
=the coefficient taking into account the piles interaction. It is defined on the Figure 6.; b - ( kN)
is defined according to the limiting meanings tg, arctg and limiting load on the pile Ppr· ;

328

~tgBS -1
D=_._P___
n_
1- e-n•.

(16)

b
-tgBS -1
A=p
n

(17)

tl-A.
n

where: Sn =the settling in the moment tn with the load P. Parameter A is accepted equal to 0, 7.

Figure 6.Dependence of coefficient Ko from distance between piles d and length of pile L .

Having defined (on the results of testing of 1 pile with the constant load) the coefficients A
(1/time), B (1/cm), D and A, it is possible to define (on the formulas (12) ,(13)) the settlements of
the piles loaded by different loads Pin any period of time.
The load when the total stabilized settlement is closed to the limiting settlement for buildings,
is equal to the standard meaning of limiting resistance of a pile or a pile foundation. Bearing
capacity of a pile is calculated by muhiplying of the standard meaning of the pile limiting
resistance on the coefficient of work conditions and by division into the safety coefficient on the
ground. Standard meanings of the piles limiting resistance may be much higher than the ones
received according to the existing now methods of the piles carrying capacity calculation.
On the figure 7 there are the results of research of the piles carrying capacity in case of
settlements equal to the limiting ones. The pile with the section 30x30 cm and length of 7 m was
tested on 1 of the building grounds of the block No.45 of Perm city. The load was equal 340 kN
and stabilized settling was equal to 80 mm. This load may be accepted as a specific meaning of
the pile limiting resistance. When using the traditional methods of the piles carrying capacity
calculation, limiting resistance was equal to the load of 250 kN. fu this case calculated load on
the pile is equal to 272 and 200 kN. With the load of 270 kN, according to the tests results, the
single pile settling constitutes about 3 cm. fu the course of time the settling increases. On the
figure 7(b) the graph of the settlement in the course of time, calculated on the formula (12), is
given. Total stabilized settling is 4,5 cm. fu case of the work of the piles as the parts of pile
foundations, the piles interaction takes place. With the piles step 4d and the load on the pile of
270 kN, the settling in the course of time is calculated on the formula (15). Total settling does not
exceed the ones permitted for the buildings.
2.When using the second method, the graph "load-settling" for the pile foundations on the
results of analytic calculations of settlements on the worked out methods , is made and the pile
foundations carrying capacity is defined proceeding from the buildings limiting settlements. When
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using this method, it is necessary to have results of the pile tests or the resuhs of static sounding
for calculation of the modulus of the ground deformation in the pressed area of pile foundations.
To make the graph "settling-load" with account of linearity, one may use approximate
methods suggested by V. G. Berezantsev (1970): 1) substitution of the curve-linear part of the
graph of settling for the broken line; 2) approximate account of influence of the limiting tense
state areas on the size of settlement.
Taking into consideration these suggestions, it is possible to make the following formulas for
calculation of settlements of the piles and tape pile foundations in case of their work in sandy soil:

(18)

10

T,hours

!50

300

-

320

340

J70
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20

2
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4 (months)
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~
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\
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Figure 7. Resuhs ofthe piles testing in case of the settlements equal to the limiting ones for the
buildings (a), and dependence of settlements on the time with the load on the pile of270 kN (b):
- 1 and 2 - for the pile with the section 30x30 cm, immersed on the depth of 7 and 6,5 m;
- 3 - for the single pile with the load of 270 kN;
- 4 - for the tape foundation with the piles step of 4d.
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(19)

With the help of these formulas (18, 19) one can calculate the carrying capacity of the pile
foundations proceeding from the permissible settlements of buildings and constructions.
Formulas for description of dependence "settling-load" for the piles and the tape pile
foundations with account of influence of the limiting tense state areas on the size of settling and
for the cases offoundations work in clayey soil may be presented in the following forms:

(20)

-p
cO
d
Pprs: s
Sl = - u0 + - ;r£1

(21)

2£n

where: skand SI are the settlements of the pile cluster and the tape pile foundation; Ppr = the
bearing capacity of the pile foundation within the limits of proportional dependence of settling on
the load defined on the following formulas:
- for the piles (N)

(22)

- for the tape pile foundations (N/cm)
(23)

where: P = the load on the pile foundation when the settling is defined; Wo and ao are the
nondimensional components oftransition which are defined on the table (4); I= the length of the
pile;
b and do is the width of the row of piles and pile foundation; E = the modulus of the ground
deformation within the limits of linear dependence of settling on the load (4); En = the modulus of
the soil deformation calculated on the formula (4) and on the graph of testing of the pile-stamp in
case of different settlements out of the limit of proportionality; Spr.sh. = the settlements when
frictions on the sides of a pile are totally mobilized ;for the single piles the limiting transition of
settlement with dependence on density of sandy soil and consistence of clayey soil is equal to 215 mm, for the pile foundations - 25-40 mm (4) ; S =the nondimensional value defined on the
figure 8 with dependence on P .

_

p=

P - Ppr - q

(24)

_----<:,:..___

where: q =the load on the level of the piles edge; Cp =the calculated significance of the ground
cohesion.
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Figure 8. Graph for calculation of the settlements on the data of V. G. Berezantsev

C

ctg<p

P

(25)

=C--"'-'--1t

ctg<p+<p- 2

where: C =the ground cohesion.
For the tape pile foundations the meanings of q and Cp are taken on the unit of length of tape
foundation.
Using the formulas (20, 21), one can find the carrying capacity of the pile foundations
proceeding from the limiting settling in case of the foundations operation in clayey
soil. Calculation is carried out by the following way. One calculates the nondimensional value S
in case of settling equal to the permitted .For the pile cluster:

- 2E
S = -b" (S.- Spr.sh)
cP

(26)

for the tape pile foundations:
(27)

where : Su = the limit deformation of foundation and construction.
Having calculated S, we can find in the Figure 8. the meaning of P. Load on the pile foundation
when the limiting settling will be achieved, may be defined according to the condition:
(28)

Calculated load permitted on the pile foundation, is equal to
(29)

where: n = the safety coefficient accepted according to the BS&R depending on the way of the
piles carrying capacity calculation.
For example: it is required to calculate the carrying capacity of 1 meter of 2-row tape pile
foundation, the section of the pile is 30x30 cm, the piles length is 12 m, the distance between the
piles is 3d. Physical-mechanical features of the soil are as follows: modulus of the ground
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deformation in the pressed area E 1 = 32; En = 8, 7 MPa, Spr.sh . = 3 cm, the angle of internal
friction <p = I6°.
I. First we should find out the width ofthe pile foundation : /3= do 11 = I,3 I I2 = O,I08;
2. Then we calculate the depth of active area. If f3 = O,I08, v = 0,3 g, according to the table (4)
we find out that 02 =I with the depth of20/l = 2,2;
3. Now we define the component of transition cSo on the monogram on the Figure.9. When 20/1 =
2,2, {3= 0,108; v= 0,35, o= 2,54;.
4. Now we should define the bearing capacity of I-m tape pile foundation within the limits of
linear dependence "settling-load":

P

_ S pr.sh trEI

pr-

00

3·3I4·32·I02
'
= 11800 NI cm= 1180 kN I cm
2,54

5. Then we should calculate the calculated meaning of cohesion for a unit of the foundation length
with account of internal friction influence.
ctg<p

Cp=C--..=.!-1t

ctg<p + <p - 2

0023 ·I0 2
2, 747
'
2, 747 +0,349-1,57I

4,I5N /cm

6. Now we define the nondimensional value S when the settling is equal to the limiting one for
the buildings 8 cm.;
-

2 [
cpd u

S =-- S E n

En Ppr
trEI

oo) =

2
[
2 8,7·I02 ·11800 · 2,54)
8 ·8 7·10 =I7,49
4,I5·120
'
3,I4 ·32·102

Figure 9. Nomograms for definition ofthe meanings 0o and dependence on the given depth of
active area, the given width of the pile foundation and the coefficient of the side widening of the
ground v.
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Figure 10. Results of observation of the settlements of the 9-storeyed block-house of the type lP-447 on Krupskaya Str., 79:
a) vertical section of the ground;
b) plan of the foundation;
c) diagram of the average speed of the load increase;
d) diagram of the marks settlements with dependence on time;
I - setllements during the period of building;
2 - settlements during the period of observation.
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7. Now we find P on the Figure 8. When S = 17 49 P = 3 25·
8. We calculate the load on the tape pile foundatio~ ~en the lrrnrting settling is achieved:

P=Pcp+Ppr +q=3,75·4,15+11800+2310=1413 kN I m
9. The load on the pile (as the part offoundation) will be equal to:

10. Now we shall define the calculated carrying capacity of the pile with account of the work
conditions coefficient and safety coefficient of the soil:
Fd =Y cpcb

Yq

=1·636 =636kN
1

11. According to the results of static testing of the 2-row pile foundation, the limiting resistance
of the piles in the structure of foundation is equal to 700 kN.
When projecting pile foundations proceeding from the limiting settlements of buildings and
constructions, it is necessary to control the stress on the surface of the pile foundation edge, the
voltage should not exceed the resistance of the foundation ground with account of its
concentration when driving-in of the piles or the structure of the bore-driven piles (1).
Nowadays on the Department of Foundations and Bridges of the Perm State Technical
University the programme "PLAST" (5,6) is elaborated. This programme allows to calculate the
settlements of pile foundations with account of changing of the grounds features as the resuh of
the piles driving, layering of the grounds of active area, of variable hardness of the erected
building and preparation of the grounds loading.
It was noted, that divergence of calculated and nature settlements constitute 8-12% (Figure
5). The results of research of carrying capacity of the pile foundations in case of the settlements
equal to the limiting ones, and description of the methods of projecting were used in building of
more than 30 buildings and constructions in the Perm and Tyumen regions. The settlements of
the most of the buildings and constructions were carefully observed (during 10-15 years). The
experience of projection of the foundations on the limiting deformations proved that pile
foundations may be projected more economically by means of increase of the loads or by cutting
down of the piles number by 20-30%, and in case of raft and ground contact- by 50%.
For example, in the block No. 1405 on Krupskaya Street of Perm city, for the building of 9storeyed brick houses of the type "1-R-447C-25/65", according to the RBS&R, 2-row pile
foundations (with the pile section of 30x30 cm, 11 m length and with the load 400 kN) were
projected. Building grounds were covered by a thick (23 m) layer of clay of the soft-plastic
consistence. Experimental researches of the elements of pile foundations with the high and low
raft and pile foundation projection proceeding from the limiting settlements of buildings showed
the possibility of substitution of the 2-row pile foundations for the 1-row ones (Figure 10).
Tensometric rings for measuring of actual loads were put on some piles. Calculated load on the
pile was equal to 800 kN, standard load- 666 kN, actual load- 640 kN.
In order to get full information about the settlings of this building, calculation of the pile
foundations settlements with account of the piles internal rows interaction, was made. We also
organized precise geodetic observation of deformations.
During the period of building, the average settling constituted 42 mm, during the whole period
of observation- 64 mm (Figure 10).
Due to these examples, it is clear that definition of the piles carrying capacity proceeding from
the limiting settling , is possible. Absolute dimensions, the difference and relative bends of real
settlements of the buildings do not exceed those of the limiting settlements (4).
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1. Regional geology

The regional geology of Sweden is characterised by landforms caused by continental ice sheets that
withdrew about 13.000 to 8.000 years ago. Large areas were isostatic subsided and later flooded by the
sea when the ice melted. These areas are now farmland with fme-grained sediments deposited in water.
The bedrock in Sweden is mostly of crystalline types. Sedimentary bedrock is only found in the most
southern part (Scania), in some places in the middle parts and in the mountains along the border to
Norway. Because of these conditions the dominated soil deposited by the ice is till. A layer of till
covers most bedrock. In areas of or near to sedimentary rock the deposit is a clay till.
Fine-grained soils consisting of clays can be found along the coasts and along the shores of the large
lakes. On the east coast the thickness of the clay layers is seldom more than 15 metres while thicknesses
of 50 to 100 metres can be found on the west coast in the Gothenburg area. The clay is mostly soft and
of glacial origin. The upper part of the layers is very soft and postglacial. The most upper part often has
a high organic content. The clay till in the south-western part of Scania often has a thickness of 15 to 40
metres.
In the river valleys, especially in the northern half of Sweden, thick deposits of river sediments of sand
and silt can be found. Large delta deposits can also be found near the highest prehistoric coastlines. The
thicknesses of these river and delta sediments can be up to 50 metres. Also washed deposits of fmegrained soils with thicknesses of20 metres can be found along hillsides.
In areas of former lakes organic soils of peat can be found. The thickness of theses deposits is seldom
more than 5 metres.

2. Common practice for soil investigation
The objective of soil investigations for piling projects is to establish a reliable picture of soil strata to
decide upon pile type and pile length. With the results also the risk of buckling and dragdown should be
handled.
With regard to the geological conditions in Sweden the soil investigations mainly consist of penetration
testing to determine depth to till layers or bedrock beneath soft fme-grained soils. The most common
method is dynamic probing type HfA standardised by the Swedish Geotechnical Society. The method
reminds of SPT but without preboring and soil sampling. In many cases penetration tests are carried out
with hydraulic hammer or rock drilling equipment to determine the bedrock surface.
The soft soils are investigated nowadays mainly by cone penetration testing (CPT). The strength
parameters are determined by field vane tests and the consolidation conditions are determined by tests
in a CRS oedometer on undisturbed soil samples. For end-bearing piles the soft soil is investigated to
get design parameters to calculate lateral support and negative skin friction or downdrag. For friction
piles results from CPT and field vane tests are the basis for design of bearing capacity.
The Swedish Geotechnical Society has recently (1993) published reports in English of recommended
standards for Cone Penetration Testing and the Field Vane Shear Test.

337

3. Piling technology
The Commission on Pile Research at The Royal Swedish Academy of Engineering Sciences has
collected and published statistics of piled foundations in Sweden since 1962. In the last decade
approximately I a 1.5 million metres of piles have been installed per year. Nearly 80% are driven
jointed precast concrete piles. For nearly 40% of the end-bearing piles the geotechnical bearing
capacity is verified by stress wave measurements. For friction piles in soft clay a composite pile of
timber spliced to concrete is used. Steel piles are mainly used in special cases for example underpinning.
Piles are normally installed using hydraulic drop hammers or wire rope driven hammers with 3 to 5 tons
weight.

4. National relevant documents
The basis for general design is the National Building Code (BKR 94), the Handbook for Concrete
Structures (BBK 94) and the Handbook for Steel Structures (BSK 94) released by Boverket (Swedish
Board of Housing, Building and Planning).
For highway bridges there is the National Code BRO 94 released by Vagverket (Swedish National Road
Administration) and for railway bridges the National Code BV Bro released by Banverket (Swedish
National Rail Administration).
Many handbooks and manuals for piling are released by IVA P1Hkommissionen (The Royal Swedish
Academy of Engineering Sciences. Commission on Pile Research).
All publications are written in Swedish.
Chapter No 7 in Eurocode 7 (EC 7) contain general rules for pile design. Rules are given for how to
design piles on the basis of partly load tests and partly geotechnical soil data. The rules in EC 7 about
safety factors are changed in the Swedish National Application Document (NAD). The rules given in
EC 7 are good for static load tests when the number oftested piles are few. However, when dynamic
tests (stress wave measurements) are used, sometimes I 0 piles or more, are tested. For this situation
which is rather common in Sweden special rules for chose of safety factors are given in the Swedish
NAD.

5. Detailed description of the national design methods.

5.1 Definitions
Structural capacity of the pile: The pile material ultimate capacity
Geotechnical bearing capacity: The ultimate capacity of pile- soil interaction.
The pile bearing capacity: The lowest of structural capacity of the pile and geotechnical bearing
capacity.

5.2 General philosophy
The piles, joints and shoes are to be designed structurally to withstand actions during handling,
installation and during the fmal stage. This is called the structural capacity of the pile.
The pile- soil interaction shall withstand the actions at the fmal stage. This is called the geotechnical
bearing capacity.
The design compressive force during the installation can either be derived from wave equation analysis
or in a simplified way.
The maximum force F,k from wave equation analysis gives the design axial force
F,d= YrFck
where
Yr = 1,0 in design for fatigue
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yr

=

1,3 in design for ultimate limit state

In the simplified way the design axial force can be reached from
Fed= 1,2 Yr~
where
~ = characteristic geotechnical bearing capacity

The design of the structural capacity of a pile shall take into account crushing and buckling. If the pile
is designed for an axial force and moment the structural capacity for these actions shall be calculated.
When designing for axial compression force the following factor is of importance:
• the pile cross section, bending stiffness and moment capacity,
• the strength of the pile material
• the initial curvature (after driving)
• driving work, and residual stresses caused by installation
• the lateral subgrade reaction

5.3 Design on basis of static load tests
Static load testing is seldom done in Sweden. Today dynamic load testing has taken over.Calibration of
dynamic test method has been done with a number of static load tests during the last 20 years.

5.4 Design on basis of ground test results
5.4.1 Friction piles in soft clay
The ultimate bearing capacity of friction piles in soft clay can be geostatically analysed in general form
on the basis of the undrained shear strength by the equation:
Qr= a Cus A,+ Cut Nco A,
where
a=

cus

=

Cut

=

Nco=

As

At

=
=

empirical factor. Value depends on soil characteristics, shape of pile, pile diameter, type
of pile, installation method, time to failure, time after pile installation etc.
undrained shear strength along the shaft.
undrained shear strength at the pile tip.
bearing capacity factor.
shaft area.
tip area.

If the piles are installed in normally consolidated or slightly overconsolidated cohesive soils, the tip
resistance is usually negligible in comparison with the shaft resistance.
For driven timber piles in soft clay a can be put equal to 1 for short-term loading and 0,7 for long-term
loading (a= 0,7 can be considered representative of the creep failure of the pile, i.e. the load that leads
to excessive creep settlements). For piles with constant cross-section driven into soft clay (such as concrete piles), a can be put somewhat lower (0,8- 0,9 of the values given above).
In layered soil with varying characteristics, the total shaft resistance is obtained by summation of the
contributions given by the various layers.
In the case of a pile whose diameter varies linearly with depth (timber piles) and which is installed in
clay with an undrained shear strength increasing linearly with depth (cu = C00 + kz), the ultimate bearing
capacity Qr can be determined by the relation:
Qr =an lP [ (l/2) ( Dph + DP,) C00 + (1/6) (Dph + 2 Dpt) k lP]
where
Dph =
D'P =

pile head diameter.
pile tip diameter.
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lP

=

pile length in clay

The working load is determined considering acceptable settlements. Calculations of the working load is
performed by dividing the shear strength values by partial safety factors Yn for safety class according to
the National Building Code and Ym for uncertainties in the material properties. In the actual case this
means that the ultimate bearing capacity along the shaft is only mobilised along the upper part of the
pile due to the flexibility of the pile. If the strength value is the undrained shear strength determined by
the field vane test values ofym according to the National Building Code can be used. If the piles are
designed as creep piles beneath a raft then the ultimate creep bearing capacity should be used as working load. In such a case the bearing capacity is mobilised along the whole length of the pile.

5.4.2 Friction piles in sand, silt and heavily overconsolidated clay
The ultimate bearing capacity Qr(the soil resistance to pile driving) of driven friction piles in sand, silt
and heavily overconsolidated clay can be predicted by the following relation (Meyerhof, 1976) based
on the results of SPT ( Qr in kN and A, and A, in m 2 ):
Qr= 400 N30, A,+ 2 N 30, A,
where N301 represents N 30 count at the pile tip level and N 30, the average N 30 count along the shaft of the
pile. If the soil consists oflayers with different characteristics the total bearing capacity is obtained by
summation of the contributions given by each separate layer. In Sweden N20 obtained from the dynamic
probe HfA is often put equal to N 30 from SPT dependent on the lower driving energy.
The ultimate bearing capacity obtained by this relation is considered to correspond to characteristic
values of pile driving resistance of precast concrete piles according to Swedish Standard.
The ultimate bearing capacity can also be predicted by a relation recommended by Bustamente &
Gianeselli (1982) based on the results ofCPT investigations.
The ultimate bearing capacity is often verified by dynamic load testing.

5.5 Design on basis of driving formulae
In 1960 a version ofHiley's formula was used for end bearing piles. Today design on basis of wave
equation is used instead.

5.6 Design on basis of wave equation analysis
A driving criteria is often derived from a wave equation analysis. For standardised piles and driving
equipment, a standard driving criteria for precast concrete piles derived from wave equation analysis is
available in table 1. This is an example of standard driving criteria for precast concrete square pile with
a crossectional area of0.075 m 2 .
Table 1: Design ultimate geotechnical bearing capacity in kN for end bearing piles in safety class
1 (SCl). For SC2 the values are divided by 1.1 and in SC3 with 1.2 (Reference table 1.5 in IVA
RAPPORT94)
Hydraulic hammers
Wire rope driven hammers
mm/
Drop
10 blows
height
4ton
5 ton
3 ton
4 ton
5 ton
3 ton
(m)
0.20
410
10
475
500
500
0.30
525
620
670
410
475
460
585
0.40
630
730
800
550
525
0.45
825 *
620
670
525
0.50
725
825
775
605
705
0.60
* If pile length < 8m drop height 0.40 m
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Dynamic load tests are done on around 40% of all piling site. Tests are performed at start of work as
test piling operation. The number of piles tested is approximately 5 % but not less then 4 piles. If
construction control is performed 10-25% of the piles are tested.

5.7 Safety factors.
In Sweden the partial factoring is used but also a probability study can be used.
There are three partial factors used YRd, Ym and Yn where YRd is for the model uncertainties , Ym is for
variations in the material parameters and Yn is depending on safety class.
Sometimes this factors are given as total safety factor: Ytot = YRd Ym Yn
The values for the product YRd Ym Yn in the use of wave equation should not be less than 2.3 in safety
class 2 in accordance with BRO 94.
If dynamic load testing is performed and 4 piles are tested in one soil type the characteristic value of the
measurements (average) shall be divided by the product YRdYm Yn. This value shall in safety class 2 not
be less then 1.6 if the piles are driven to bedrock and not less then 1.85 if driven into soil in accordance
withBRO 94.

5.8 Rules for serviceability
Rules can be found in relevant national standards.

6. Quality control and monitoring
The monitoring of the installation of piles follows the European pre-standard PR EN 288005
"Displacement piles". The position of the piles must be measured after installation to see that both
structural capacity and geotechnical bearing capacity is higher than the action on the pile in its real
position.

7. Particular national experiences
Extensive research on friction piles in soft clay has been performed at The Chalmers University of
Technology in Gothenburg and published in theses by Torstensson (1973), Beigler (1976) and Jendeby
(1986).
Extensive research of general piling technology has also been performed by The Swedish Academy of
Engineering Sciences, Commission on Pile Research. The results are published in several reports (most
of them in Swedish, recent reports have a summary in English). Some of them is listed in the reference
list.
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Design of axially loaded piles - Swiss practice
RBucher
Swiss Federal Institute of Technology, Zurich

ABSTRACf: In Switzerland piles are frequently used in foundation engineering. The main
reasons are the following: the general scarcity of building land and therefore the need to
construct new buildings often on soils with unfavourable conditions, the increase in building
loads, the application of the popular top-down construction method and the availability of
efficient and competitive piling systems. Thus, already twenty years ago a national code for
pile foundations appeared. It has been revised recently and is the most important basis for
this national report.
1

REGIONAL GEOLOGY

With respect to the geology, Switzerland is commonly divided into three main areas: the
Alps, the Central Plain and the Jura. An overview of the geological conditions of these three
areas is given below following mainly Schindler/Nievergelt (1987), von Moos (1953) and
Jlickli (1989).

The Alps exhibit rocks of most varied nature, sometimes even over short distances. The
core of the Alps is formed by crystalline rocks as gneiss, mica schists and granites. North of
it limestones, calcareous and argillaceous schists, sandstones and conglomerates are
predominant.
In the Jura, limestones, marls, clay-shales, sandstones and gypsum are the most

frequently found rocks.
With a few exceptions of tectonically stressed or highly weathered zones, the physical
properties of the rocks found in the Alps and the Jura are not of great interest in connection
with pile foundations. This is in contrast to the soils found in the Central Plain and in the
Alpine and Jura valleys.
The soils of Switzerland may very generally be divided into the deposits of the glacial
period and the deposits of the post-glacial period.
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During the last glaciation, the major part of the Central Plain was covered by glaciers.
Their main deposits are ground moraines consisting typically of grains of all sizes from the
clay and silt fractions up to gravels and even boulders. They are usually very compact and
often used in connection with end bearing piles. The lateral and terminal moraines are less
homogeneous and coarser.
The glacial streams separated the morainic material into different fractions. Coarse
material was deposited as outwash gravels. Their bearing capacity is very high. As they are
further very permeable, sometimes tension piles are required in cases of deep excavations
and high ground water levels.
Fine materials of the silt and clay fractions were deposited in water-filled basins during
the melting of the glaciers. These glacial clays may be normally consolidated or
overconsolidated. Their bearing capacities are very often not sufficient for flat foundations
and may require pile foundations.
During the post-glacial time, the filling up of the wide valley bottoms and the lakes
continued by the rivers. The deposits are generally coarse grained although intermixed with
finer materials and occasionally organic materials. At the lower ends and along the shores of
the many lakes in the Central Plain of Switzerland, problematic soils are often encountered.
A typical soil profile may include (from top to bottom): peat, lake marls, lacustrine clays.
Below theses soft and usually sensitive soils, the ground moraine is found in depths of up to
30 m and more. Building loads have frequently to be transferred down to the depth of the
ground moraine by end-bearing piles. Friction piles may only be considered if the ground
moraine is deep seated or if the pile loads are rather small.
2

COMMON PRACI1CE FOR SOIL INVESTIGATION

Pile foundations require a detailed investigation of the soil profile and of the geotechnical
properties of the subsoil over the entire depth which is influenced by the piles.
The investigation has to cope with all aspects which could be of importance for the pile
project as
the geological profile and the geotechnical properties of the soil and rock layers to a
sufficient depth
cleavage and cavities in the bedrock
the ground water with respect to its hydrostatic, hydrodynamic and chemical conditions
geological, hydrogeological and atmospheric conditions related to the durability of pile
system and material
stray currents.
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For the investigation generally borings are required which allow to carry out the
necessary in-situ tests and to collect soil samples for complimentary tests in the laboratory.
As far as in-situ tests are concerned, the Standard Penetration Test (SPT) is quite
common in deposits of glacial and fluvio-glacial deposits. If these deposits are fme-grained,
the static cone penetration test (CPT) could be considered as well and has recently been
described by Amann (1992). But as the glacial deposits are very often coarse grained and
heterogeneous in Switzerland, the application of the CPT is not common in soils of the
glacial period.
In fine grained cohesive soils of the post-glacial time, the in-situ vane shear test is often

applied for the determination of the undrained shear strength. In case of stiff fissured clays,
the Standard Penetration Test is carried out instead of the vane test. The cone penetration test
is increasingly considered for the investigation mainly of the post-glaciallacustrine deposits.
It is general practice to install open tube micropiezometers in the boreholes. Depending
on the soil profile this is done in one or several levels. Emphasis is placed on an efficient
sealing of all the boreholes, with or without micropiezometers.
The laboratory soil programme consists besides the classification tests mainly of triaxial,
direct or vane shear tests, of fall cone tests and of compression tests.

3 PILE TECHNOLOGY
As outlined in chapter 2, the geological conditions are quite mixed in Switzerland. This
results in the fact, that in Switzerland many different pile types are in use. The selection is
done mainly on the basis of the actual geological situation and the loading.
For large depths of the bearing stratum and for high loads, bored non-displacement piles
are selected. On the overall, they are used in the majority of the applications. Bored piles
with diameters of 0.5 to 1.2 m have usually a temporary casing. Bored piles with diameters
of 1.8 to 3.5 m are excavated using a bentonite suspension. For diameters from 1.2 m to 1.8
m, they may be carried out in connection with one or the other method (Merz, 1992). An
example of large bored piles with a diameter of 3.2 m and a length of up to 60 m is
described by Faes (1989).
If the total pile length is less than about 30 m and the working load is less than 2000-

2500 kN, displacement piles may be considered as well. The main types are driven
prefabricated concrete, steel and timber piles and driven or screwed cast in place piles. In
terms of the total length, displacement piles are applied in Switzerland about half as often as
non-displacement piles.
Some average production figures of the different types of piles used in Switzerland have
been published by Arz (1992).
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4

NATIONAL RELEVANT DOCUMENTS WITH REGARD TO PILE DESIGN

There is one national relevant document with regard to pile design which has to be
mentioned. It is the Recommendation SIA V 192 "Pflihle" published in German and French
in the year 1996. It has replaced the Swiss Code SIA 192 "Pfahlfundationen" of the year
1975.
The Swiss Recommendation for piles SIA V 192 comprises the following main chapters:
Definitions
Principles of design and execution
Calculation, design and proofs
Construction and materials
Execution
Testing and quality control.
An outline of the Recommendation SIA V 192 gives a publication of Vuilleumier
(1995).
5

DESCRIPTION OF THE NATIONAL DESIGN METHODS

5.1 General philosophy

According to the Swiss Standard SIA 160 "Einwirlc.ungen auf Tragwerke" published in 1989
two limit states have to be proved for all civil engineering structures:
the ultimate limit state
the serviceability limit state.
The Swiss Recommendation for Piles SIA V 192 follows this design principle in all
aspects and is therefore essentially also in agreement with EC7, Part 1.
Both, the ultimate limit state of the soil and the ultimate limit state of the pile have to be
proved. In this publication, however, the evaluation of the ultimate limit state of the soil is
mainly discussed.
Generally, design values are compared. The design values of the actions and of the
resistance are obtained from the characteristic values with partial safety factors.
The change from the traditional design methods using global safety factors to the design
methods applying partial safety factors is not unproblematic. If constant values for the
global, respectively partial safety factors are considered, different results may be obtained
depending on the shear strength parameters and the design method as shown by Lang
(1992) and Bucher (1990, 1995).
Swiss standards and recommendations do not contain specific methods or formulas to be
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used in design. Thus, the engineer is free to select the design method which is considered to
be the best for a given application with the following restriction: design methods based on
empirical or analytical methods must be validated by static load tests for comparable
conditions as far as the geological profile, the pile type and the loads are concerned.
5.2 Definitions
According to the Swiss Recommendation for Piles SIA V 192, each property (actions, shaft
or base resistance, soil properties etc.) may be considered at three different levels.
Values from experimental detenninations are at one level. For example, R is the bearing
capacity of a pile obtained from a pile load test, or cp' is a friction angle obtained from a
triaxial shear test.
Characteristic values are at a second level. They are carefully detennined or selected
values and denoted by the subscript k. For example, Rk is the characteristics value of the
bearing capacity of a pile obtained from two pile load tests.
Design values are at a third level. They are calculated from the characteristic values with
partial safety factors and denoted by the subscript d. For example, Rd is the design bearing
capacity of a pile.
5.3 Design on basis of static load tests
Static load tests are considered to be the most reliable basis for the design of piles according
to the Swiss Recommendation for Piles SIA V 192.
Therefore, the procedure for static load tests is outlined in details in SIA V 192. The
sequence of the loading includes loading, unloading and reloading up to the working load.
Failure of the soil should be reached by end of the load test. It is emphasised to the duration
of each loading stage should be sufficient to reach a stable settlement. The criteria for this
condition is that the time-settlement curve is over a period of 30 minutes or 0.09
~t 1 (whatever is larger; ~t 1 being the time of the load increase until the observation to
fulfil this criteria starts) at least linear in the semi-logarithmic plot and the increase in the
settlement is equal or less than 0.1 mm.
SIA V 192 recommends that a pile load test is carefully planned in tenns of the loading
and the measuring programme. The instrumentation has to be selected according to the load
distribution. In many cases, measurements which allow to separate the friction and the end
bearing pressure of the pile shall be considered. A successful load test in which the load cell
has been placed near the foot of the pile has been reported by Vollenweider (1988).
In the evaluation of static load tests, SIA V 192 follows essentially EC7.

347

5.4 Design on the basis of ground test results and of driving formulae
The Swiss Recommendation for Piles SIA V 192 recommends that design methods on the
basis of ground test results and of driving formulae may only be used if they are validated
by static load tests for similar conditions. As the soil conditions in Switzerland are very
variable the applicability of these design methods are quite limited. Thus, these methods are
rather suited for estimating than for calculating the axial pile capacity.
The most common methods on the basis of in situ test results are based on static or
dynamic penetration tests (CPT or SPT), pressuremeter tests or shear vane tests. With regard
to laboratory tests, generally the triaxial and the direct shear test are considered for
determining the effective shear strength parameters. Based on them the axial capacity is
obtained with the bearing capacity equation.
In the textbook of Lang, Huder and Amann (1996), some of the most frequently used

design methods are given. A compilation and description of the different design procedures
is included also in Stuckrath (1992).
There is a considerable variety of pile driving formulae in use. Their results may differ
by a factor of 10 or more [Locher 1992] and are useful only if they are validated by load
tests. SIA V 192 stresses mainly also the importance of the influence of time on the bearing
capacity.
The main application of driving formulas is to evaluate the behaviour of driven piles on
a particular site.
5.5 Design on the basis of wave equation analysis

The development of the design method based on the wave equation has resulted in an
increasing application of this method in Switzerland. Detailed comparisons of the results
obtained from static load tests and from the CAPWAP simulations have been published by
Stuckrath (1992) and by Stuckrath and Vuillet (1992). Bored and driven piles have been
examined in model-scale tests. The results showed that the ultimate load values obtained
from the two methods give in general a remarkably good correspondence. However, the
load distribution with depth may be quite different. For the bored pile, the CAPWAP
simulation resulted in an overestimation of the shaft resistance and an underestimation of the
toe resistance. For the prefabricated piles, it resulted in an underestimation of the shaft
resistance and an overestimation of the toe resistance. The CAPWAP displacement
predictions are for all piles higher than the results from the static load tests.
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5.6 Prescribed factors of safety
In the old Swiss Standard on Piles SIA 192, a global safety factor with respect to the

calculated ultimate end bearing resistance of at least 2.0 and to the calculated ultimate shaft
resistance of at least 3.0 was required. With respect to static load tests, a minimum global
safety factor of 2.0 was required if failure was reached. If soil rupture was not reached
during the load testing and if under the maximum test load a stabilisation of the settlement
of the pile conforming given specifications was reached a global safety factor of at least 1.50
with respect to the maximum test load was required.
In the new Swiss Recommendation for Piles SIA V 192, partial safety factors and load

factors have been introduced. This is in principal accordance with the Swiss Standard SIA
160. The individual partial safety factors and load factors recommended in SIA V 192 agree
essentially with those given in EC1 and EC7, part. 1.
5.7 Rules for serviceability
The Swiss Recommendation for Piles SIA V 192 slaLes that the serviceability of the piles
must correspond to the serviceability of the supported structure. Specific recommendations
are given with respect to the durability of piles, mainly timber and steel piles.
QUALITY CONTROL AND MONITORING

6

The control of the quality of the piles has to cover the following aspects according to SIA V
192
the quality of the building materials
the integrity of the pile over its full length
the bearing behaviour
the observance of the tolerances in the execution of the piles.
For the control of the integrity of the piles, acoustic tests are mainly carried out. Two or
more holes are preformed with plastic tubes over the entire length of each pile. Also the
low strain test is sometimes applied for the integrity testing.
For the measurements of deformations and strains in axially loaded piles, mainly
extensometers, sliding micrometers and strain gauges are selected. Examples of
instrumented piles are given by Amstad and Kovari (1992). In this publication, also the
results from measurements obtained in load tests are given.
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7

PARTICULAR NATIONAL EXPERIENCES

The major research project on piles which has been carried out in Switzerland in the last few
years is that of Stuckrath (1992).
Full-scale tests on bored and jacked piles, in an instrumented test pit in homogeneous
deposits, were undertaken in order to clarify load transfer mechanisms as a function of both
soil type and installation method.
The pile load tests revealed that installation by jacking brings about compaction in sand,
remoulding in clayey silt, and soil tightening in both soil types. Pile surface effects were
found to be determinant in load transfer through shaft resistance for both bored and jacked
piles.
Two major conclusions of this study are the following:
The experimental pile behaviour revealed in the instrumented tests points to the
impossibility for a general equation to predict load-head movement behaviour adequately
for different soils and installation methods in homogeneous deposits, let alone real site
conditions.
More instrumented pile tests should be carried out, most preferably in collaboration with
research centres, in order to clarify load transfer mechanisms in natural deposits.
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Design of axially loaded piles- United Kingdom practice
J.D.Findlay, N.J.Brooks, J.N.Mure & W.Heron
Stent Foundations Ltd, Hampshire

1 INTRODUCTION
This is a view on the current state of design practice for commercial piling in the United
Kingdom. It was prepared at the request of the ISSMFE European Regional Technical
Committee 3 "Piles". It excludes offshore piling.
Time did not allow for any questionnaire to be sent to main contractors, specialist
contractors, consultants and client organisations who are known to be actively involved in
piling but is based on the wide knowledge of the authors who work for one ofthe UK's largest
piling organisations.
The following geological description is taken from Powell, Clarke and Shields.

2 GEOLOGICAL AND GEOTECHNICAL DESCRIPTION OF THE UK
2.1 Geology
Naturally occurring deposits formed prior to the Pleistocene glaciation are generally referred to
by geologists as rocks and comprise the ' solid' formations shown on geological maps . The
strength of these ' solid' formations varies such that some of them are classified for engineering
purposes as soils. These include, for example, many of the deposits in the south east of the UK
such as London Clay and Gault Clay. Naturally occurring deposits formed after the
Pleistocene glaciation are generally referred to as 'dflft' deposits and these are predommantly
soils.
The geology of the UK and hence the distribution of soil and rock types is complex. The
UK can be divided approximately into two areas by the diagonal line shown on Figure 1. To
the north and west of that line the dominant character is upland dissected by plains and valleys
of limited extent. This area is underlain by rocks which are mainly older than the
Carboniferous Coal Measures formed during the Palaeozoic period. The land to the south and
east is undulating lowland underlain by rocks younger than the Carboniferous Coal Measures.
Most of the UK has been affected by glaciation which has resulted in extensive drift deposits
of till (boulder clay), laminated clays and other glacial materials as far south as London. In the
upland area these deposits are confined to the plains and valleys which are where most
development has taken place. The rocks forming the upland are either exposed or covered by a
thin layer of soil. Periglacial and lacustrine deposits are also found in the plains and valleys
together with estuarine and coastal muds and silts. Peat and other organic soils are found
throughout the upland region. The majority of site investigation in the upland area is confined
to testing drift deposits and establishing rock head.

353

Figure 1

Main geological features of the UK (after Blyth and de Freitas, 1984)

Most of the rocks in the lowland area are sedimentary deposits laid down in marine or
estuarine environments. Many of these strata, formed during the Mesozoic and Tertiary
periods, have a relatively low strength and so are classed for engineering purposes as 'soils'
(e.g. London Clay) although, at depth, they may become sufficiently strong to be classed as
'rock'. It is also possible to have a profile consisting of alternating layers of 'soil' and 'rock'
due to varying degrees oflithification of the sedimentary deposits within the profile.
The strata are generally named after the principal locality in which the formation is well
displayed (e.g. London Clay, Oxford Clay). The actual lithology of a deposit varies and maybe
different from that inferred by the name (e.g. Lower Greensand includes clay layers).
The exposures tend to run in the north-east south-west direction and have an influence on
the topography since the harder, more resistant layers give rise to scarps. Unlike the upland
areas, much of the rock is overlain by drift comprising glacial, periglacial and lacustrine
deposits. Major deposits of estuarine and coastal muds and silts are found in areas around the
Humber and the Wash.
The Midlands is essentially a drift-covered Triassic plain which includes Mercia mudstones
(Keuper marls), limestones, Lias Clay and Bunter sandstone. To the south east of this plain lie
the scarplands which are formed of outcrops of Jurassic and Cretaceous rocks which comprise
alternate layers of weak and strong rocks. The sequence of rocks is very varied and includes, in
the Jurassic sequence, massive limestones and sandstones, Oxford Clay and Kimrneridge Clay.
The Cretaceous sequence includes the Lower Greensand, Gault Clay and Chalk. The south
east area of the UK consists of the London and Hampshire basins which lie to the north and
west of the Weald. The basins, which are bounded by chalk uplands, comprise Oligocene and
Eocene deposits including London Clay, Thanet Sand and Bagshot Beds. Terrace gravels and
extensive alluvial deposits are found in the London Basin. The Weald, in the south east corner
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of the UK, is an area bounded by a chalk rim which varies in colour ¥1~ s~n&th enclosing
exposures of Upper and Lower Greensand, Gault Clay, Weald Clay and Purbeck clays, shales
and limestones.

2.2 Geotechnical Properties
The variety of materials ranging from organic deposits to strong rocks means that the soils and
rocks in the UK encompass the complete range of strengths and stiffu.esses. Drift deposits in
the upland region are predominantly firm to stiff to hard gravelly sandy clay containing
boulders, lenses of sand and gravel and lenses of laminated clay. The more recent deposits
comprise softer organic and alluvial clays and loose sands.
Pre glacial soils in the lowland area are generally either stiff to hard clays or dense to very
dense sands. These are particularly prevalent in the south east and include, for example,
London Clay and Thanet Sand. Glacial soils of similar properties to those in the upland region
are found as far south as London. More recent drift deposits include medium dense terrace
gravels, soft organic clays and peats and head deposits.

3 SITE INVESTIGATION PRACTICE IN THE UK

3.1 General
Site investigation in the United Kingdom is a subject of much debate. Over more than a quarter
of a century those close to the site investigation industry have bemoaned their lot. It is generally
considered that clients are not prepared to pay sufficient money for quality site investigations
which should save many times their cost in the avoidance of the results of encountering
unexpected ground conditions. There is unfortunately less rational argument over why the
industry is not able to command sensible reward for a vital ingredient for a high proportion of the
construction industry' s output.
There have been a number of efforts to improve the situation by demonstrating the cost
savings which could accrue from properly executed site investigations and providing guidance on
good practice. The latest documents are a series of four publications under the general title Site
Investigation in Construction. The main documents which guide good practice in the UK are
BS5930: 1981 Code of Practice for Site Investigations, currently undergoing revision, and
BS1377:l990 & 1995: Methods oftests for soil for civil engineering purposes. In addition there
are many publications by the Geological Society, the Association of Geotechnical and
Geoenvironmental Specialists, the British Drilling Association as well as textbooks used in
university teaching which provide a rich source of how to investigate the very varied geology of
the UK. Despite the extensive knowledge of good practice in the UK the general standard of site
investigation presented to piling contractors is not of a high standard.
For medium and large projects, a client will appoint a professional team which may be drawn
from many of the disciplines recognised as part of the construction industry. A member of the
team, probably an Engineer, but not necessarily one with direct access to a specialist in
geotechics, will draw up a specification and scope of works for which a competitive tender will
be sought. For small projects, as well as some more substantial undertakings, the client or his
advisors may rely on the expertise of the site investigation contractor to suggest a suitable scope
of works albeit in competitive tender. For complex projects a consulting engineer will be
appointed and they will usually have a geotechnical department or will appoint a consultant or
firm which specialises in geotechnical engineering. Specialist practices and departments will
have a mixture of engineering geologists and civil engineers, a large proportion of whom will
have a post-graduate degree. Thus there is a wide variety of expertise behind the selection of the
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scope of work for any site investigation. Well conducted site investigations with desk studies and
two phase ground investigations will usually be practised by the knowledgeable organisations but
across the whole industry, all too often site investigation is reduced to a ground investigation of
very limited scope.
Across the whole industry execution of the physical investigation work is most frequently
undertaken by self employed drillers working for an umbrella organisation or small firms with
low overheads and little formal training in geotechnics. There have, however, been efforts over
recent years to provide an accreditation scheme for drillers but as many inadequacies arise from
the scope of works as from the skill employed in undertaking the work.
3.2 Borehotes
By far the most common method of undertaking ground investigations is by a 'Shell and Auger
Rig' which comprises a set of tripod legs and a diesel engine together with temporary casing and
sinking tools. The hole is normally advanced with a hollow shell fitted with a internal retaining
ring or a gravity one way clack valve, the latter being necessary to retain granular soils. Only
disturbed samples can be obtained and these are the principal source for borehole log soil
descriptions. Where rock is encountered, the hole will either be advanced using a chisel or a
rotary drilling rig. The latter will either be an attachment to the tripod or a purpose built machine
will be used with either double or triple tube core barrels. Most core barrels using water or foam
flush are now thin walled and capable of reasonably high core recovery although triple tube
barrels will need to be specifically requested in most circumstances. Especially in coal mining
areas (current and former) thick wall air flush barrels may be used unless specifically forbidden
by the unwary.
The soft ground technique although being very old and fairly crude has the advantage that it
can deal with all the geological formations encountered in the UK and with adequate supervision
can certainly give good stratigraphic identification. Disturbed samples from boreholes are taken
at frequent intervals normally supplemented with UlOO samples and Standard Penetration Tests
(SPT) for cohesive and granular soils respectively. Vane testing, piston samples, large diameter
undisturbed sampling, pressuremeter testing and piezometer installation will also take place less
frequently and where the investigation is not routine.
Dynamic probing and sampling are increasingly being used to obtain soil profiles when
designing foundations for straightforward developments and to assess areas of instability or
rapidly changing profiles.
Although most of the larger site investigation companies attempt to present borehole logs in
accordance with the guidelines set out in BS5930:198l, across the whole industry there is
usually some relevant data missing from borehole logs. This can include lack of timing to
complete the borehole, omission of temporary casing data, lack of water observations and poor
recording of chiselling. BS5930 illustrates two logs with data presented in slightly different
ways. Table I indicates the data which should be recorded on a typical borehole log.
Rock cores are adequately logged by reputable companies to give comprehensive
descriptions. Mechanical logging is not recorded in an ideal fashion for the piling designer or
contractor as only Total Core Recovery and RQD are recorded on the log illustrated by
BS5930:1981. It is hoped that there will be an improvement in the recording of data with the
publication of 'Piling in Weak Rocks' by the Construction Industry Research and Information
Association, CIRIA in 1997.
3.3 Laboratory and In-situ Testing
Piling practice in the UK tends to be based on indirect design methods rather than direct design
methods. Design parameters are most commonly obtained from classification, quick undrained
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Table 1 Items to be noted on a borehole log undertaken in accordance with BS5930:1981
Company name
Borehole number and sheet number
Equipment and methods
Location
For whom carried out
Ground level
Co-ordinates
Dates for execution
Description, Reduced Level, Legend, Depth & Thickness for each stratum
Depth, Sample type and number and test type for each sample or test
Field records which would include blow counts, recovery remarks and standpipe/piezometer
details
Water level observations during boring noting date, time, depth of hole, depth of casing, depth to
water and remarks
Notes, Sample/test key and Remarks
By whom logged
Scale of borehole log

triaxial and oedometer tests on samples of cohesive soil and SPT tests in granular deposits.
The requirements for laboratory testing are set out in BS5930:1981 which makes reference to
the appropriate part of BS 13 77: 1990 or 1995 for the details of the test procedure to be adopted.
The aims of laboratory testing are stated as being:
(a) to identify and classify the samples with a view to making use of past experience with
materials of similar geological age, origin and condition
(b) to obtain soil and rock parameters relevant to the technical objectives of the investigation
The codes do not address the analysis and use of the test results and practitioners are
expected to refer to appropriate design manuals and textbooks. BS5930:1981 warns that it is
essential to consider whether any proposed test simulates probable conditions in the field
sufficiently well to be relevant to the problem in hand. It also notes that tests may be done
because a design is based on a body of experience or form of analysis which requires a particular
test to obtain the relevant paran1eters. Too often laboratory testing is carried out without bearing
this advice in mind.
By far the most widely used in-situ test in the UK is the SPT. Its main use is as an indicator
of the density and compressibility of granular soils. It is also commonly used to check the
consistency of stiff or stony cohesive soils and weak rocks. BS1377:1990 part 9 sets out the
requirements to adhere to the standard but because of the wide spread use of the test, the
provisions of the standard are not universally adopted. Indeed the requirements of the previous
version of the standard dating from 1975 had not been fully implemented. The current standard
requires a 63.5 kg drive weight with 760 mm free fall, drive head to weigh between 15 and 20
kg, total drive assembly weight not greater than 115 kg, rods must be AW or stiffer attached to a
split spoon sampler of 51 mm diameter of 684 mm length, internal diameter 35mm and fitted with
a shaped cutting shoe at its open end and an internal ball check valve. A 60 degree solid cone is
often screwed on the end of the split spoon in place of the cutting shoe when tests are made in
gravel or gravely sand or in stony material such as glacial till or chalk.
The SPT tool penetrates under the dead weight of the rods and trip hanlffier, before being
driven the 150mm of the seating drive. The blows for two 75mm increments of penetration are
recorded. The sampler is then driven a further 300mm generally recording the blows for each
75mm of penetration. In hard soils a maximum of 25 blows for the seating drive and 50 blows
for the test drive in soils or 100 blows in weak rocks is recommended by BS1377:1990.

357

Many things can go wrong with such an apparently straight forward test and experienced
designers will consider whether the blow values quoted in an investigation report are credible.
Additional comprehensive advice can be found in the CIRlA report 'The Standard Penetration
Test (SPT): Methods and Use' written by Professor C RI Clayton.
On larger projects, effective stress testing of soils and weak rocks will be carried out although
cost limitations are likely to require that careful selection for a limited number of samples will
prevail. Static cone penetrometer testing (CPT/CPTU), prebored pressuremeter testing in weak
to strong rocks and self boring pressuremeter testing in clays, sand and weak rocks are likely to
be included as appropriate. More information about their place in UK practice is included in
Sections 3.4 and 3.5. In competent rock, unconfined compressive testing will be the normal
laboratory test but other tests will be used on the more complex projects. Point load tests are
frequently used to supplement triaxial testing.
Standpipes and piezometers are frequently installed but apparently less frequently read
judging by the evidence of site investigation reports. A wide variety of instruments are available
but where piling is likely to be the foundation solution only the simplest devices are normally
used. Permeability testing using falling or rising tests, constant head tests and pumping tests are
used in the more comprehensive investigations. However, it is a constant complaint from piling
contractors that the observation of the water regime associated with a site is often the most
poorly observed and reported aspect ofUK investigations.
Geophysical testing including radar, seismic and resistivity techniques are becoming more
common although many designers remain concerned over the engineering accuracy which can be
obtained from such techniques.

3.4 CPTICPTU Testing
Static cone testing (CPT/CPTU) is not infrequently used but in many areas of the country the
use is restricted by obstructions or density of materials with the result that it is rather less used in
suitable soils than would be the case in many European countries. However, there has been a
steady growth since the 1970s and a range oftrucks, crawler mounted rigs and demountables are
now available. Nearly all the CPT/CPTU testing in the UK is undertaken by specialist
contractors most often working as sub-contractors to the main site investigation contractor, but
also directly for a client.
The decision to use and specify CPT/CPTU is most often taken by consultants who are
predominately geotechnical and environmental consultants. CPT/CPTU testing in the UK is now
being carried out in all types of soil and occasionally weak rock. Table 2 gives an approximate
breakdown of testing by soil type. Fill is also tested but usually only to determine its extent.
Around 90% of the UK testing is in England with over 60% being concentrated in the southern
part of the country, illustrating the geological influences.
The main use of the CPT/CPTU in design is in indirect design methods based on derived soil
properties although there is an increasing use directly in empirical design formulae in pile design.

Table 2 Types of soils in which CPT/CPTU are used
Soil Type
alluvium
stiff overconsolidated clay
till (boulder clay)
sands and gravels
chalk
fill

% ofCPT/CPTU Testing
25
10
10

20
15

20
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Both 10 cm 2 and 15 cm2 CPT and CPTU equipment is currently in use in the UK. Most cones
have inclinometers fitted and increasing use is made of seismic and pressuremeter cones to
determine stiffuess profiles. Over recent years there has been a contractor led move towards 15
cm2 cones which now account for about 70% of testing. CPT testing using a 15 cm2 cone on lO
cm2 rods is preferred for the robustness and friction reducing effects in the variable UK soils.
The basic equipment in use for CPT/CPTU satisfies either BSI377:1990 or the International
Reference Test Procedure (IRTP). Where the documents do not deal with items directly, similar
tolerances to those cited are used.
3.5 Pressuremeter Testing

Early use of pressuremeters in the late 1960s in the UK drew heavily on the French empirical
approach. In the subsequent quarter century the development of pressuremeter testing in the UK
has pursued the general aim of attempting to make direct measurements of the particular
fundamental soil parameter required. Thus it is hardly ever used as an index tester of properties
in the UK. It is normally undertaken by a specialist sub-contractor, which has the high degree of
operator skill required in the pressuremeter's UK applications, to a main site investigation
contract.
A device such as a pressuremeter is attractive where in theory the boundary conditions are
controlled and well defined, as are the stress and strain conditions in the surrounding soil mass.
The self-boring type of pressuremeter has gained most academic interest as it potentially offers
the closest approach to undisturbed soil testing of any in-situ test by its ability to tunnel its way
into the ground. Since methods of interpretation are not so simple to standardise and there is
active academic interest compared with the rest of site investigation, widespread usage has not
been enhanced.
In the UK, the pressuremeter seems to offer great potential with the list of parameters which
may be deduced:
I deformation modulus
2 strength
(a) undrained strength for clays or weak rocks, Su
(b) angle of shearing resistance for sands, o '
(c) angle of dilation for sands, '¥
3 in-situ total horizontal stress, cr ho
4 additional parameters from more specialist tests i.e. coefficient of horizontal consolidation, ch,
and angle of shearing resistance for clays, o '
The degree of success in obtaining any of these parameters is critically dependent upon the
details of the type of test and on the interpretation of the data and this has driven the test into a
very specialist market. The two broad categories of test can be distinguished in terms of the
installation method:
1 Menard-type pressuremeter (MPM) test - in which the device is placed into a pre-formed hole
( which is usually slightly oversized)
2 Self-boring pressuremeter (SBP) test - in which the device bores its own way into the ground.
A third category, the push-in pressuremeter (PIP) test, developed principally for offshore use
has gained relatively little experience.
There are two major types of pressuremeter, either pressurised liquid expands the membrane
and cavity volume changes are measured or pressurised gas expands the membrane and cavity
radius changes are measured by means of displacement transducers. In some cases pressurised
oil is used to expand the membrane in devices designed for use in weak rocks. In all types great
emphasis is placed on calibration as without proper controls, pressuremeter tests can be rendered
meaningless.
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Table 3: Summary of bearing pile types+
REPLACEMENT
Mini
diameter

SMALL DISPLACEMENT

Small diameter

Large
diameter
Rotary and percussion bored cast-in-place

Mini diameter

Continuous flight auger grout and concrete
injected
Prebored grouted
precast units
(partially
preformed)

Excavated
cast·in·
place

LARGE DISPLACEMENT

Small and large
diameter
Driven, hollow
section, open

Small and large diameter
Driven, castin-place

Timber

preformed
steel and

ended steel*

Steel tube
method:

Steel, hollow
section,

concrete

Driven, solid section
steel (H-piles)
Driven, hollow
cylinder, open ended

Franki type,
Vibrofonn,
Closed ended
(constant and
taper section)

closed ended

Driven and jacked,

Driven, cast-inplace concrete
shell, steel cased

concrete•

Concrete:

West shell
partially preformed

Concrete,
solid section
precast
segmental
precast

There is much debate around the value of the particular parameters obtained from any test
method and its interpretation. Such concerns are outside the scope of this paper but it is fair to
note that the results from pressuremeter tests are treated with caution in the UK. There are,
however, several publications which can aid the designer in assessing the value of results
obtained.

4 PILING TECHNOLOGY
4.1 General
The pile types in use in the UK have, of course, been influenced by the basic factors which affect
the installation of piled foundations. Load transference to the soil or rock is achieved by a
combination of both end bearing and shaft resistance and is dependent not only on the behaviour
of the pile, but also on the characteristics of the chosen installation procedure. The selection of
appropriate pile types is generally dependent upon the following:
1. underlying soil conditions, including groundwater levels
2. the nature and size of the loads to be supported by the foundations
3. properties of the pile materials and characteristics of installation equipment
4. effects of environmental and cost constraints
4.2 Pile Type Categorisation
For subsequent discussion it is useful to refer to a table which categorises pile types into a
recognised pattern. An acceptable division is shown on Table 3
. +For all piles of non circular cross section, diameter refers to characteristic width
soil plug forms at the
base, the displacement approaches that of closed-ended section piles.

* If hollow section, open ended steel and concrete piles are driven and a

4.3 Ground Condition Influences
The following is a snapshot of some of the conditions frequently met in the UK. It aims to give a
very brief insight into the considerations that would be brought to bear in the UK.
1 Weak soil overlying competent strata: Displacement piles and replacement piles are both
used and have many advantages and disadvantages which need to be considered along with the
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influences other than ground conditions. In output terms CF A, Driven cast-in-place (DCIP),
Precast segmental and rotary bored are the main types used.
2 Piling in stiff clay: Rotary bored piles are likely to be the most economic because the piled
length can be bored without temporary casing. Often small diameter piles will be carried out by
CFA depending on rig availability. Enlarged based (under-reamed) piles may often be used in
clay, without any lens of water bearing layers soils, for piles carrying significant load. Such piles
are used for the highest loaded piles in the UK as these conditions apply to London.
Displacement piles are unlikely to be economic although technically possible provided they can
resist the heavy driving.
In glacial tills, boulders and bore stability may require the use of oscillators or bentonite for
rotary bored piles.
3 Weak rock overlying stronger rock: Displacement piles may in some rocks be driven to
considerable depths without apparent increase in driving resistance. Care is required in
establishing acceptance criteria. Small diameter bored piles may be uneconomic if the
groundwater level is high and tremie placement of concrete is required. CF A piles and DCIP are
frequently considered.
4 Ground variability: Significant lateral and vertical variability is a frequent feature of UK
geology. Pile selection has, therefore, to be able to adapt to variable length without undue cost in
material wastage or difficulty in adapting technique. This tends to count against preformed piling
types.
5 Negative skin friction: Reducing the number of piles by increasing diameter is an effective
economic solution for the pile foundation but may not suit the superstructure arrangements.
Friction reducing coatings are used but may not be effective for driven piles because of damage.
They are expensive for rotary bored piles because of the need for a permanent casing on which to
place the low friction material. It is often cheaper to increase the capacity of the pile to account
for the potential negative skin friction.
6 Ground disturbance: The sensitivity of a site to ground disturbance is likely to be a
consideration as the majority of sites are not greenfield in the UK because of the industrial
history and the population density. Preboring may be required for displacement piles, if
necessary, supplemented with a support fluid for temporary support in sensitive cases. Preboring
may also be used to avoid heave and displacement of piles already installed in large groups,
although it is common to use redriving for modest groups.
7 Obstructions: Glacial soils, indurated layers within otherwise uncemented formations and
natural and man-made obstructions within fill are all situations which can interrupt pile
installation. The approaches to overcome them include excavation prior to piling where at a
practical depth, large diameter rotary bored equipment using heavy chisels, core barrels, down
the hole hammers, mini diameter piles on a flexible basis to avoid obstructions, robust driven
piles capable of penetrating the obstructions and occasionally rock roller equipment and blasting.
8 Aggressive ground: Corrosion of piles is a common problem in disturbed soils with
industrial contaminants, in zones of fluctuating groundwater and where there are naturally
elevated values of certain substances such as sulphates and chlorides.
Guidance is given in BRE Digest 363 and BS5328 for reinforced concrete, Romanoff, Morley
and Bruce for corrosion and protection of steel and in BS5268: Part 5 for the treatment of
timber.
9 Environmental: Normally this refers to noise, vibration, traffic movements and water
pollution. Again there are references to assist the designer and constructor. Starting to take a
high profile and can be a prime driver in the choice of techniques.
4.4 Piling Equipment
There are no statistics in the UK on the distribution of the different types of piling equipment
used. Equally there is no point in describing the common piling techniques which are sensibly
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Table 4 Common equipment types used in the UK
EQUIPMENT TYPE
Percussion boring

Rotary boring

Continuous flight auger

Mini piles

Tube or H driven steel
Driven cast-in-place

Driven pre-cast concrete

REMARKS
Known as tripod piling, 300 to 600mm dia usually limited to 20m
depth, used for difficult access and limited headroom. Reasonable
availability.
Crawler crane mounted, increasingly on dedicated hydraulic
machines, a few on lorry chassis. 300 to 3000mm dia depending
on equipment. Under-reams up to 6.3m dia on crawler crane
mounted machines. Dominated by less than 10 companies.
Mainly dedicated hydraulic carriers, 300 to 1000mm dia although
up to 600mm dominates. Extensively available with reputable
companies having instrumentation systems.
Both replacement and small displacement used. Many small
companies, with a few bigger operators who undertake a large
percentage of the work which is about 20% of total piling market
by value.
Often used adjacent to railways and for marine work and may be
installed by non specialists.
Wet shaft type mainly. Very efficient where limited thickness of
dense granular soil exists. In UK normal max. depth is 18m and
usually less than 500mm dia. Greater depths and diameters
exceptional. Less than about 10% of market.
Commonly up to 350mm square and usually segmental reinforced
concrete. Individual lengths up to about 13m because of transport.
About 25-30% of total market. Has lost market share to CFA
piling.

described in several publications, eg, Tomlinson and CIRIA Report PG I . In Table 4 below is
listed the most common techniques with a few remarks about usage.
It is emphasised that these are only the most frequently used types of piling, but that a much
larger range of piling, of about 25 types of piling, is available in the UK.

5 PILE DESIGN DOCUMENTS
There is no national design code for piles within the UK. However there is a wide body of
knowledge from which a designer can draw in order to guide him towards a sensible pile design.
Much of the published data recognises piling is a process in which the calculations for the pile
design only form a small part. Significant emphasis is put on local experience, principally
because of the great geological variability which can often be encountered.
The most commonly used sources of information are briefly noted below and listed in the
references. Specialists will also refer to conference papers as well as the specialist journals of
various learned societies throughout the world although the emphasis is very much on English
language papers. The list does not claim to be exhaustive.
Site Investigation: BS5930, BS1377, QJEG Working Party paper, technique specific CIRIA
guides, Site Investigation in Construction series. In addition many very useful articles, papers
and case histories appear in the Quarterly Journal of Engineering Geology, Geotechnique,
Journal of Geotechnical Engineering and Ground Engineering.
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Pile foundation design: BS8004, Reports prepared by CIRINDoE Piling Development
Group, geological stratum specific CIRIA guides, Guidance notes of the ICE Specification for
Piling and Embedded Walls, Books by Tomlinson and by Fleming et al. As well as the journals
listed above, the Proceedings of the Institution of Civil Engineers and the Insititution of
Structural Engineers contain Jllany useful case histories and papers.
Structural design: BS811 0 and BS5400 may be specified. There are many standards dealing
with concrete and steel which fall outside the scope of this paper.

6 DETAILED DESCRIPTION OF NATIONAL DESIGN METHODS
6. 1 General Philosophy

The British Standard Code of Practice for Foundations, BS8004, states that "the ultimate
bearing capacity can be estimated by customary soil mechanics procedures following tests on
undisturbed samples of cohesive soil or from in situ tests in boreholes or test pits.". Elsewhere
the same Code says "the ultimate bearing capacity may be assessed by applying a dynamic
formula, or by using stress wave analysis, or on the basis of soil tests ....... or from a loading
test, .." Hence, for the majority of soils and rocks national design methods do not exist. The
exception being particular geological units, such as Chalk and Mercia Mudstone (Keuper Mar!),
for which CIRIA, has produced detailed reports including advice on the design of load bearing
piles. In place of national methods, common practice prevails with the opportunity to introduce
new methods should a worthy proposal meet with general approval. However, books such as,
"Piling Engineering" (Fleming et al 1992) and "Pile Design and Construction Practice"
(Tomlinson 1995) have assumed code like status.
Pile designs are generally carried out using a lumped safety factor (see Section 6.7) which is
applied to the estimated working load for a pile and the ultimate capacity of the pile assessed
using soil and rock parameters. Eurocode EC7 should not, in itself, affect the general
philosophy, although the partial factoring system is a fundamental change to safety factoring.
6.2 Definitions

Bearing Pile - A pile driven or formed in the ground for transmitting the weight of a structure to
the soil by the resistance developed at the pile point or base and by friction along its surface.
Ultimate Pile Capacity- The maximum resistance offered by the pile when the strength of
the resisting soil is fully mobilised.
In the UK this is usually determined as the point at which the vertical settlement is equivalent
to 10% of the pile base diameter, or, the point at which the pile continues to penetrate the ground
at a constant rate for no further increase in applied loading.
Allowable Pile Capacity- A capacity which takes into account the piles bearing capacity, the
materials from which the pile is made, the required load factor, allowable settlement, pile
spacing, negative skin friction, the overall bearing capacity of ground beneath the piles and any
other relevant factor.
Preliminary Test Pile- A pile installed before the commencement of the main piling works
for the purpose of establishing the suitability of the chosen type of pile and for confirming the
design, dimensions and bearing capacity.
Pile failure -In the UK a pile can be deemed to have failed when either
• the measured ultimate capacity is less than that required, or
• the recorded settlement(s) is in excess of predetermined settlement limits for the structure.
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6.3 Design on basis of static load tests

BS8004 asserts that a preliminary pile should be tested except where there is extensive local
experience or high factors of safety; ''the piles should be tested to determine the load settlement
characteristics and ultimate bearing capacity.". For infrastructure projects preliminary proof
tests have traditionally been carried out, these have checked the adequacy of an existing design
without attempting to determine the ultimate capacity. For commercial developments the general
approach in the UK is only to have preliminary test piles where there is a large number of piles
such that the cost of a test can be offset against a reduction in factor of safety from 2.5 to 2.0.
Even with commercial developments, the preliminary test is often only used to test the adequacy
of an existing design.
Analysis of incomplete pile tests, in order to predict ultimate end bearing and shaft resistance, is
carried out, but the settlement recorded is not always sufficient to permit a meaningful analysis.
Test piles of smaller diameter are frequently used; in such cases it is recommended that the
diameter is not less than 50% of that of the contract piles.

6.4 Design on basis of ground tests
6.4. 1 Bored piles: Capacity in cohesive soils
It is almost universal to calculate base resistance of piles in clay as the product ofthe undrained
shear strength and a bearing capacity factor, Ne, where for piles Ne is 9.
qb=Nc*Su
For shaft resistance the undrained total stress approach is again generally employed.
ts = a*Su
The value of a selected will usually depend on shear strength, size of test specimen and
plasticity, although other factors will also have an influence on actual shaft resistance. Typically,
a will be between 0.4 and 0.6 for overconsolidated marine clays.
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For Boulder Clay aSu is normally taken as a constant of approximately 70kN/m2 for undrained
shear strengths between 80 and 200kN/m2.
Undrained shear strength is obtained from quick undrained triaxial tests, or indirectly from
standard penetration tests. Experience indicates that a SPT profile will generally display less
scatter than a triaxial Su verses depth profile.
The alternative to the undrained approach is an empirical effective stress method, based on that
proposed for London Clay (Burland and Twine 1988), see Figure 2. In this method ultimate shaft
resistance is related solely to depth into London Clay; such that using the formula: tsf=
cr'v*k*tan<jl'r, cr'v ignores all material above the clay surface and can be considered as a minimum
historic value, and k*tan<jl'r can be given a p value of 0.7 for lower bound results or 0.8 for a
moderately conservative ultimate capacity. This method is simple and does not require any soils
testing, but does assume that high horizontal stresses exist, thus is not suitable for sloping sites.
When using this method for shaft resistance, the end bearing is still normally determined using
undrained strengths.
6.4.2 Bored piles: Capacity in granular soils
A semi-empirical effective stress method is generally employed for calculating shaft resistance in
granular soils: t = p'v*k*tan&'
k is usually taken as being between 0.7 and 0.9
8 =$for cast in place piles.
A limiting value in often placed on t based on a critical depth related to pile diameter or the
relationship between peak$' and <jl'crit may be used to restrict tat depth.
End bearing is determined using drained bearing capacity analysis, qb = Nq*cr'v. Nq is most
widely taken from the graph produced by Berezantzev et al, with $' reduced by 3° for bored
piles. Again a limiting value is usually adopted, of between 10 and 15 MPa.
Occasionally the average insitu stress is considered, Po = P'v*(2ko+ 1)/3, for consistency the Nq
derivation would be modified.
The effective angle of friction, q,o, is selected by reference to SPT "N" values, grading and
angularity.
6.4.3 Bored piles: Capacity in Rocks
Presumed end bearing values are sometimes invoked, particularly when end bearing on the
surface of strong rocks. Rock socket design is generally based on overseas experience (eg.
Willian1s Johnson and Donald); ts = apCo.
a an adhesion value related to the unconfined compressive strength, Co
P a reduction factor to account for a jointed rock mass.
Ultimate end bearing will range between Co and 4.5Co depending on the reliability placed an the
recorded or estimated Co. Concrete stress will frequently control pile loading, such that it is not
necessary to adopt a high end bearing factor.
6.4.4 Bored piles: Other materials
Chalk has been the subject of two CIRIA reports, PG6 (1979) and PR11 (1994). The design of
piles in Mercia Mudstone (Keuper Mar!) is often based on advice given in CIRIA Report 47.
Table 5 summarises the recommendations given in these reports.
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Table 5 Bored Piles in Chalk and Mercia Mudstone
Bored Piles in Chalk
CIRIA
CIRIA
report PG6 report
PRll
Ives
IYes
Yes
IYes

Shaft resistance related to SPT N value
Shaft resistance related to overburden pressure
Base resitance related to SPT N value

Bored Piles in Keuper Mar!
Empirical relationship between weathered grade and ultimate shaft resistance
Base resistance as for granular material, phi usually indirectly derived from moisture
content and plasticity index

6.4.5 Driven piles: Capacity in cohesive soils

The design approach for driven piles in clay is the same as that for bored piles except that the
value of a will typically lie between 0.6 and 0.8 . The increase in a is considered to be due to the
different construction process in driving displacement piles. For Boulder Clays where Su lies in
the range 80 and 200 kN/m2, aSu is normally taken to be 80 kN/m2 .
6.4.6 Driven piles: Capacity in granular soils

The same semi-empirical approach as for bored piles is generally used for calculation of shaft
resistance but K is often taken as unity and 8 as 0.7q,. A limit value of 100kN/m2 would
normally be applied. End bearing resistance is generally calculated in the same way as for bored
piles using Berezantzev et al. However this approach for end resistance of displacement piles can
be conservative because the construction process can densify the soil and enhances its bearing
properties. An alternative wholly empirical approach proposed by Meyerhof is also often
employed which is based upon direct conversion factors of SPT N values to unit shaft and end
bearing values. An upper limit end bearing stress is normally applied in the range 10 - 15 MPa
The lower value- 10kN/m2, is nowadays considered conservative.
6.4. 7 Driven piles: Capacity in rocks

Where strong relatively unweathered rock can be reached by the pile base then a 'structural'
approach is often used i.e. pile capacity is based on pile properties rather than rock properties.
As regards weak and weathered rocks very little guidance is available except in the case of
chalks (see below). A rock socket philosophy may be pursued using bored pile parameters;
however pile refusal will often practically limit socket length. The tendency is to select
conservative bearing parameters and either check by load testing after which design modification
may be adopted or to select reasonably conservative factors of safety.
6.4.8 Driven piles: Other Materials

The two CIRIA chalk reports mentioned previously suggest design parameters for driven piling.
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However CIRIA Report 47 ducks the issue and recommends design be based on piling contractor
expenence.

6.5 Design on Basis of Driving Formulae
BS 8004 makes the following recommendations regarding dynamic pile formulae (driving
formulae)
" ..7.5.2 Calculation by dynamic pile formulae
7.5 .2.1 General In non-cohesive soils an approximate value of the ultimate bearing
capacity may be determined by a dynamic pile formula. All dynamic formulae are
based on the following two assumptions.
(a) The resistance to driving of a pile can be determined from the kinetic energy ofthe
driving hammer and the movement of the pile under a blow.
(b) The resistance to driving is equal to the ultimate bearing capacity for static loads .''
It goes on to explain that the various assumptions made in the calculations of these losses give
rise to a variety of dynamic formulae as noted in Whitaker.
Cautionary notes are given about using driving formulae in deposits such as saturated silt, mud,
marl, clay and chalk and where on redriving after a period of rest the resistance has decreased. It
notes that where capacities are generated predominantly at the toe in gravels, sands and other
non-cohesive soils of this type, then one of the more reliable formulae should give a calculated
result within the range of 40% to 130% of the ultimate bearing capacity that would be
determined by a test load. Having added further cautionary words about the reliability of such
formula, it states "The Hiley formula is one of the more reliable and is probably the most
commonly used in Britain (Cornfield 1963; Whitaker 1976) . .. .... .. "
A pile driving formula, therefore, is based on the premise that hammer energy input can be
equated to work done by the pile on the soil, and in its simplest form can be represented as:W . h = R. s
where
W
h
R

s -

hammer weight
hammer fall height
resistance of ground
penetration of pile, or ' set'

The above formula is not in practical use as it is a gross over-simplification of the actual pile
driving process, but it serves the purpose of demonstrating the principle. As stated in BS 8004
the Hiley Formula is the formula in most common use in U.K. It is normally applied in its socalled simplified form, which is:W .h.ll
where

c

R (s+c/2)
a factor taking account of efficiency and
cushioning system
temporary compression of soil, pile, and
driving system

It can readily be observed that the particular inaccuracies of this model are:-

a) Hammer transfer energy
Pile driving hammers normally consist of a driving assembly involving the hammer weight itself,
a cushioning system, and a driving helmet. The potential energy (represented by W h) is greater
than that energy which is transferred by the hammer to do work on the pile. The Hiley formula
recognizes this in the reduction factor '11; however the problem is in the accurate evaluation of '11 ·
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This problem has, in recent years, been overcome by pile driving contractors utilising dynamic
pile testing methods for the direct measurement of actual hammer transfer energy at the pile top.
The value of transfer energy is then used as input quantity to the pile driving formula, and, as
long as the contractor is consistent in his use of hammers and cushioning systems the same
transfer energy value can be repeated. Regular checks should then be made to ensure the
measured value of transfer energy remains consistent.
b) Temporary compressions or quakes of soil, pile and drive system

The evaluation of the drive system temporary compression is eliminated by the measurement of
transfer energy directly at the pile top, which is of course, at a location following the transfer of
the blow through the drive system. The combined pile and soil temporary compressions can then
be readily measured on the pile during the driving operations on site, for input into the driving
formula.
The driving formula is normally applied in the form:s = Whl]
R

c
2

so that the input of transfer energy, resistance force (R), and measured temporary compression
gives the set to which the pile should be driven for the input resistance value. The input
resistance value (R) would normally be the pile working load plus any other applied loads e.g.
downdrag load, multiplied by a factor of safety. This factor of safety would normally be 2 or
greater.
It would be incorrect to consider that pile design by driving formula alone is carried out in
U.K. However, driving formulae are quite routinely used and applied in driven pile installation
as a guide as to when to stop driving a pile into the soil, and as stated above, the Hiley formula,
normally in a modified form, is in most common usage.
Having identified the stratum to which the pile should be driven in order to provide adequate
bearing from a site investigation report, it may be the case that preliminary pile testing is
considered desirable in order to prove the pile bearing characteristics and to 'calibrate' the
driving formula and ' set' to which the pile has been driven. This would normally be the case
where there was little or no local experience of the pile type in the prevailing soil conditions.
Where there was adequate local experience, pile installation on the basis of the driving formula
alone would be acceptable, as long as the piles were installed consistently to the recognized
bearing stratum.
Most U.K. pile driving contractors will tend to control (or ' design') their pile installation
using a pile driving formula of which they have experience, whatever the soil type. Nevertheless,
it is generally recognized that some soil types are more suited to this approach than others. As a
general rule cohesive soil types (clays etc .. ) are not suited, similarly chalks. However, local
experience does sometimes dictate otherwise, and it is reasonable to state that where piling
equipment, pile type, and the local soil type has been calibrated by some form of pile testing,
normally static testing, then even so-called unsuitable soil types may employ driving formula
techniques in the design and construction control process.
The measurement of 'set' at the end of pile driving is normally routinely carried out whatever
the soil type whether or not a pile driving formula is employed. Recognising the great
disturbance to the soil caused by the process of pile installation remeasurement of the pile 'set'
with time after installation is often undertaken .. This is normally only practical for preformed
pile types and not practical for driven cast-in-place pile types or marine piles requiring
manouvering of floating plant.
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The qualitative check is:(i) Set the same as at pile installation - little change of bearing capacity
(ii) Set decreased since pile installation- increase of bearing capacity
(iii)Set increased since pile installation- decrease of bearing capacity
It is most important that the hammer transfer energy at time of restrike(s) is the same, in
practice, as that which was used for pile installation, otherwise the results can be misleading.
Practical examples of some soil types in UK in which such phenomenon could be observed in
practice would be:

condition (i) : piles in gravel soils,
condition (ii) : piles in clay soils,
condition (iii): piles in some weak rocks e.g. Coal Measure mudrocks.
In summary, pile driving formulae are used in the design process of driven piles but only in
conjunction with local experience, site investigation information, in many instances in
conjunction with dynamic pile testing, and in some instances in conjunction with load testing.
Pile driving formulae are normally used where the bearing stratum consists of a cohesionless soil
type, weathered or hard rock type, or glacial till. In addition it is routine practice to measure the
' set' at end of drive of preformed piles whatever the soil type, and then to restrike a sample of
the piles, where practicable, to measure change of ' set' with time.
6.6 Design on Basis of Wave Equation Analysis

BS8004 states the following with regard to wave equation analysis:
7.5.2.2 Wave equation analysis. The ultimate bearing capacity of a pile may be
predicted from analysis of the stress wave resulting from the hammer blow.
estimates of the dynamic resistance can be made which can be correlated with the
static bearing capacity ....
The BS8004 definition applies to dynamic pile testing, involving the measurement of force
and acceleration in a pile subjected to a hammer blow and the subsequent analysis of the wave
form so measured, usually by a wave matching program such as CAPWAP . It is not an accurate
representation of the current use of wave equation analysis.
Wave equation analysis is commonly carried out via a computer program that simulates a pile
under the action of an impact pile driving hammer. A number of programs are available within
the UK. GRLWEAP is probably the program in most common use. The program will, given a
set of dynamic soil resistance parameters and a hammer and driving system, compute the
following pile parameters:
• Blow count of a pile for one or more assumed values of ultimate resistance
• The axial stresses in a pile corresponding to the calculated blow count
• The energy transferred to the pile
Thus the program is commonly used to predict:
• The bearing capacity at time of driving (or at restrike) given a particular blow count (or
set)
• The set (or blow count) required to achieve a particular bearing capacity.
• The stresses in the pile during pile driving
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Wave equation analysis is in widespread use in offshore piling. In this environment, it is used
primarily to predict driving stresses in large diameter steel tubular piles and also for hammer
selection. In on-shore piling, wave equation analysis is less widespread. Notwithstanding the
better representation of the pile, soil and pile driving system that is offered by wave equation
analysis, it has not yet superseded the Modified Hiley Formula in determining pile sets. Its use
is, however, gaining ground. In addition to the ability to predict blow count, pile stresses and the
ability to consider a number of piling hammers, wave equation analysis allows the prediction of
pile driveability.
With good knowledge of the soil profile leading to a model of resistance with depth, wave
equation analysis is used by some contractors to simulate the action of pile driving. This
analytical option is used to assess:
• the ability to drive a pile to a given depth
• the depths at which pile stresses (compressive or tensile) are most critical
• the time to drive the pile (and therefore predict pile production)

Wave equation analysis is not restricted by soil type and can be applied in a mixed soil
profile. Succesful use of wave equation analysis, of course, requires good soils information,
reliable static analysis, accurate information on the driving system, dynamic soil parameters with
estimated rate changes preferably based on existing results. Like other design methods, its
reliability is improved by local experience.
6. 7 Global Factors of Safety - Axial Compression

The current method used in the UK is to use lumped or global Factors of Safety (FoS), applied
to either the applied working load or to the calculated ultimate capacities. The global FoS is used
to cater for all the uncertainties with the design.
The value of the FoS depends on a number of criteria, namely;
•
•
•
•
•
•

Sensitivity of the structure
Nature/variability of loading
Adequacy of site/ground information
Variability of ground conditions
Design method
Local experience

For piles founded on superficial and solid deposits, a global FoS of between 2.0 to 3.0 is
applied to the total ultimate capacity. The total ultimate capacity includes the total contribution
from both skin friction and end bearing effects.
The nature of the proposed pile load testing is often used to dictate the required minimum
FoS.
Factor of Safety
2.0

Testing Proposals
Preliminary test piles

+ Working test piles
2.5

Working test piles

3.0

No load testing
Previous local experience is however essential
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The above concept is related only to 'standard' loading and ground conditions. The following
information gives brief guidance on dealing with some other common conditions.
(a) Wind Loading
BS 8004 Clause 2.3.2.4.3, states " Where the foundation loading beneath a structure due to
wind is a relatively small proportion of the total loading, it may be permissible to ignore the wind
loading in the assessment of the allowable bearing pressure, provided the overall factor of safety
against shear failure is adequate. For example, where individual foundation loads due to wind are
less than 25% of the loadings due to dead and live loads, the wind loads may be ignored in this
assessment. Where the ratio exceeds 25%, foundations may be so proportioned that the pressure
due to combined dead, live and wind loads does not exceed the allowable bearing pressures by
more that 25%".
(b) Negative Skin Friction
If negative skin friction (or downdrag) forces are considered to be applied to a pile shaft, unless a
proprietary slip coating/ sleeving is utilised on the affected pile shaft area, the additional loading
must be taken into account in assessing the pile allowable working load.

As an example, where the pile settlement under working conditions is sufficient to reduce the
effects of negative skin friction the following approach is used.
Q.

= (Qu- NSF)/FoS

Different approaches are used when the negative skin friction forces are large in relation to
the working load, or where the settlement of the pile is not sufficient to reduce the negative skin
friction effects.
(c) Material Stresses
The induced working compressive stress on a pile cross sectional area should not exceed the
allowable stress value of the pile material.

Pile Material
Cast in Place Concrete
Precast Concrete
Steel Sections

Allowable Material Stress
25% of28 day concrete cube strength
25% of28 day concrete cube strength
30- 50% of the characteristic yield strength

(d) Nature ofLoading
When the induced loadings are caused by significant impacts, cyclic effects, vibrations or
where the properties of the ground are expected to deteriorate significantly with time, the
previously quoted factors of safety should be increased.
(e) Tension Loads
From published test results, it is evident that the skin friction developed during uplift forces is
generally less than that developed during compressive loading. It is normal practice, therefore, to
increase the global FoS to a minimum of3.0.
(f) Weak Rocks
For piles installed into weak rock a different approach to the use of a global FoS is necessary as
serviceability constraints usually govern the pile design. It is normal practice to separate the
shaft friction and end bearing components of the ultimate capacity and to apply different FoS to
each component.
CIRIA Report R509- Piled Foundations in Weak Rock, recommends the following FoS .
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Condition

Allowable Working Load

Factors of Safety

Q. = Q, I F3

F3 = 1.2 to 1.5

For piling in Chalk material, the guidelines given in CIRIA Report PG6 are utilised. In order to
control settlements a nominal FoS of 1.5 is applied to the skin friction component with a higher
FoS applied to the end bearing, depending on the method of piling.

(g) Group Efficts
All the previous methods relate to the design of isolated axially load piles. For groups of piles the
calculated working capacity should be adjusted to allow for group action, pile spacing and any
other factors which influence the overall efficiency of the pile group. Traditional empirical group
analysis formula are no longer used in the UK.
6. 8 Serviceability
The analysis of a piled foundation needs to be checked to ensure that the serviceability
performance is acceptable. BS 8004 Clause 2.1.2, define that;
Foundation design should ensure that foundation movements are within limits that can be
tolerated by the proposed structure without impairing its function. Since the capacity of the
structures to accommodate movement varies, the design of the structure should be interrelated to
its foundation'.
Serviceability is a highly subjective issue, with dependency on both the function of the
proposed structure and the possible reaction of the end users to the effects of settlement. As
structures are variable in size and sensitivity there is difficult in setting general guidelines as to
what is an allowable movement. Of more importance to a structure is the possibility of inducing
excessive differential settlements which will result in unacceptable structural deformations. This
form of settlement is more likely to cause perceived 'structural damage'. The publication 'Soil Structure Interaction', gives guidance on the classification of visible damage to walls and relates
this degree of damage to typical groups of structures.
In general structural design engineers do not have a full understanding/appreciation of what
constitutes an allowable level of movement for the structure being designed. Although there is
practical guidance available in 'Soil-Structure Interaction', most design engineers tends to be
over conservative and specify allowable settlements, at working load conditions, in the range 5
to l5mm.
In the design of piles the general situation is that for piles which derive their greater resistance
from skin friction, and are provided with a minimum factor of safety of 2.5 applied to the
working load, then the deflections will generally be restricted to less than lOmm (Tornlinson). In
this case it is normally not necessary to carry out any settlement predictions.
For piles of large diameter or piles which derive their greater resistance from end bearing, it
is normal practice to apply higher FoS to the calculated capacities, or to carry out settlement
calculations to ensure that the predicted settlements are acceptable.

7 APPLICATION OF DESIGN METHODS
It will be observed from Section 6.4 and 6.5 that the calculation methods used require simple
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substitution of arithmetic values for the various coefficients and variables. By far the most
difficult task is to select a realistic design line for the appropriate parameter required by the
calculation formula.
Space does not permit a fully documented design example to be presented. In general terms,
UK design line selection follows the philosophy of a 'moderately conservative' evaluation of soil
parameters from the set of derived data. The term 'moderately conservative' is a conservative
best estimate and may be considered to be similar but probably a little higher than the
'characteristic value' used in Eurocode 7.
The designer has to consider whether the test results give a measure of the parameter which
will actually govern the situation being considered. There could, for example, be a systematic
error caused by a scale effect. Once a correction, if required, has been applied then a 'moderately
conservative' design line can be drawn. It is essential to consider the resultant in the light of
experience. A review will indicate how the values compare with the typical range for the
parameter being considered. If there is no comparable experience, a more cautious view would
be adopted. More cautious or optimistic views may be applied as a result of this review and the
chosen design line may also need to be compared with design values derived from a different set
of measurements. The process is likely to require the assessment of a body of data which is not
entirely consistent but this is not unusual in geotechnical design.
In the UK, it is not considered that any formal statistical procedures are applicable and indeed
most designers would consider that statistical analysis would lead to errors. Experience in the
selection of appropriate design parameters comes from the results of actual prototype
pt:rfonuance together with peer group discussion and review of any published data. Training
takes the approach of passing selection philosophy onto younger and less experienced members
of a design group by mentors.

8 QUALITY CONTROL AND MONITORING

Traditionally in the UK, an Engineer requested piling to be undertaken in accordance with a
specification and scope of works provided by him. Tests on materials would be undertaken in
accordance with relevant British Standards. Inspection of the workmanship would take place
throughout the piling process and a few piles, usually 1-2% of the total number of piles would be
subjected to proof load testing to 1.5 times the working load. Where ground conditions or piling
practice was unfamiliar, preliminary pile testing of one or two piles to 2.5 times working load
would be included.
Against a background of conservative design and conscientious inspection this system of
quality control worked well and there have been very few piling failures in the UK.
Over recent years competitive pressures on both consulting engineers and specialist piling
sub-contractors have resulted in a changed market place where regular inspection of
workmanship is not normal, apart from some public works. Piling sub-contractors have become
more expert and undertake most of their work in accordance with their own designs, except for
most road projects. Such designs will be submitted to the Client's Engineer for approval. In
addition, the rise ofthe use ofCFA piling has diminished the value oftraditional inspection.
The current approach in the UK, where most substantial firms belong to the Federation of
Piling Specialists (FPS), is to operate a self regulated quality control system which will deliver
piles within a Quality Assurance (QA) scheme. The FPS requires members to operate a Quality
Assurance scheme and this has undoubtedly spread the use of such schemes throughout the
industry. BS 5750 Quality Systems which covers QA for design/development, production,
installation, servicing, final inspection and testing, first published in 1987, is the bible of all
schemes. It is now referred to under its ISO numbers BS EN ISO 9001, 9002 and 9003, the
latest version having been published in 1994. Company schemes operated in accordance with
these standards will include several hold and inspection points within the piling process and these
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will involve representatives from other organisations, where they are available, to witness
specific items in the piling process.
Within the normal quality control systems operated within the UK, pile testing continues to be
the most frequently used test of the efficacy of a design. Only in well known ground with a
substantial history of successful piling will the use of high factors of safety allow tests be
avoided. Integrity testing as an assurance of structural integrity has become a normal part of a
QAscheme.

9 PARTICULAR NATIONAL EXPERIENCES
It is not appropriate to try to examine in any detail the steps in the evolution of piling and pile
design in the UK. The pressure for heavier buildings in urban areas especially London from the
1950s onwards certainly advanced the cause of large diameter bored piles. Initially American
machinery was imported but the ground conditions to be faced were very different from those
normally associated with skyscrapers. The work ofBRE especially from the 1950s to the 1970s
certainly helped to validate the design methods and allowed the use of large diameter underrearn
piles to become a common and trusted technique.
In the last 25 years piling advances have been as commonly brought about by specialist
contractors as academics or consulting engineers but generally in an evolutionary way. Burland
and Twine advocated the use of effective strength for shaft adhesion in 1988 but the method has
not been widely adopted. The performance of large driven piles in normally and overconsolidated
clays was the subject of some specific research work by an oil company. Jardine and eoresearchers have used their offshore work as a basis of a large onshore model study of pile
behaviour which is now entering the public domain.
New techniques have been suggested such as the wedge pile (Burland) but adopted in a
slightly different form by a specialist contractor. Some techniques have been adopted by cooperation with continental firms such as the Atlas and Omega piles.
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