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ABSTRACT: Full-scale experiments have been considered extremely useful to French civil engineering since the 1960's as a means
of studying structural behavior and new process mechanisms. At the end of the 1970's, the innovative concept behind France's
National experimental research Projects (or NPs) was devised by a French civil engineer named M. Martin. The originality of this
concept lies in the fact that 80% to 85% of funding is generated by project members in the form of subscriptions and especially inkind contributions (allocating research time and experimental sites, conducting tests, providing equipment, etc.), with the assigned
Ministry then financing just 15% or 20% of the total budget. The first NP, labeled "Clouterre" (1986-90), focused on soil nailing for
retaining walls and was followed by 30 more civil engineering projects, 7 of which involved geotechnical engineering. The IREX
Institute (Institute for Applied Research and Experimentation in Civil Engineering), created in 1989, supervised and managed such
projects. This paper presents the initial steps and the procedure for the NPs, and describes 5 of them in the field of geotechnical
engineering..
KEYWORDS: research, project, innovation, instrumentation, physical and numerical modeling, full-scale experiments.

1

INTRODUCTION

Soil behavior is a complex phenomenon, and no theory is
available to accurately calculate the stresses and strains of a soil
subjected to any kind of loading. As such, the skeleton of a soil
is neither elastic nor even elastoplastic. Moreover, the waterskeleton coupling is typically difficult to assess. Despite the
tremendous developments in computing power, it is still
impossible to obtain a set of relations between stresses and
strains both capable of correctly representing the behavior of a
soil composition and usable in practice. All theories are merely
approximations.
The experimental approach to soil behavior thus remains a
key element, especially for verifying a theory's validity.
Mandel's similarity laws (1961) had already revealed the
limitations of reduced-scale sand models, under static loading,
subsequent to the scale effect, which has gradually led to
developing centrifuges in the field of geotechnical engineering.
Furthermore, the widespread development over the past several
decades of measurement instrumentation has not only enabled
studying certain aspects of the behavior of geotechnical facilities
in operation, but has also produced full-scale experimental
structures, which have greatly advanced the state of knowledge.
In France, J. Kérisel (1962) produced the first type of fullscale experimental structure dedicated to pile behavior. After
conducting, on the Maracaibo Bridge in Venezuela, the first pile
loading test by means of separately measuring both the tip load
and total load at the pile cap, J. Kérisel built a large-sized testing
station on the sandy St Rémy-lès-Chevreuse site, where piles
were being driven into a vast and deep concrete tank filled with
compacted sand. He proceeded by separately measuring the tip
load during pile-driving and found that it varied linearly at first
until reaching a depth of roughly three times the pile diameter,
then remained constant beyond that point. This result, now
widely renowned, has contributed extensively to changing the
pile cap strength calculation with respect to previously applied
theories.

In France, another full-scale experimental structure was built
at the same St Rémy-lès-Chevreuse site, this time by Tcheng
(1975), on the CEBTP Institute's testing station to study large
sand masses that had gradually undergone a state of thrust or
bearing. The station's primary element was a very stiff metal
screen, 5 m wide by 3 m high, containing in its central part 6
embedded measurement cells outputting both the vertical and
horizontal stress components. This screen had been suspended
by 8 hydraulic jacks; then, assisted by a servo control system, it
could be rotated around an axis lying close to the base and
translated horizontally. Two sands were tested: Fontainebleau
sand, characterized by a homogeneous particle size distribution;
and Loire sand, with a much broader distribution. These results
were instructive, notably as regards deviations between theory
and reality, yet they also exposed the difficulties tied to such an
experimental campaign, given an initial state (K0) that depends
on the level of compaction and varies considerably from top to
bottom of the screen.
As of the mid-1960's, the LCPC (French Central Laboratory
for Bridges and Highways) has undertaken, in collaboration with
the LRPC (its regional laboratories), research on soft soil
embankments (1973), ground slope stability (1976), deep
foundations and new retaining structures. In each case, one or
more full-scale experimental structures had been built
specifically for this research effort. Regarding slope stability, a
naturally unstable hill slope was dedicated to this endeavor and
heavily instrumented; monitoring could then take place over
several years.
Research on France's new Reinforced Earth retaining
technique, invented by Henri Vidal in 1963, helped give rise to a
set of Recommendations and State-of-the-Art Practices (1979),
produced jointly by LCPC and the SETRA Road and Highway
Research Center. An experimental Reinforced Earth wall was
built in 1968 by the Eure Departmental Public Works Office and
then instrumented by the Western Paris LRPC Laboratory. For
the first time, this wall made it possible to demonstrate that the
tensile force in reinforcement strips was not being maximized at
the level of the facing, but instead at a given distance inside the
wall (see Fig. 1).
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collective nature of these NPs in order to handle the tasks of
project management, monitoring and results dissemination.
Against this backdrop, the Ministries of Research and Public
Works in 1989 jointly created the Institute for Applied Research
and Experimentation in Civil Engineering (IREX).
3

Fig. 1: Full-scale experiment performed on the Incarville Reinforced
Earth wall (1968) - Evolution of tensile force in instrumented
reinforcement strips from a bed located 3 m deep

All these LCPC and regional laboratory research projects
were being financed by the Ministry of Public Works, which
oversees LCPC activities. At the time, France had no mechanism
for centralized coordination in civil engineering research.
Universities were not affiliated with these projects and large
national corporations, like the major State Authorities (French
Railways, French Electricity Board, etc.), were conducting their
own research in the field. This was a time when motorways were
first being financed by the State, with design and construction
performed by the Bridges and Highways Administration.
2 LAUNCH OF THE NATIONAL CIVIL ENGINEERING
RESEARCH PROJECTS
It was a Bridges and Highways Engineer, Michel Martin, who
while assigned to the Public Works Ministry's Foreign and
International Affairs Directorate (DAEI) initially nurtured the
idea at the beginning of the 1980's to undertake National Projects
devoted to experimental research in the field of civil
engineering. The focus was placed on implementing quite largescale projects and, perhaps more importantly, generating input
from as many participants as possible in both the public and
private sectors on a given research topic.
The underlying principle consisted of asking for a
subscription fee from participants for each year of research, then
offering them the opportunity to take part in financing the
project through in-kind contributions (time allocated, testing,
provision of equipment, etc.) and lastly awarding a financial
subsidy from the Public Works Ministry equal to 15% or 20% of
the total project amount. Two topics were chosen as the
objective for the first experiment: tunnels and the soil nailing
technique for retaining walls. Despite a certain dose of
skepticism at the outset, these two geotechnical projects,
conducted between 1985 and 1989, were a definite success. The
"Clouterre" national project (or NP) on this nailing technique,
which started up in 1986 for a 4-year period, comprised 21
members (7 public-sector organizations, 3 public and private
project owners, and 11 contractors). Its budget allocation was set
at €3.15 million, of which 15% was provided by the DAEI
Directorate and the other 85% financed directly by the 21
members through dues and in-kind contributions. The role of
project manager was assigned to a partner: the CEBTP Research
Center, which made its St Rémy-lès-Chevreuse experimental site
available.
After these two initial National Projects, it was deemed
necessary to set up a dedicated organization to accommodate the

THE NATIONAL RESEARCH PROJECTS PROTOCOL

The current protocol, intended to develop the area of applied
research and experimentation in civil engineering, was initiated
around 1990 as a joint effort by the Ministries of Research and
Public Works in response to a proposal issued by the Civil
Engineering Research Advisory Council (CORGEC), whose
members included representatives from the fields of research and
civil engineering.
This protocol entails, first and foremost, validation by the
Public Works Ministry's Research Directorate of a topic
proposed by the profession and based on a feasibility study
conducted by a group of experts under IREX supervision. Such
studies are paid using a Public Works Ministry subsidy, upon
approval by a Civil and Urban Engineering Advisory Committee
composed of researchers affiliated with universities and public
research centers, as well as by professional representatives.
Following this study, IREX assembles a detailed National
Project file that encompasses: the pertinent research program
along with its experimental campaigns, the list of its public and
private partners, a schedule that typically extends four years, and
the project cost and its financing (dues, in-kind contributions,
Public Works Ministry subsidy accounting for 15% to 20%). It
should be noted that this Project file must always include at least
one owner company willing to assume responsibility, whether all
or in part, for a full-scale experiment or the complete
instrumentation of a structure. At this time, it is also requested to
allocate a project promotion budget item in order to produce a
summary of results for subsequent publication in the form of
recommendations or a guide, with in most instances an English
language version made available. Moreover, the most salient
technical breakthroughs are to be presented at international
symposia.
This series of National Projects has spanned a broad crosssection of the civil engineering field:
1) materials, mainly the various types of concretes;
2) geotechnical engineering, primarily foundations;
3) construction processes;
4) structural rehabilitation and maintenance;
5) sustainable development.
In 2009, for the occasion of IREX's 20-year anniversary, a
National Projects summary document was published under the
title "20 years of applied research and experimentation in civil
engineering". This publication in French provided a 4 to 6-page
description of each of the 26 National Projects, along with their
respective contributions to the field.
The focus herein will be placed on the following NPs, which
lie within or are affiliated with the geotechnical engineering
field, namely:
 "CLOUTERRE": Soil nailing technique for retaining walls
 "FOREVER": Technique dedicated to micropile groups and
networks
 "VIBROFONÇAGE": Vibrating piles and sheet piling
 "ASIRI": Foundation improvements using rigid inclusions
 "SOLCYP": Behavior of piles subjected to cyclic loads.
The two following tables respectively indicate the distribution
of project partners and the breakdown in financial amounts
allocated among these 6 NPs.
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Table 1: Distribution of partners in the geotechnical National Projects

4
4.1

THE "CLOUTERRE" NATIONAL PROJECT
Project objective and characteristics

The goal of this National Project was to promote the soil nailing
technique, especially within the scope of permanent retaining
walls, by means of: accumulating in-depth process knowledge,
determining process limitations, devising reliable design
methods, and issuing recommendations. All these points were to
be advanced by drawing upon full-scale experiments.
As a matter of fact, a few years after publication of the 1991
CLOUTERRE Recommendations, it became necessary to extend
the results of the CLOUTERRE I NP by carrying out research on
walls and other structures featuring nailed soils, notably by
developing a design method at the serviceability limit states
(SLS), as derived from a set of finite element calculations. This
step gave rise to the CLOUTERRE II National Project, whose
research was performed from 1995 to 1999.
Table 2: Financial amounts involved in geotechnical National Projects

A few specific aspects of these National Projects are worth
noting:
1) In light of the recent creation of the National Research
Agency (ANR), overseen by the Ministry of Research, several
projects have benefited from ANR subsidies for laboratory
research, whereas more full scale experimentation-oriented
projects were granted the Public Works Ministry subsidy (see
Table 2). Collaboration among the various partners however has
remained steady and is always considered fruitful.
2) Although the word "National" might suggest that only
French partners are asked to participate, several National
Projects in geotechnical engineering have included foreign
partners. More specifically, the Quebec Transport Ministry
partnered in the CLOUTERRE project, and the U.S. Federal
Highway Administration and University of Canterbury (New
Zealand) were among the partners to the FOREVER project.
Moreover, as of 1991, this National Project process started
attracting the interest of other international partners: Canada's
Federal Ministry of Research in 1991, then its counterpart in
China (1992), and more recently a Japanese mission in France.
3) From the outset, the Works French Federation of Public
Works Contractors has been a key actor behind these National
Projects. Also, the contractors , despite being in a competitive
sector, were able to join forces and find common paths for not
only updating their technical doctrines, reference guides and
rules, but also for applying outcomes to help develop their
activities abroad.
4) The National Projects movement has enabled public and
private sector engineers to collaborate in research pursuits and
develop bonds, breaking with the past when such opportunities
were few and far between.

Fig. 2: The 3 phases of retaining wall construction by in situ soil nailing

As shown in Figure 2, the nailing technique used to erect a
retaining wall constitutes an extension of the Reinforced Earth
technique, with the first major structures being built in 1968-69
for the motorway between Nice and Menton, whose 23-m high
Peyronnet wall has remained firmly intact. As opposed to the
Reinforced Earth technique however, construction proceeds from
top to bottom, which considerably alters the sequencing and
complicates execution. More specifically, the earthworks phase
at the base of the section of wall already built may, if the wall is
too high and/or left standing during a several-day suspension of
works, induce failure.
As mentioned above, the Clouterre I NP comprised 22
partners, including the Quebec Transport Ministry. It took place
between 1986 and 1990, with a budget totaling €3,150,000, 15%
of which was financed by France's Public Works Ministry and
the balance provided by project partners in the form of dues and
in-kind contributions.
4.2

The CLOUTERRE I full-scale experimental campaign

At the CEBTP Center's St Rémy-lès-Chevreuse experimental
site, it was possible to conduct three full-scale experiments on
nailed soil walls built in Fontainebleau sand masses, with wellcontrolled parameters. These experiments will be briefly
described below.
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4.2.1 Wall No. 1 in a nailed soil stressed until failure
This 7-m high wall installed in sand was built by completing a 1m high excavation phase with sealed nails 6-8 m long, in
offering some bending strength due to its tubular composition.
The structure had been calculated using a sufficiently small
overall safety coefficient (F=1.1), capable of easily causing
breaking as the soil gradually saturated from the top of the wall,
thus reducing the sand's apparent cohesion while increasing its
total specific gravity. Thanks to the extensive instrumentation
installed, it was possible to perform a large number of
measurements (tension in the nails, facing displacement, strain in
the nailed soil mass, etc.). Moreover, since the failure was not
complete, given that the facing had penetrated and become
blocked in the foundation soil, excavating the wall allowed for a
comprehensive investigation of the failed wall (Fig. 3).

Fig. 3: Observations recorded during excavation of the nailed soil wall
after failure (1st full-scale experiment held at the CEBTP site)

More specifically, nail bending in the vicinity of failure
creates a shear zone in the soil around the line of maximum
tension points in the nails; as a general rule, it also yields a nonabrupt, and rather ductile, wall failure appearance.
4.2.2 Nailed soil wall N°2 under study during the excavation
phase
The objective of this experimental wall No. 2 tested at CEBTP
was to study the stability, both local and global, of a nailed soil
mass during an excavation phase. For this purpose, a nailed soil
wall 3 m high was first built and then stressed until failure by
increasing the excavation height from 1 to 3 m at the wall base.
During the first stage (i.e. 1-m excavation height), both the
excavation and wall were stable. For the second stage (2-m
excavation height), a localized failure ensued followed by
stabilization through the formation of an arch, yet overall the
wall remained stable. Lastly, for the third stage (3-m height), the
arching collapsed and local failure propagated all the way to the
surface, resulting in a global and internal wall failure.

4.2.3 Wall No. 3 in nailed soil - failure caused by insufficient
nail length
The third experiment at the CEBTP site on a nailed soil wall,
this one 6 m high, served to examine the failure mode due to
insufficient reinforcement length. This wall was equipped with
adjustable length telescopic nails. Failure occurred once a
distribution of very short nails had been reached along the base
of the wall with gradually increasing nail length towards the
upper part of the wall. This configuration dictated the shape of
the sliding surface, which corresponded to an intermediate
failure somewhere between an adherence deficiency mode and
an external failure mode.
4.3

Primary results from Clouterre I

Wall No. 1 revealed the shape of the maximum tension line in
the nails, i.e. remaining constant until the initiation of failure,
which is gradual, along with a certain trend towards nail bending
in the vicinity of failure.
Wall No. 2 indicated that wall stability during its construction
had been correlated with the development of an arching effect
over the course of excavation phases, which provided
information on process limitations among other things.
Soil/nail friction has been the topic of in-depth studies
involving both experimental and theoretical findings, with, like
in the Reinforced Earth technique, the notion of an apparent
friction coefficient * correlated with a partially impeded
dilatancy of the granular part of the soil skeleton.
A major portion of the research was devoted to developing an
ultimate limit state (ULS) design method. The preference was
assigned to a failure method that makes use of circular failure
surfaces, calibrated with the full-scale wall No. 1. More
specifically, a so-called multicriteria method was developed
(Schlosser, 1982) to enable determining the torsor (Tn, Tc, M) of
forces at the point of maximum tension in a nail. This method
relies on a set of failure criteria focusing on components and the
interactions between components, namely:
- soil/nail skin friction interaction:   qs
- soil/nail transverse pressure interaction: p  pmax
- nail constituent material:
  k (max shear)
This work has led to identifying 4 criteria, in acknowledging
the assimilation of nails to beams, thus giving rise in the (Tn, Tc)
plane of tensile and shear forces to a domain of stability that
helps determine the maximum resultant force (Fig. 5).
These multiple criteria allow for a shear force in the nails that
often gets neglected when designing nailed soil walls, yet that
becomes a predominant concern when vertical nailing is used to
stabilize slopes. This design method was the first in the field of
soil mechanics to use a semi-probabilistic calculation with
partial safety coefficients and weighting coefficients on actions.
It has now become the rule in the Eurocodes.

Fig. 4: Stability and failure during the excavation phase of
the CEBTP's nailed soil Wall No. 2

Fig. 5: Domain of stability in the (Tn, Tc) plane,
and determination of maximum force T
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The strain in nailed soil walls, especially displacements at the
top of the wall, has also been the focus of considerable
instrumentation on both experimental walls and structures
currently in service. The horizontal displacement at the top of a
vertical nailed soil wall of height H thus lies between H/1000
and 3H/1000, depending on the chosen safety coefficient value.
4.4

Clouterre 1 publications

This NPs has been the subject of 50 internal reports and
publications both in France and abroad. The most significant
publication was "Clouterre 1991 Recommendations for
designing, calculating, constructing and inspecting earth support
systems using soil nailing". This book comprises 7 chapters and,
after being translated into English, was produced in 10,000
copies by the American FHWA (Federal Highway
Administration) before a joint publication was released by
FHWA and the Presses des Ponts et Chaussées publisher for
worldwide distribution. These Recommendations greatly helped
promote the nailed soil technique for retaining walls and gave
rise to the NF P 94270 AFNOR Standard, which serves as the
French application standard for Eurocode 7 regarding retaining
wall structures, whether built in nailed soil or reinforced soil.
4.5

monitored over time from construction through service startup
and ultimate failure. In this respect, the Clouterre I experimental
walls constitute an exceptional base of reference structures. In
addition to the conventional parameters of soil elasticity and
strength, the angle of dilatancy  must be included as well as
parameters relative to the nails, facing and their interactions with
the soil. Figure 6 indicates the evolution in horizontal
displacement h at the top of the Clouterre No. 1 wall facing,
accompanied by a comparison with measured values. On the
whole and compared to the previous calculations carried out
(Shaffiee, 1986), it is observed that the measured values have
been accurately predicted, yet it is still advised to perform a
sensitivity study relative to the set of mechanical parameters in
order to ensure the validity of these results.

The Clouterre II National Project

4.5.1 Organization of this NP
Developed subsequent to Clouterre I, which took place from
1993 to 1997, the CLOUTERRE II National Project assembled
19 partners, including FHWA, thus making it the first example
of a foreign partner participating in a NP. The total cost of this
project amounted to €1,579,190, including a subsidy from the
DRAST Research Directorate in the amount of €281,708, i.e.
17.8% of the total budget, with the balance provided by the
partners (through dues and in-kind contributions).
4.5.2 The Clouterre II NP research topic
Clouterre II constituted another milestone towards
understanding and designing nailed soil structures, with
emphasis placed on methods for computing displacements,
execution techniques, behavior in the presence of special
loadings (walls subjected to freezing, earthquakes), and the
behavior of a structure other than a wall (reinforced nail facing
in tunnels built in compressible soil).
4.5.2.1 Construction of nailed soil walls: Facing behavior
and justification
The Clouterre I database of nail tension test results was updated,
notably the chart (qs, pl) yielding, for the various soil categories,
the limit friction stress values qs of the soil/nail interaction vs.
limit pressure pl of the pressuremeter. The execution of facing
was studied with regard to drainage. Moreover, a chapter was
devoted to the facing behavior and its justification based on
instrumented structures currently in service, notably the A12
motorway walls southwest of Paris.
4.5.2.2 Displacement calculation methods
The Clouterre 1991 database of displacement measurements on
actual nailed soil walls was finalized and a semi-empirical
method could be devised thanks to these results.
General methods based on both finite elements (i.e. CESAR
and Plaxis software packages) and finite differences (FLAC-2D)
have been developed. These methods rely on two-dimensional
modeling, whereby the nails are modeled by "equivalent plates
with plane interfaces" for finite elements and "equivalent nails
with load transfer functions" for codes based on finite
differences. Such methods were validated by comparing the
results of calculations with measurements on full-scale
structures, built in soils with known properties, instrumented and

Fig. 6:. Trends in horizontal displacement calculated at the top of the
cladding; comparison with measurements (Clouterre No. 1 wall)

4.5.2.3 Other research
 Study of the effect of freezing-thawing: Instrumentation
introduced on a nailed soil wall, built in a mountainous zone in
1982 and subjected to significant facing displacements during a
frozen period, has enabled studying the freezing-thawing
mechanisms and finding a means to incorporate freezing effects
in a nailed soil wall.
 Earthquake design: Nailed soil walls are, like Reinforced
Earth walls (Kobayashi et al., 1996), flexible structures that
withstand earthquakes fairly well. As a general rule, their
stability during an earthquake is analyzed with a failure
computation by applying the pseudo-static method. The case of
composite structures, in which a nailed soil wall is supported at
the top by prestressed anchors, requires higher seismic
coefficients to be input into the stability calculations.
 Nailing (bolting) of the tunnel face in compressible soil:
Practiced since 1985, the bolting technique using sealed rods
stabilizes linings or full-section tunnel facings during
construction. In this latter case, the rods are made of a composite
material made of fiberglass and resin for the purpose of being
easily destroyed at the time of excavation. The stability of this
reinforced facing is calculated by means of analysis conducted at
the limit equilibrium or by applying failure calculation theory.
Strain calculations that incorporate this nailing into both ground
and retaining walls displacements are of three types: 1) modeling
of each rod, with a 3D computation; 2) homogenization-based
approximation of the ground/rod assembly, with 2D
axisymmetric computations; and 3) simulation of the nailing
effect by applying pressure to the tunnel face, with 2D
axisymmetric computations.
4.5.3 Clouterre II publications
The CLOUTERRE II National Project research has given rise
to 22 internal reports and a book entitled "2002 addendum to
the CLOUTERRE 1991 recommendations", published by
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Presses de l'Ecole Nationale des Ponts et Chaussées (in French).
It contains 8 chapters drafted by a 12-member review committee.
4.6

Advances owed to the CLOUTERRE I and II NPs

It can be stated, yet without any hard quantitative justification,
that these two NPs have definitively contributed to the
widespread popularity of nailed soil walls in France as
permanent structures, thus making it possible to generate
considerable savings compared to more conventional wall
construction. Let's cite for example the nailed soil walls around
some of the piles on the Millau Viaduct. Initially designed as
temporary facilities, these walls were, at the time of restoring the
site upon project completion, transformed into permanent
structures and included in the comprehensive monitoring process
aimed at the various viaduct components, although they were
assigned an observational method of approach. The savings
relative to newer reinforced concrete retaining walls were
substantial. Moreover, let's note the 1998 "reference structure"
ranking produced by the IVOR (French acronym for Validated
Innovations on Reference Structures) Committee for the nailed
soil retaining walls on the A12 motorway, which was heavily
instrumented within the scope of the CLOUTERRE II project.
In the international arena, the CLOUTERRE I National
Project, along with the English language translation of the
CLOUTERRE 1991 Recommendations, was undeniably
responsible for the widespread renown of French technique.
More specifically, it was the primary motivation behind the
American FHWA Agency's decision to participate as a partner in
the CLOUTERRE II project and then later in the FOREVER
National Project. Let's also point out that that the Talren
software application, designed and developed by Terrasol
Company, was and still is widely used across many countries for
the design of nailed soil structures (walls, embankments, slopes).
For this purpose, the "CLOUTERRE 1991 Recommendations"
were translated into Korean.
At the very beginning of the 1990's, both the FHWA and the
American TRB (Transportation Research Board) had organized a
"scanning tour" in Europe to learn about the development of this
nailing technique. Their delegations were very favorably
impressed by the extent of nailing activities in France. In the
same manner that the Reinforced Earth technique experienced
tremendous development in the United States, soil nailing was
quickly adopted by American authorities and reached such new
heights of popularity that the cumulative benefit derived thanks
to use of this technique would, several years ago, be estimated
by these U.S. agencies in the hundreds of millions of dollars. At
present, soil nailing is practiced basically throughout the entire
world due to its simplicity, ease of implementation and lack of
patent protections.
5
5.1

THE “FOREVER” NATINAL PROJECT ON MICROPILES
Objective and organization

A micropile is a pile with a diameter less than 250 mm, in most
instances bored, and containing a central metal reinforcement
rod, which quite often is a tube embedded into a mortar or
cement grout. The load-bearing capacity of a micropile is
basically provided by the micropile/soil skin friction, which can
be mobilised should the grout be injected under high pressure.
Four types of micropiles are to be distinguished on the basis of
the grout injection pressure value, i.e.:
- Type I: Bored and cased, fitted or not with a reinforcement
rod, filled with a cement mortar inside an injection pipe. The
casing is to be recovered;
- Type II: Bored, fitted with a reinforcement rod and filled with
a mortar or cement grout using an injection pipe by gravity or
subjected to very low pressure;

- Type III: Most often bored, fitted with both a reinforcement
rod and a grout injection system using a sleeved pipe (“tube à
manchettes”) within a grout sheath. The one-time injection
covers the entire installation, with a pressure at the top of at
least 1 MPa;
- Type IV: Identical to Type III, except for the fact that the
injection is repeated at selected levels with a single or double
valve (“packer”) option.
For many years, micropiles have offered a broad field of
application when used in groups (i.e. sets of vertical micropiles)
or in a network (inclined micropiles). Their primary purpose is to
support the foundation underpinning or they may be used for: the
foundations of newer structures built with difficult ground
conditions; slope and embankment stabilization; and retaining
walls, tunnels and protections of underground facilities.
Micropile networks also feature an exceptional capacity to resist
seismic forces.
The objective of the NP labeled FOREVER (French
acronym for Vertically Reinforced Foundations) was to specify,
through a study and full-scale testing program, the behavior of
micropiles, whether isolated, in groups or in networks, and then
establish recommendations along with a set of design methods to
allow extending their field of application.
Experimental groups and networks were built and
instrumented at the CEBTP's St Rémy-lès-Chevreuse site.
The supervisory team for this NP consisted of a President, a
Scientific Director and a Technical Director. The project
encompassed 22 partners and was conducted between 1993 and
2001. Its budget amounted to €5,091,000, with €754,000
awarded as a DRAST subsidy and the remainder through partner
support (dues and in-kind contributions). The participation of
three foreign partners in Forever is acknowledged: Federal
Highway Administration (U.S.), University of Canterbury (New
Zealand), and Polytechnic University of New York (U.S.).
5.2

Micropile groups: Experimental results

Based on a wide array of tests conducted on a reduced-scale
model (calibration chamber, centrifuge) and a full-scale model,
as part of the Forever project, it could be confirmed that the
spacing S between micropiles of a given group in sand is one of
the most influential parameters on load-bearing capacity under a
vertical loading. The coefficient of efficiency Ce, i.e. the ratio of
the average load-bearing capacity of a group micropile to that of
the isolated micropile, varies between 0.59 and 2.2.
For the same tests, the number N of group micropiles also
proves to be an influential parameter: for N < 10, Ce lies between
0.59 and 1.35, whereas for N > 10, the Ce value ranges from 1.4
to 2.2.
The order of micropile installation also exerts an influence.
For a group of 5 micropiles driven into sand of average density,
the placement of a 5th micropile in the middle of the other 4
serves to increase the group's load-bearing capacity by 40%.
On the other hand, the load-bearing capacity of a group of
micropiles subjected to a horizontal load turns out to be quite
similar to that of a group of piles.
5.3

Micropile groups: Numerical computation methods

5.3.1 The GOUPEG Program
In 1994, Maleki and Frank developed the GOUPEG Program for
micropile groups, so as to extend the GOUPIL-LCPC Program
from 1989 that relied on axial loading transfer functions (t-z
mobilization curves for axial skin friction), and for transverse
loadings (p-y reaction curves). Their study entailed adding group
effects to GOUPEG in the case of axial forces. Their method
was considered a "hybrid", whereby Mindlin elasticity solutions
were used to automatically calculate the displacements induced
on adjacent piles and thus determine the "y" type factors (i.e.
displacements z) that correct the t-z skin friction mobilization
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curves (as well as the q-zp pile tip strength curve). The GOUPEG
Program was validated by comparing the interaction coefficients
F obtained with well-known solutions within the elastic
continuum of Poulos and Davis (1990).
5.3.2 Interpretation of the Rueil-Malmaison tests
These tests were conducted on 4 vertical micropiles: 1 isolated
micropile, and a group of 3 micropiles spaced 1 m apart and
pulled in tension. These micropiles were composed of steel tubes
with: diameter B = 89 mm, a free length of 14 m in the alluvia,
and a sealed length of 5 m in the underlying chalk (B = 125
mm). They were instrumented in 8 sections with the LCPC
removable extensometer in order to determine friction along the
shaft. Several tensile loading calculations were performed with
GOUPEG; each time the skin friction mobilization laws applied
were those of Frank and Zhao. For the interaction between
micropiles and use of Mindlin solutions, a Young's modulus of
E=10 EM (EM: pressuremeter modulus) was adopted.

Fig. 8: Comparison of the force-displacement curves both measured and
calculated by GOUPEG, in the horizontal loading of
a type II micropile group (St Rémy test)

5.4

Fig. 7: Comparisons between measured and calculated tensile loading
curves of grouped micropiles (Rueil-Malmaison tests)

Figure 7 provides comparisons between the loading curves
measured at the top of each micropile in the group and the
curves calculated with GOUPEG, according to 2 hypotheses for
the limit skin friction (I: average value measured on the isolated
micropile; and II: average value measured for the group as a
whole). These results are satisfactory, in recognizing that the free
length of the isolated micropile is less than 14 m due to a rise in
the level of grout.
5.3.3 Analysis of the St Rémy transverse loading test
The GOUPEG Program was then extended to include an analysis
of micropile groups subjected to transverse loading, once again
in relying on Mindlin's equations. This analysis led to examining
both the vertical and horizontal loadings of full-scale tests
conducted in the sand at the CEBTP's St Rémy experimental
site, which included both isolated micropiles and two groups of
4 micropiles with the following parameters: S/B = 2; D = 5 m; B
= 10 cm; and ID = 0.57. The data required for this analysis were
the "t-z" curve of skin friction, the "q-z" curve of pile tip strength
and the "p-y" curve of transverse strength, with all these curves
being exclusively derived from on-site pressuremeter tests. To
calculate the group effect (i.e. the pile-soil-pile interaction), the
soil shear modulus G (input into Mindlin's equations) needed to
be evaluated. Figure 8 shows the comparison of experimental
results with GOUPEG calculations for the type II micropile
group (with gravity grouting). It can be observed that the
pressuremeter method developed for piles is also valid for
micropiles and moreover that for a given micropile group, the
trend yielded by GOUPEG represents reality quite well.

Networks of vertically-loaded micropiles

Experimental research on micropile networks, in which all
micropiles are inclined and vertical loadings have been
introduced, is uncommon. The large number of tests conducted
during FOREVER on vertically-loaded networks in sand have
made it possible to analyze the influence of the following
parameters: micropile spacing, sand density, and micropile
density and interlocking.
Within a network, micropile orientation is characterized by
two angles: angle  of micropile inclination with respect to the
vertical, and angle , the so-called interlocking angle, between
the vertical plane containing the micropile and the vertical plane
tangent to a horizontal circle centered at the middle of the
foundation and passing by the micropile top. An interlocking
network is characterized by negative  values ( < 0° or > 180°),
which enables the micropiles to be spaced at smaller distances
than at the top, thus leading to greater soil confinement between
micropiles.
The initial experimental results were obtained by Lizzi
(1978), who used a 1/10 reduced-scale model to compare the
behavior of a group to that of a network, with each containing 18
micropiles. The improvement offered could be quantified either
by the coefficient of efficiency Ce = 1.68, which indicates the
ratio of the load-bearing capacity of the group to that of all
isolated micropiles, or else by Ce = 2.22, i.e. the ratio of the
load-bearing capacity of the network to the sum of the loadbearing capacities of all isolated vertical micropiles.
The FOREVER NP performed a series of 20 tests on
micropile networks in sand (full-scale, centrifuge, tank,
calibration chamber) by means of varying the parameter values.
The initial result was a wide dispersion in values of the Ce
coefficient (from 0.51 to 2.93), which can be explained in part
by the micropile installation mode: driving, boring, cast-in-place.
The relative S/B spacing does not appear to be a main parameter.
Sand density could hardly be studied since for all tests, the
density index ID of the sand was in the vicinity of 0.5, which
corresponds to a relatively loose sand. Regarding micropile
density or number N, it would appear that a minimum number of
micropiles per unit volume is required to generate a positive
group effect. As for micropile orientation and the values of
angles  and , it also remained impossible to determine a
precise effect since too few tests actually allowed varying one of
these two parameters while keeping all other parameters
constant. It could nonetheless be confirmed that inclining an
isolated micropile hinders its vertical load-bearing capacity,
when compared to the load-bearing capacity of the same
micropile placed in a vertical position. On simple networks
composed of easels (A-shaped) however, results showed that a
mechanism specific to inclined micropiles developed during
vertical loading, involving the gradual mobilization of a passive
pressure with bending on the micropiles. This phenomenon,
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which was also found in the numerical studies conducted at
CERMES, could yield a greater capacity for the network relative
to that of the equivalent group.
Tank-based tests performed at the 3S Laboratory in Grenoble
used networks with a significantly higher number of micropiles
(N = 18) and a better level of interlocking ( < 0° and  > 180°,
with micropile intersections), as shown in Figure 9. In the case
of a near cylindrical network (defined by  = 20° and  = 30°/210°), a positive effect is observed on load-bearing capacity
relative to the equivalent group, beginning with the smallest
displacements. In all cases, a strain hardening phenomenon is
identified, thus confirming the soil passive pressure phenomenon
on long and flexible inclusions.

Fig. 9: An 18-micropile network at the 3S Laboratory in Grenoble

5.5

Comments on transversally-loaded networks

The horizontal loading tests only involved simple networks:
double easels (A-shaped) at the St Rémy-lès-Chevreuse site, and
single easels (A-shaped) at sites in Alabama (U.S.) and St
Maurice (France). These results have confirmed that micropile
inclination exhibits a highly beneficial impact on the resistance
to transverse forces. These cases are merely static loadings, yet
results are similar for dynamic or seismic loadings.
As for the double easels at the St Rémy-lès-Chevreuse site,
horizontal resistance is 2 to 3 times greater than that of the group
with a relative S/B spacing = 2. The numerical studies carried
out at CERMES have confirmed this finding as well.

5.6

Conclusions and recommendations

Research conducted within the scope of the FOREVER NP has
given rise to over 70 reports and articles. It has also led to the
publication of a 347-page book entitled "Synthesis of the
results and recommendations of the French National Project
on micropiles" by Presses des Ponts et Chaussées. An English
language translation was published by the American ADSC
Association on behalf of the Federal Highway Administration.
Moreover, a compilation of this book's scientific results has
served as the basis for several additional projects at foreign
universities. In another outcome, the collaborative research
completed as part of FOREVER has fostered creation of the
International Society for Micropiles (ISM), which associates
practitioners from North America, Europe and Japan.
5.6.1 Micropile groups
These experimental results have revealed a positive group effect
(i.e. Ce > 1) for groups that include a large number of flexible
piles, with this effect being primarily due to soil confinement
between micropiles. This point has been confirmed by the high
skin friction values whenever measurements were feasible.
The group effect reaches a maximum at a relative S/B
spacing between micropiles = 2.5 to 4. For higher values, the
level of confinement is reduced and the load-bearing capacity of
the group approaches the sum of all load-bearing capacities of
the various isolated micropiles (Ce = 1). It is obvious that
confinement can be improved by means of an appropriate
micropile placement method (e.g. driving or jacking into loose
sands).
As regards underpinning of foundation, it has been
confirmed, as shown in research and studies on the Pont de
Pierre in Bordeaux, that micropiles offer an efficient and well
adapted solution for stabilizing the foundation movements of old
structures.
5.6.2 Resistance of micropile groups to horizontal forces
The experiments performed on groups of horizontally-loaded
micropiles indicate that these group effects are comparable to
those of regular piles with conventional diameter dimensions:
- the total resistance of a micropile group is less than the sum
of each individual resistance of all micropiles due to the shadow
effect of piles placed in front of the micropiles located in back,
yet this negative effect may be neglected once the spacing
reaches 6 to 7 diameters;
- whenever micropiles are placed in a row perpendicular to
the loading direction, the group resistance is weakened by
mechanical interactions within the soil. This decrease however
remains modest and may be neglected once spacing has
exceeded 3 diameters;
- micropiles installed by means of soil displacement show
greater stiffness in a horizontal loading pattern than micropiles
placed using techniques that do not displace the soil.
5.6.3

Numerical methods for estimating the displacements of a
micropile group
Research conducted within the scope of FOREVER has led to
developing the GOUPEG Program, which makes use of the (t-z)
and (p-y) transfer functions, as well as linear elasticity for the
interactions between micropiles. This program is naturally also
valid for piles.
In order to calculate the displacement of micropile groups, a
distinction needs to be drawn between two types of effects that
differ considerably in their nature:
- effects due to the implementation technique, which modifies
soil properties both in the vicinity and at the soil/micropile
interface (effects that can only be estimated since a calculation
proves impossible);
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- the effect due to mechanical interaction between micropiles,
which is to be added to the displacements.
5.6.4 Micropile networks
Despite the fact that studies and tests carried out as part of
FOREVER are not sufficiently exhaustive, the following
conclusions can still be forwarded:
- A network, regardless of its number of micropiles, exhibits
a better behavior than the equivalent group.
- As regards the behavior when exposed to a vertical load, the
experimental results are, at the very least, contradictory.
- In order to obtain a positive network effect, the
recommendations issued for groups must naturally be followed,
especially as regards the number and length of micropiles as well
as soil confinement.
- In granular soils that are loose to moderately dense, which
have the most to gain from micropile reinforcement, it is
possible to obtain a positive network effect in comparison with
the equivalent group provided both an adequate soil confinement
has been achieved and the micropiles have been concentrated to
the greatest extent possible directly below the applied load. This
latter condition implies that the micropiles do not "exit" the
foundation surface, but instead line up towards the inside ( <
0°), so as to ensure maximum "nailing" of the soil. This notion is
quite similar to the concept proposed by Lizzi: a reinforced soil
foundation behaving like a monolith.
- For dense granular soils difficult to compact, it is impossible
to obtain a positive network effect.
- At the present time, it is not possible to design a micropile
network, with the exception of a simple layout (easel). However,
methods are currently being developed that make use of either
the transfer functions or homogenization techniques.
- From a pragmatic standpoint, the predominant idea at the
conclusion of FOREVER was that it became more advantageous
to solely seek a network effect in the case of micropiles either
bored or gravity injected. For those injected under high pressure,
of type IV (RSI i.e. repetitive and selective injection), it is
reasonable to assume they would function better when isolated
rather than in a group or a simple network.
5.6.5 Seismic behavior of micropiles
An analysis of damages caused by earthquakes, such as those
that occurred in Loma Prieta and Kobe, showed that the
foundations comprising steel piles of small diameter better
resisted the seismic loadings than large-diameter concrete piles.
This observation justifies the use of micropiles for foundations
in seismic zones since they display flexibility, ductility and
tensile resistance all at the same time. Micropiles prove to be
especially attractive for repairing structures that had undergone
damage during earthquakes. This technique in essence offers
engineers a multitude of possibilities in the area of design
(number, inclination and arrangement of micropiles) as well as
ease of placement, which makes its use highly advantageous,
particularly in more remote zones.
The use of micropiles as a reinforcement technique (for both
groups and networks) provides many additional advantages
inasmuch as such a technique serves to create a soil/structure
composite featuring special mechanical properties as regards
stiffness, strength and, above all, stability during earthquakes,
notably at sites with a soil liquefaction risk.
Research conducted as part of the FOREVER project on this
topic has included centrifuge tests, three-dimensional finite
element modeling and simple models built with springs and
dashpots (see Shahrour and Juran, 2004). It has also led to a
better understanding of micropile behavior when subjected to
seismic loading. The main set of results obtained are as follows:

a) The forces transmitted to micropiles stem from a kinematic
interaction along with an inertial interaction. The kinematic
interaction is more moderate for vertical micropiles used as
foundation elements. The considerable flexibility of micropiles
enables calculating the forces due to the kinematic effect, in
assuming that micropiles follow the free-field soil displacement.
b) Inertial forces, resulting from acceleration of the structure,
transmit a transverse force and an overturning moment to the
micropile group. These transverse forces and overturning
moments induce compressive and tensile forces inside the
micropiles. It thus becomes necessary to design micropiles, so
that they resist such forces, and then adopt the measures required
for the fastening between micropile and cap to resist tensile
forces. It should be noted that this phenomenon favors the use of
micropiles in seismic zones.
c) Micropile systems display a positive group effect that may
be ascribed to a structural effect derived from fastening
micropiles into the cap. This effect stems from both a reduction
in the bending moment within the micropiles and displacements
at the top as spacing between micropiles decreases. In the
absence of quantification, such an effect may be neglected given
that it is quite conservative.
d) The absence of damage observed in several earthquakes
demonstrates the favorable behavior produced by inclined and
flexible piles. Studies conducted during the FOREVER project
show that micropile inclination leads not only to an increase in
foundation stiffness relative to the seismic loading, but also to
stronger axial forces inside the micropiles.
e) The use of micropiles in liquefiable soils proves to be of
great interest. Results obtained in the centrifuge actually indicate
that micropiles confine the soil/micropile system, which serves
to: reduce soil movement, slow the rise in pore pressure, and
thereby lower the risk of liquefaction.
f) A comparison of centrifuge test results with those of both
the finite element model and the simplified calculation methods
based on Winkler's model reveals that these latest results may be
used for the seismic design of foundation micropiles.
g) Micropile design in seismic zones must take into account
all other project parameters, especially the frequencies (loading,
structures, soil layers, etc.).

6
6.1

THE “VIBROFONÇAGE” NATIONAL PROJECT
Introduction

The Vibrofonçage (vibratory pile driving) National Project was
supervised by IREX subsequent to an exploratory study (March
1998), followed by a feasibility study (January 1999). The
conclusions of this NP were presented in September 2006. The
day spent reporting results was coordinated with the 2006
TRANSVIB international symposium.
The total pre-tax project budget amounted to €1,152,000,
including a €246,000 (pre-tax) subsidy from the Research
Directorate of the Science and Technology Ministry, with the
balance made up of partners' in-kind contributions and dues. The
vast majority of this budget was devoted to experiments and in
situ measurements.
On the heels of the TUBA National Project, devoted to pile
driving by means of hammering, this Vibrofonçage NP focused
on the more recent technique of driving linear metal elements
(tubes, sheet piles) into the soil by means of vibration (Fig. 10).
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The Dunkirk tests conducted in January 2002 involved three
tubes open at the base of a structure under construction and
driven by vibration; these tubes were fitted at the top with strain
gauges and accelerometers (a pile-driving control device
developed by TNO). Measurements recorded just at the top did
not give rise to any detailed interpretation.
The Le Havre tests were carried out in December 2002 at a
site made available by the Le Havre Port Authority in the zone
around the petrochemical facility adjacent to the Normandy
Bridge.
The ground cross-sections and geotechnical characteristics
are summarized in Table 4 below:
Table 4: Geotechnical characteristics - Le Havre site

Fig. 10: Vibratory pile driving: Schematic diagram (Holeyman, 2002)

This work was wrapped up in 2006 by the publication of a
Vibratory Pile Driving Technical Guide, simultaneously in
French and English, distributed to attendees of the "2006
Transvib" International Symposium, held in September 2006 in
Paris, and widely disseminated since then.
6.2

Program framework

The studies and research conducted during this Vibrofonçage NP
contained three segments, each one composed of several phases:
- Segment 1: survey of practices, summary of previous
research projects, and preparation of Segment 2 (including in
situ testing and experiments);
- Segment 2: Execution of instrumented in situ vibratory pile
driving and pile loading tests, plus calibration chamber tests in
the laboratory;
- Segment 3: Analysis and interpretation of experimental
results, development of a computation code for vibratory pile
driving predictions (BRAXUUS software), issuance of a
technical guide, results presentation (organization of the 2006
Transvib Symposium).
Table 3: Geotechnical characteristics - Montoir site

Segment 2 experiments were held across four sites:
The Montoir tests were conducted in August 2001. A series
of full-scale tests took place at the time of expanding the freight
and container terminal at the Montoir Port (Nantes-Saint Nazaire
Port Authority).
The ground cross-sections and their geotechnical
characteristics are summarized in Table 3 above.
Two metal tubes closed at the 339-mm diameter, 14-mm
thick (length: 32 m) and instrumented at several levels (stress
gauges, accelerometers) were driven by vibration. One pile was
over-driven in order to evaluate its load-bearing capacity by a
dynamic test. A static loading test was then performed on the
other pile, for comparison with the results of a static loading test
on a driven pile of the same type at the same site in 1999.

A PU16 sheet pile (length: 14 m) and a probe (length: 14.5
m) used during a pervious experiment (i.e. a SIPDIS probe) were
installed. The probe had been instrumented on three levels, while
the sheet pile was fitted at both the top and tip, with one tube at
the top and tip and the other only at the top. Particle velocity
measurements at the soil surface were recorded during
installation of the two tubes and probe.
The Merville tests were undertaken from March to June 2003
at the Merville Airfield experimental site, under the supervision
of the LCPC. They were intended to measure, for comparative
purposes, the behavior of hammered and driven piles by means
of vibration into Flanders clay soils.
Their ground cross-sections and geotechnical characteristics
are summarized in Table 5 below:
Table 5: Geotechnical characteristics - Merville site

Two open tubes (length: 12.3 m) 508 mm in diameter, plus
two pairs of AU16 sheet piles (length: 13 m), were installed
under experimental site conditions. For each type of element,
one was driven by vibration using an ICE 815 vibrodriver while
the other was hammered to the same depth with an IHC S70
hammer. The elements were instrumented at both the top and tip.
The hold-down force, penetrating pile length, pressure and flow
rate of the hydraulic unit for this vibratory pile-driving test, the
hammer energy for hammering, and particle velocities at the soil
surface for distances of 5, 10 and 15 meters from the element
were all measured continuously during the pile penetration. Each
element was then subjected to an instrumented static loading test
in order to compare the load-bearing capacities obtained for each
of the two installation modes.
As a complement, physical modeling tests of the pile-driving
process by means of vibration were conducted inside the
CERMES calibration chamber at the ENPC Laboratory in
Marne-la-Vallée. A prototype vibratory pile-driving probe was
developed for penetration into a sand block reconstituted in the
chamber thanks to a hydraulic servo-cylinder. The probe, with a
10-cm2 cross-section (i.e. the penetrometer standard), had been
instrumented to measure the pile cap strength as well as local
friction on a special sleeve. Moreover, the probe was fitted with
a tapered accelerometer. The parametric study completed by
relying on controlled force and controlled displacement tests
clearly exposed the influence of basic parameters (average static
force, amplitude and frequency of the cyclic force) on process
performance. These tests have given rise to a physical model that
may be simulated by running certain software, in particular the
BRAXUUS application developed during this NP.
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6.3

Publications

2006 Technical Guide: Vibratory pile driving - Vibratory
pile driving, Presses des Ponts et Chaussées, ISBN 2-85978423-3, 282 pages. This technical guide, released in 2006,
provides answers, in light of current knowledge and extensive
experimental results, to questions raised by users of the vibratory
pile driving technique, including:
- choosing the appropriate technique and equipment;
- planning pile inserts and efficiency (BRAXUUS software);
- determining possible nuisances during pile-driving works;
- estimating the load-bearing capacity of piles once installed.
This guide includes: a text in both French and English
describing the instruments, their associated options, the existing
computation software, an analysis of pile-driving and loadbearing capacity test results, a bibliography, a list of standards
and recommendations, and lastly internal NP reports.
Appendix A compiles a set of theoretical contributions, while
Appendix B provides a summary of the experiments, both fullscale and in the laboratory. Appendix C presents the vibratory
pile-driving prediction software, in particular the BRAXUUS
application for the National Project (downloaded on a CD-ROM
to accompany the guide). Appendix D contains the pertinent
documentation of contractors partnering in the project.
Holeyman A., Vanden Berghe J.-F., Charue N. (2002)
TRANSVIB 2002: Vibratory pile driving and deep soil
compaction, Balkema, ISBN 90-5809-521-5, 233 pages.
Gonin H., Holeyman A., Rocher-Lacoste F. (2006)
TRANSVIB 2006: Proceedings of the International Symposium
on Vibratory pile driving and vibratory compaction, published
by LCPC, ISBN 2-7208-2466-6, 400 pages.
TRANSVIB is an international symposium held periodically
to convene individuals and organizations interested in vibratory
pile driving, sheet-pile driving and deep pile compaction; these
gatherings have given rise to published proceedings. The first
symposium took place in 2002 in Louvain-la-Neuve, Belgium,
and the second four years later in Paris to showcase and extend
this NP on vibratory pile driving. It would be highly beneficial to
organize a third session in the near future.
6.4

Remarkable results

6.4.1 Penetration into the soil
This discussion will merely highlight, from among the extensive
body of experimental data and their associated interpretations,
what has struck us to be especially innovative and capable of
advancing the state of knowledge and understanding of the
phenomena under observation.
For starters, all measurements of time-dependent variables
have proven to be periodic and, as such, may be broken down
into a constant value over the considered period (i.e. an average
value) and a time function whose average single-period value
equals zero. The penetration speed may be assumed constant
over a single period, with a zero average acceleration.
Yet these measurements have demonstrated that the effect of
vibrations cannot be summarized as a decrease in friction along
the pile shaft: penetration is not solely due to the weight of the
pile + vibrodriver + clamps assembly. Periodic variations and
alternating pile particle velocities also serve to mobilize friction
forces in order to help overcome soil resistance at the pile tip, as
observed on graphs depicting the average values of friction
forces and pile cap strength for the Merville site tests (pile-tube
and sheet pile) (Fig. 11).

Fig. 11: Pile tip force and lateral friction - Average values

Interpretation of these measurements has actually enabled
separating the force exerted by the soil under the pile tip from
the lateral effects on the pile shaft. Two distinct methods were
employed for this purpose during the NP. Attention should be
drawn to the analysis presented by Dominique Vie in the 2006
Transvib Symposium proceedings (LCPC, ISBN 2-7208-2466-6,
pp. 195-208). The method applied, based on a rigorous analysis
of vibration measurement recordings, should in our opinion
dictate measurement interpretations conducted on jobsites
whenever recordings at the pile top and tip or at several levels
(including one above ground) are available.

Fig. 12: Modeled behavior measurements and laws - Merville site

Fig. 13: Modeled behavior measurements and laws - Montoir site

For purposes of illustration, the above figures present the
force-displacement graphs (of just the periodic components)
obtained at Merville (Fig. 12), for the tube and a sheet pile, and
for the tubes at Montoir (Fig. 13), showing both the tip and the
resultant of lateral friction. Let's recall the nearly perfect
elliptical shapes derived at Merville (Fig. 3), which could be
accurately modeled by a linear viscoelastic law, whereas an
elastoplastic modeling law is less apparent for the Montoir tests.
6.4.2 Load-bearing force of the vibratory-driven piles
Subsequent to the bibliographical research and experimental data
collected through instrumented tests with a full-scale strain
gauge chain (Fig. 14), recommendations were devised to design
the piles set into place by means of vibration. Compared to
openly hammered tubes, hammered H-piles and hammered sheet
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piles, the reduction to be anticipated for lateral friction reaches
30% while for tip strength it climbs to 50%. These
recommendations were used to draft the national Eurocode 7
application standard: Design and justification of deep
foundations (NF-P94-262).

- Hanus V. (2010), Analysis and modelling of noise
generation during vibratory pile driving and determination of the
optimization potential, University of Luxembourg.
- Rocher-Lacoste F. (2008), Full-scale experimental study
and numerical study of vibratory-driven piles: Environmental
vibrations and load-bearing capacity, ENPC, France.
- Whenham V. (2011), A study of energy transfers during
vibratory pile driving, Catholic University of Louvain & CSTC,
Belgium.
In looking forward, besides organizing a new Transvib
symposium, expectations turn to: more widespread on-site
instrumentation; the systematic use of interpretation methods
devised specifically for this NP; and pursuit of a testing program
conducted in the calibration chamber, in conjunction with the
BRAXUUS application (considered well adapted to modeling
purposes). Full-scale tests using a specially instrumented micropile would also prove most beneficial on jobsites, in order to
draw practical lessons, all for a reasonable level of investment
targeting applied research.
7 THE “ASIRI” NATIONAL PROJECT ON REINFORCING
FOUNDATION SOILS BY RIGID INCLUSIONS

Fig. 14: Static loading reaction device - Merville site

6.4.3 Environmental impact and nuisances encountered
This NP has sought to compare acoustic and vibration nuisances
between vibratory driving and hammering so as to provide
greater insight. Effective knowledge of the acoustic levels and
powers of the pile-driving equipment for use with hammering
and vibration is necessary to mitigate this nuisance and divert
most of the attention away from the jobsite. The bibliographical
study and analysis of 5 pile-driving sites concluded that the
acoustic power characterizing site equipment exceeds 5 to 20
dB(A) for both ram weight hammers and pneumatic hammers, as
opposed to vibrators.
Pile driving by reliance on vibrations and hammering causes
waves in the soil. A regulatory study was carried out by
comparing 14 rules, in demonstrating some marked disparities.
The regulation frequency bandwidth for vibratory nuisances lies
between 1 and 100 Hz; moreover, it imposes particle velocities
ranging from 1 to 100 mm/s. In general, the national standards
contain three distinct threshold ranges depending on the type of
structures exposed to vibrations. It can be concluded that among
the threshold levels imposed by the various European standards,
the French ones have a greater built-in safety margin than the
average of all standards evaluated.
In an attempt to better understand this phenomenon of on-site
vibration propagation, a 2D finite element model was built using
the CESAR-LCPC software in a linear dynamic regime. An
axisymmetric model was selected, and 2 pairs of AU 16 piles
driven by vibration were studied. On the whole, the model
yielded satisfactory results for shallow penetrations, which do
represent the majority of foundation works in urban areas. Yet
uncertainties and calibrations remain part of the numerical
model, thus requiring the introduction of a damping coefficient
(using Rayleigh's formulation) in order to approximate reality. It
is regrettable that experimental measurements more than 15 m
from the source have not been included.
6.5

Extensions and outlook

Further research work on this NP is ongoing at: the LCPC
(France), the Construction Industry Scientific and Technical
Center (Belgium), and the College of Science, Technology and
Communication (Luxembourg). Such efforts in the past have
resulted in future publications of doctoral theses, including the
following:

7.1

Objectives and organization

The concept of foundations in a soil reinforced by rigid
inclusions associates relatively non-deformable vertical elements
with a spread footings or slab-on-grade via a mattress (also
called a distribution layer), often of a granular nature, yet
without any rigid mechanical connection existing between them.
Figure 10 shows the composition of such a foundation on rigid
inclusions.

Fig. 15: Foundation built on rigid inclusions

This technique allows considerably reducing foundation
block settlements under the applied loads while improving block
stability. After being successfully used in Scandinavia, the
United Kingdom and Germany primarily for embankments (built
on piles) in compressible soil zones, the rigid inclusion
technique became widely popular, especially in France, with
original applications to structures containing large surface areas
such as industrial slabs. The field of application is very broad,
spanning simple structures all the way to exceptional facilities
like foundations on the Rion-Antirion Bridge in Greece.
The objectives behind this ASIRI Project were, by virtue of a
diverse array of experimental research projects and their
corresponding numerical analysis methods, as follows:
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a) Compensate for the lack of experimental reference data
and rely on specific developments inventoried in France in favor
of foundations with large surface areas.
b) Better understand the load transfer mechanisms occurring
in the distribution mattress placed at the base of an embankment
on rigid inclusions or else under an extended foundation like a
slab or raft.
c) Devise a set of design methods, which entails generating
detailed numerical reference models and building simplified
methods for application to typical structures.
d) Create a comprehensive model that encompasses both the
mattress and the reinforced soil, in which the soil bears a portion
of the load.
e) Evaluate the effects of hard points in the case of slabs, and
develop the ability to assess the bending loads in such slabs.
f) Accompany advances in the technique by establishing
recommendations for the design, execution and control of
reinforcement works using rigid inclusions.
This project's managerial team consisted of a President, a
Vice President, a Scientific Director and a Head of Monitoring
appointed by IREX.
The ASIRI Project featured 40 partners split between the
construction industry and academia. Its budget was €2,389,280,
including a DRAST Agency subsidy totaling €478,000, with the
balance provided by partners' dues and in-kind contributions.
The project was scheduled to last 5 years, from 2005 to 2010.
7.2

Overall study program

The ASIRI Project ran from 2005 to 2011 and comprised 5
topics:
1) Full-scale experiments on an embankment or slab installed
on rigid inclusions;
2) Instrumentation of actual structures built under a wide range
of geotechnical conditions;
3) Physical models in either the centrifuge or calibration
chamber;
4) Complete characterization of the mechanical behavior of
coarse materials used in the distribution mattress of experimental
structures or physical models;
5) Reference numerical models.
In conjunction with these topics, a set of detailed
Recommendations containing 8 chapters was written between
2005 and 2011. This ambitious program served as the support
for 9 doctoral theses. Let's also note that the Project was
deliberately focused on key technical and design points, making
it necessary to overlook a number of equally important points,
such as the lateral loading of foundations and cyclic loadings.
7.2.1

the straight section of a structure, notably one without edge
effects.
A very thorough instrumentation set-up enabled measuring
the forces generated on the inclusion heads and between
inclusions, as well as settlements at both the inclusion heads and
the top of the distribution mattress. Multi-point settlement
gauges had been positioned along the thickness of the
compressible soil, with inclinometers also installed beneath the
embankments. Transducers offering precision to within 1 cm had
likewise been placed in the measurement plane. Lastly, the
bundles of geosynthetic reinforcements implemented under the
embankments had been instrumented by optical fibers.
7.2.1.2 Main lessons drawn
The two full-scale experiments provided considerable extra
knowledge of the behavior and mechanism involved in the rigid
inclusion technique. Among the general or more specific points
identified, the following remarks are noteworthy:
a) The sizable reduction in settlements of structures on the
rigid inclusions, compared to the non-reinforced soil case (by a
factor of 5 to 6), has been confirmed.
b) Between inclusion heads, the deflected soil shape turns out
to be flat; in addition, confirmation is provided that settlement
efficiency always remains higher than stress efficiency.
c) At the base of an embankment built on a reinforced soil
block by means of rigid inclusions, a distribution layer or highquality mattress plays a determinant role in effectively
transferring load between the embankment and the inclusions.
e) A reinforcing geogrid placed in the distribution layer offers
better efficiency than a geotextile bundle. The strains
experienced during installation and compaction of this layer
appear to play a determinant role (as highlighted by the optical
fibers). A distribution mattress reinforced by two geogrids
exhibited practically the same behavior as a reinforced slab lying
on the inclusion heads.

Experimental structures

7.2.1.1 Detailed description
Two sites, one in Saint-Ouen-l'Aumône the other in Chelles,
were used to conduct two full-scale experiments aimed at
structures built on rigid inclusions, i.e.: an embankment, and
slabs bearing a distributed load.
Each of these structures contained a non-reinforced block,
offering a reference and laying the groundwork for loading tests
on isolated inclusions. This set-up allowed determining
technique efficiency in terms of stress and settlement. Moreover,
comparisons could be drawn with the behavior exhibited by
inclusions installed both with and without soil displacement.
Geotechnical surveys were carried out using cored borehole,
in situ testing and laboratory tests. The mattress material
(industrial gravel) became the focus of 300-mm diameter triaxial
tests, which led to compiling a reference database for gravelly
materials.
Each reinforced block contained 16 inclusions, thus yielding
a perfectly centered mesh representative of conditions relative to

Fig. 16: St Ouen-l'Aumône (slab block) - Comparison between
experimental block loading and the loading test of a micropile,
with measurements at both the top and tip

f) The behavior observed at the head of an inclusion with an
ordinary block mesh is identical to that at the tip of an isolated
inclusion loaded axially at the head, as shown in Figure 16,
which constitutes a major result and demonstrates that overall
positive and negative lateral friction effects balance one another.
Yet this finding must only be considered valid if the inclusions
are lying on a resistant substratum layer. It is important therefore
to be able to accurately model the behavior of an inclusion tip, so
as to ensure reliable representation of the complete numerical
model. This result led to imposing the preliminary calibration of
numerical models through simulating, in the prepared model, the
behavior of an isolated inclusion subjected to axial loading. Such
a protocol serves to compare the responses obtained to either the
outcome of a specific test or the results of a semi-empirical
simulation via transfer curves recognized as representative. This
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step highlights the benefit of loading tests on isolated inclusions
in producing an excellent structural design.
g) The results of these experiments reveal that reinforced soil
also undergoes lateral deformations around the periphery, with
these deformations to be incorporated into the inclusion design
(addressing the need to reinforce or not inclusions positioned
along the bank). A ratio of 0.25 was measured between the
maximum horizontal displacement and the settlement at the
center of the reinforced zone; this ratio is comparable to that
applicable beneath embankment slopes on compressible soils.
h) Moreover, these experiments have underscored the
importance of a robust geotechnical characterization of project
sites. The advantages of a static penetrometer have received
recognition, and the execution of oedometric tests is shown to be
crucial. Pressure meter testing offers a strong correlation with
the experiment on deep foundations (limit values of lateral
friction and/or load at the pile tip, shape of transfer curves and
plot of loading curves for isolated inclusions).
7.2.2 Instrumentation of actual structures
The results of full-scale experiments were complemented by
instrumenting actual building sites in order to collect additional
data on the behavior of inclusions under varied conditions. Over
ten structures could be instrumented, among which let's cite: a
wind turbine foundation, an apron for a facility handling weakly
radioactive waste, a reinforced concrete frame below an
embankment, a wastewater treatment tank, and an industrial slab
for assessing the impact of point loads (rack bottoms or cart
caster wheels).
Let's point out the difficulties inherent in these jobsites, the
most important of which is to preserve the sensors and their
connections throughout the successive phases of the works.
7.2.3

Physical models

7.2.3.1 Detailed description
Physical models were developed in the calibration chamber to
study: load transfer around an inclusion head, the influence of
distribution layer thickness, and for a given layer thickness the
differences between a slab and an embankment under
comparable mattress conditions.
The most valuable physical models were produced in the
centrifuge, where all similarity conditions were respected. The
capacity of the IFSTTAR centrifuge in Nantes reaches 100 g,
and it was decided to proceed with a 1/28-scale model to study a
group of 9 inclusions and then a 1/12-scale model for tests with a
mobile tray that enabled simulating soil settlement on inclusion
groups. In all, 35 centrifuge tests were performed for a detailed
parametric study focusing on: the type of structure being
supported (embankment or slab), inclusion spacing, distribution
layer height, and type of material found in this layer (natural
gravel or treated silt).
7.2.3.2 Lessons drawn
The models placed in a calibration chamber display a notable
difference between embankments and slabs with thinner
distribution layers, though this difference fades as the thickness
increases. These models also show that mattress granularity is a
key factor. A lower level of reversibility was also exhibited for
an embankment compared to a slab, which highlights the critical
role played by the slab (through its elastic reversible behavior),
as opposed to the embankment, in which the shear
accompanying load transfer is irreversible.

The series of mobile tray tests enabled validating the finding
that the Prandtl model for a spread footing could also be used to
evaluate the maximum stress on an inclusion head underneath a
slab. Moreover, it was established that the magnitude of strains
justified adopting the angle of friction at the critical state rather
than the peak angle of friction.
These results served to guide the choice of verification rules
explained in the set of Recommendations, as well as the rules
selected to verify consistency conditions for the simplified
design models.
7.2.4 Numerical models
Numerical models provide a vital complement to experiments
conducted on full-scale structures or reduced-scale models.
During ASIRI, it was understood that numerical 3D finite
element and finite difference models needed to serve as a
reference. Yet one crucial point pertained to the choice of
constitutive models and calibration for the parameters drawn
from detailed characterizations performed on the various
materials (distribution mattress, compressible soil) that prove
suitable for introduction into these models.
In the case of the tested structures, such considerations helped
verify the model's capacity to accurately reproduce test structure
behavior. Nonetheless, some models wound up requiring
extensive computation time (several weeks).
This procedure also allowed verifying edge effects by means
of comparing complete 3D models with actual 3D models or
axisymmetric 2D models of an elementary cell.
A study of model representativeness conditions with respect
to simulated behavior under the inclusion tip (model extension
and minimum number of elements) was also carried out. Its
findings suggested the need to opt for a compromise between
precision and amount of computation time.
The models evaluated in this manner could be applied to
structural situations outside the strict scope of the experimental
campaign. Such was the case, for example, with slabs subjected
to strip loads or point loads (rack bottoms), as well as with
spread footings positioned on a small number of inclusions
subjected to ordinary loadings (though not handled
experimentally, this case still needed to be studied in order to
yield Recommendation results, since these structures are
commonly encountered in industrial warehouse or logistics
projects).
The ASIRI Project also developed a number of discrete
element models. It is worth indicating that this latter type of
model showed a better capacity than continuous models to
describe the distribution mattress behavior observed in physical
models (i.e. sliding of particles at the edge of inclusion heads).
However, their implementation remains cumbersome and must
be reserved for special calibration or validation studies.
7.3

ASIRI Project publications

Research conducted as part of the ASIRI Project has given rise
to numerous internal reports presented subsequently at over 20
national and international conferences. Moreover, they have
provided the basic material for a number of doctoral theses.
A widely referenced book entitled "Recommendations for the
design, layout, execution and control of improved foundation
soils by means of rigid inclusions" was published by Presses des
Ponts in 2012. This publication contains 383 pages and eight
chapters, i.e.: 1) Description and development up to launch of
the National Project; 2) Mechanisms and operations; 3)
Computation models; 4) Design; 5) Justifications; 6) Soil
surveying; 7) Execution conditions; and 8) Controls and
instrumentation.
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7.4

Lasting benefits from the ASIRI Project

The ASIRI Project has exposed how a granular distribution
mattress topping a network of rigid inclusions manages to
transfer a durable and significant load. The application to slabs is
currently enjoying widespread development and constitutes a
specialty on the international stage.
Interest in this technique has targeted applications for
sensitive structures. Let's cite the ICEDA project regarding
storage of radioactive wastes, subject to stringent nuclear
installation requirements; this project could be initiated and then
become viable subsequent to safety authority approvals, thanks
in part to the wealth of experience gained on this type of
structure through the ASIRI Project.
8

THE “SOLCYP” NATIONAL PROJECT

SOLCYP is a French anagram for "Piles subjected to Cyclic
Loadings".
8.1

Overview of the Solcyp Project

8.1.1 Project objectives
The SOLCYP Project is intended to improve knowledge held on
the behavior of foundation piles subjected to cyclic loadings. Its
assigned objective is to develop the procedures that allow taking
into account the effect of cycles in the design of civil
engineering structures or maritime facilities. The final project
phase comprises preliminary groundwork on standards, in the
aim of introducing the proposed procedure and associated
computation methods into national and international regulations.
The project encompasses a variety of aspects, including: driven
and bored piles; sands and clays; vertical and horizontal loads;
one-way and two-way cyclic loadings; and large numbers of
cycles.
8.1.2 Regulatory shortcomings
While the oil and gas industry has adopted procedures that take
into account the effect of strong cyclic loads due to sea swells on
the foundations of offshore platforms, the effect of cyclic
loadings on foundation behavior has for the most part been
ignored in the construction and civil engineering sector.
Naturally, a few notable exceptions can be found, like the study
of soil liquefaction when subjected to seismic loadings or the
fatigue of pavements and rail embankments. In general however,
no document at either the national, European (Eurocodes) or
international (ISO) level specifically addresses the risks related
to cyclic loadings by proposing a methodological approach to
incorporate such risks into foundation design guidelines.
8.1.3 Applicable structures
This shortcoming is even more surprising given the existence of
a wide range of structures subjected to repetitive loads
displaying a certain degree of regularity in both amplitude and
return period. "Cyclic" loads are basically either environmental
(sea swells, wind, water currents, tides) or operational in origin,
including in particular: land-based wind turbines; coastal or port
facilities (e.g. jetties, dykes); lightweight or slender support
structures exposed to wind action like electricity transmission
towers, chimneys and tall columns; civil engineering structures
supporting transport lines (especially rail bridges); crane
foundations; travelling cranes; and hydraulic turbines.
The anchorages of more recent structures dedicated to the
emerging new energies market (land and offshore wind turbines,
marine turbines, large-sized photovoltaic panels) are particularly
sensitive to the repetitiveness and cumulative effect of loadings.

8.1.4 The SOLCYP study program
The SOLCYP project study program was established as part of
the agenda of a working group assembled by IREX's "Soils"
cluster. It took shape upon defining two complementary study
targets: a project labeled "ANR-SOLCYP" that procured
financing from the ANR (Agence Nationale pour la Recherche)
Research Agency; and one known as "SOLCYP NP" organized
as a National Project with the financial support of the MEDDE
(Ministry of Ecology, Sustainable Development and Energy), the
FNTP (National Federation of Public Works) and 14 project
owners or contractors affiliated with the civil engineering and
energy sectors.
The total pre-tax budget of this NP neared €4.5 million,
broken down as €2.6 M for the ANR-SOLCYP piece and €1.9 M
for SOLCYP NP. The share of public-sector financing amounted
to 28%. The balance was covered by both partner dues and inkind contributions. The project got underway during the second
half of 2008 and was scheduled to end in 2014.
This two-tiered organization sparked considerable input from
academic organizations and public research laboratories (6
participants in all).
The ANR tier focused on the project's academic component
and included: a study of the cyclic behavior of reference soils
(clays and sands) through laboratory testing (cyclic triaxial,
cyclic DSS); a study of the static and cyclic behavior of
interfaces via a special battery of tests; execution of
instrumented tests on reduced-scale models inside a large
calibration chamber and in a centrifuge; and the development of
numerical models.
The NP tier was more specifically devoted to experimental
studies conducted on full-scale structures: instrumentation of
structures on piles, pile tests run at experimental sites, and the
development of in situ testing tools to measure cyclic soil
parameters.
8.2

Contributions of the SOLCYP program

8.2.1 Characterization of cyclic loads
In the construction and civil engineering field, it is commonplace
to assume that applied loads are of either the static or quasi-static
type. In accordance with regulatory prescriptions, critical loads
are defined by the maximum expected value under the various
load cases considered (serviceability limit state-SLS; extreme
environmental (ultimate)-ULS; accidental limit state-ALS).
The response of a soil subjected to cyclic loadings is complex
and depends on several parameters, namely: average stress,
cyclic stress amplitude, loading frequency, loading rate, and
number of cycles. These aspects are quite familiar in the domain
of geotechnical engineering for offshore oil platforms, but the
need for a thorough and accurate characterization of applied
loadings is not fully recognized in the broader field of civil
engineering. The collection of actual load cases and structural
instrumentation provides a better grasp of these various aspects.
Knowledge derived on the response of soils to cyclic loadings
is based on the set of phenomena tied to earthquakes or sea
swells, i.e. phenomena that involve a relatively small number of
cycles (on the order of a few tens to a few thousands) and span
periods shorter than 100 seconds. The need clearly exists to
extend the range of investigation to larger numbers of cycles
(above a million for wind turbines and intense traffic loads)
while building the capacity to handle phenomena associated with
long return periods (e.g. with respect to the effect of tides or to
the loading/unloading cycles of large tanks).
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The history of cyclic loadings applied to foundations, whether
calculated or measured, comprises a succession of variable loads
with an irregular amplitude and somewhat random distribution.
However, the cyclic tests that are feasible to run in the laboratory
on material samples have normally been designed as series of
cycles with a regular amplitude and constant period. A software
application called "Cascade", built to transform a single random
series of cyclic loads into a succession of ordered, constantamplitude series, was developed within the scope of this project.
This software employs cycle counting methods, of the "rain
flow" type (ASTM E 1049-85, NF A03-406, 1993). The concept
of damage, as intended by Miner, is applied herein to estimate
material damage on the basis of S-N type curves (also so-called
"Woelher curves"), as experimentally obtained by bringing to
failure the samples subjected to series of cycles with a constant
stress amplitude.
8.2.2 The SOLCYP project's experimental base
Pile tests were conducted at two experimental sites in northern
France. The first campaign took place at MERVILLE, where the
stiff and very highly overconsolidated Flanders clay was present
as of a depth of 3 m. Ten test piles were installed, featuring four
closed ended driven tubular metal piles, four CFA-type bored
piles, and two screwed piles. All piles were 13-m long with
diameters of either 406 mm (for the driven piles) or 420 mm
(bored piles). They underwent standard incremental static
loading tests, rapid monotonic loading tests and series of cyclic
tests including high-amplitude tests leading to failure at a small
number of cycles, and lastly low-amplitude tests run until 10,000
cycles. All loading modes were applied (tension, compression,
one-way, two-way). The main results were published in Benzaria
et al. (2012, 2013a).
The second site, at LOON-PLAGE near Dunkirk, contained
dense sands. Two driven piles were set up along with five bored
CFA piles, as both types featured the same characteristics as
those at MERVILLE but with different lengths (10.5 m for the
driven piles and 8 m for the bored piles). The loading program
was also similar (Benzaria et al., 2013b).
Many test series on instrumented model piles were completed
in both Fontainebleau sand and Speswhite clay. These tests were
conducted in the centrifuge at the Nantes-based IFSTTAR lab
(formerly LCPC). The objective targeted was to establish cyclic
stability diagrams in both types of reference soils (i.e. sands and
clays) and for both types of piles under study (driven and bored)
by considering a wide array of initial conditions (density,
consistency, consolidation) and loading modes. The first results
were the subject of publications (Guefresh et al., 2012; Puech et
al., 2013); this type of approach led to confirming the
representativeness of data acquired during in situ tests and then
extending their range of validity.
A third experimental approach consisted of performing tests
on very heavily instrumented model piles in the large calibration
chamber at the 3S-R Laboratory in Grenoble. These tests in
Fontainebleau sand, carried out in collaboration with Imperial
College London, yielded some outstanding information on the
mobilization of friction at the soil-pile interface and how it
evolves with changes in intensity and number of cycles (e.g. see
Tsuha et al., 2012; Silva et al., 2013).
8.2.3 Responses of piles to cyclic loadings
Figure 17 illustrates the type of behavior observed at the
MERVILLE site with highly overconsolidated clay. This figure
depicts the load-displacement relationship at the head of the
bored F2 pile loaded in compression. The ultimate load in
compression Quc, as measured via a standard static test on pile
F1 (which is identical to F2), equaled 900 kN. The F2 pile,
which did not undergo any preliminary loading, was initially
subjected to a series of three cyclic loadings exceeding 3,000
cycles. The first two series (CC1 and CC2) did not cause any
significant permanent pile displacement. The third one (CC3),

characterized by a maximum loading Qmax on the order of
800 kN, however generated fairly sizable permanent
displacements (nearly 20 mm). The test was stopped after 3,000
cycles and followed by a rapid static loading (CR1), which
indicated a post-cyclic capacity of 900 kN. Next, seven series of
cycles were applied. Series CC4 through CC7 did not bring
about any permanent pile head displacement upon completing
1,000 cycles per series. (Let's note that these tests were
arbitrarily separated to allow for visualization.) Tests CC8
through CC10, which once again reached a maximum force of
800 kN, generated permanent displacements that quickly began
to accumulate (each series was run for fewer than 100 cycles).
Post-cyclic capacity remained on the order of 900 kN (tests CR2
through CR4).

Fig. 17: Force-displacement relations at the head during
one-way compression tests on the MERVILLE F2 bored pile
(according to Benzaria et al., 2013a)

This type of behavior was found during all tests carried out at
Merville, regardless of either pile type (bored, screwed, driven)
or loading mode (pure compression, pure tension, alternating
tension/compression). In sum:
- A critical operating threshold is in place;
- For a maximum load Qmax below the given threshold, the pile
is stable (no significant permanent displacement, constant
cyclic stiffness) even with a high number of cycles (N>1000);
- Once this threshold is reached, permanent displacements are
generated, and cyclic failure quickly ensues, typically in fewer
than 100 cycles;
- The threshold is high in the regime of one-way loadings
(80%-90% of Qus) but decreases in the regime of two-way
loadings (see Fig. 19);
- The post-cyclic capacity is not affected by prior cyclic
loadings.
The behavior observed at the LOON-PLAGE dense sand site
is altogether different. Figure 18 shows the response of two
identical bored F4 and F5 piles. The F4 pile underwent a
standard static loading test, yielding an ultimate reference load
Quc=1,100 kN. The F5 pile was subjected to a cyclic loading
characterized by a Qmax value of ~0.62 Quc. The pile very quickly
accumulated permanent displacements (3% relative displacement
after just 14 cycles). The test was halted and the cyclic amplitude
substantially reduced (Qmax ~0.35 Quc). The pile continued to
accumulate displacements (14 mm over 5,000 cycles).
From a general perspective, these observations were noted:
- Bored piles are highly sensitive to cyclic loadings;
- The post-cyclic capacity was significantly affected by the
cyclic loadings;
- The cyclic failure criteria in compression need to be defined
in terms of tolerable displacements. An analysis of all tests
performed has led to defining the cyclic failure for a 3%
relative displacement.
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Fig. 18: Force-displacement relations at the pile head during repeated
compression tests on the bored F5 pile at Merville (according to Benzaria
et al., 2013b) - Comparison with the standard static test on pile F4

8.2.4 Cyclic stability diagrams
The result of a cyclic pile test may be more effectively
summarized using a cyclic interaction diagram. Each test is
depicted on a Qcy/Qus diagram by a point relative to Qa/Qus, with:
Qcy = half of cyclic amplitude; Qa (= Qm) = average load; and
Qus = ultimate reference static load. Qus is determined based on a
standard static test conducted in either compression (Quc) or
tension (Qut) depending on the tested loading mode. Each point
is assigned the number of cycles (Nf) required for the pile to fail
according to a given criterion or else the total number of cycles
applied to the pile. Once a sufficient number of tests have been
completed (on the order of 10 or 20), it is possible to delimit
those zones where pile stability is guaranteed for a certain
number of cycles and other zones where cyclic failure is
obtained after a smaller number of cycles. An appropriate term
to employ would thus be "cyclic stability diagram".
One fundamental contribution of the SOLCYP project is to
have generated cyclic stability diagrams for various types of
piles: driven, bored CFA, and screwed; driven into
overconsolidated clays and dense sands; with one-way loadings
(in both compression and tension) and two-way loadings; and by
applying high numbers of cycles (up to 10,000 per series). These
diagrams were derived not only from in situ tests on
experimental piles, but also from tests on model piles.
For purposes of illustration, let's provide two diagrams, one
obtained on bored piles in Flanders clay the other in the dense
sands of Dunkirk.
In the Flanders clay, as indicated above, the transition
between stable and unstable zones occurs very suddenly; it is
reflected by a single distinct line in the stability diagram of
Figure 19. This line reveals the dependence of the critical
loading threshold on the average load value. It has been verified
that in the regime of one-way tests, the threshold lies at high
values of Qmax = Qa+Qcy (i.e. Qmax/Quc > 0.8). In the two-way
mode, the zone of instability could not be explored, leaving the
dashed line to appear like a conservative envelope highlighting
the stable zone.
The stability diagrams in sands were determined by setting the
static capacity measured just before the considered cyclic
sequence as the static reference load and then adopting a cyclic
pile failure criterion equal to 3% of relative displacement at the
top.

Fig. 19: Cyclic stability diagram for a pile bored in the overconsolidated
Flanders clay at the MERVILLE site (Benzaria, 2012)

Fig. 20: Cyclic stability diagram for a pile bored in dense Dunkirk sand
at Loon-Plage (Puech et al., 2013)

Figure 20 shows the cyclic stability diagram of bored piles at
LOON-PLAGE (Puech et al., 2013); it serves to define the three
following zones:
- an unstable zone in which piles quickly progress towards
failure (Nf < 100);
- a stable zone corresponding to low-amplitude cyclic loadings
in which the piles are able to withstand over 1,000 cycles
without accumulating significant permanent displacements;
- an intermediate, so-called metastable zone in which the pile
accumulates large displacements or reaches cyclic failure
between 100 and 1,000 cycles.
The greater sensitivity to cyclic loadings exhibited by sands is
clearly apparent. Let's note that a test series on model piles in a
centrifuge, where eight cast piles had been introduced into the
same container of dense Fontainebleau sand and loaded on a
one-time basis (i.e. a single static or cyclic test per pile), yielded
a stability diagram nearly identical to that of the LOON-PLAGE
bored piles.
The SOLCYP results reveal that the cyclic response of piles
depends to a greater or lesser extent on: pile type, soil
conditions, loading mode, and loading history.
8.2.5 Design methodology in the presence of cyclic axial loading
The comprehensive design of a pile subjected to cyclic axial
loadings might rely on a set of relatively complex procedures
that do not always need to be justified by day-to-day practices.
SOLCYP has favored proposing various approaches, in offering
increasing levels of complexity and developing criteria to
determine which level of analysis is the most appropriate given
the case under consideration.
The cyclic stability diagram, as described above, is a most
attractive tool for identifying the critical loading cases that
justify a specific and relatively in-depth analysis (Jardine et al.,
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2012). This concept is most applicable to short rigid piles, such
as those commonly used in construction and civil engineering.
Consequently, three types of approaches may be employed by
the designer:
- "global" approaches, which are solely focused on overall
pile behavior: evaluation of permanent displacement
accumulation at the pile head exposed to the effect of cycles,
degradation in load-bearing capacity;
- "local" approaches, whereby the relationship between
potentially mobilized shear stress at the soil-pile interface and
local pile displacement is expressed by means of a so-called "t-z"
transfer curve. The challenge here lies in proposing cyclic "t-z"
curves as a complement to those recommended in current design
codes;
- approaches based on the finite element method.

The cycle effect is basically reflected by an accumulation of
displacements at the pile head, as well as by a gradual increase in
the maximum moment. The so-called global methods consist of
describing the evolution of these phenomena by laws of the type:
P(N)/P(1) = k.Nm

or P(N)/P(1) = 1+t.Ln(N)

where P(N) and P(1) are respectively the values of the property
described during cycles N and 1. m and t are the functions of:
loading characteristics (Qa and Qcy), soil-pile system stiffness,
and installation mode.

SOLCYP's experimental layout has enabled advancing on all
3 of these approaches, and more specifically towards calibrating
the t-z curve generation algorithms provided in programs like
RATZ (Randolph, 1994) or SCARP (Poulos, 1989).
Fontainebleau sand tests performed in the calibration
chamber at the 3S-R facility have served to emphasize that the
loss of friction in the presence of cyclic loads is due to an abrupt
drop in effective radial stresses on the pile. This result is
illustrated in Figure 21, which shows the evolution in effective
stress paths (both radial and tangential) during cycling, as
measured at three levels along the pile wall.

Fig. 22: Tests held in the centrifuge on normally consolidated clay Comparison of calculated and experimental curves for normalized
displacements yn/y1 at the pile head (Khemakhem et al., 2012)

Figure 22 illustrates the calibration process of a displacement
evolution law at the head of pile y vs. number of cycles, in the
form of a y(N)/y(1) = f(N) function for two pile-model tests in
the centrifuge with a normally consolidated clay. A program of
this type could be carried out in both sands and clays for
displacements as well as moments (Khemakhem et al., 2012;
Rosquoët et al., 2013). Garnier (2013) contains a summary of
these findings.

Fig. 21: Stress path along a model pile wall, featuring: dense
Fontainebleau sand, a metastable test, and 1000 cycles (Silva et al., 2013)

These stress decreases could be simulated in the laboratory
(Pra-ai, 2013) via cyclic tests at an imposed normal stiffness (i.e.
CNS tests). Research efforts are currently focused on generating
a database in the form of interface laws capable of being
introduced "explicitly" into finite element models.
8.2.6 Piles subjected to a cyclic lateral loading
The response of piles subjected to a horizontal cyclic loading
was only studied experimentally within the scope of SOLCYP in
the case of flexible piles placed in the centrifuge. Many series of
one-way and two-way tests were conducted on instrumented
model
piles
cast-in-place
into
Fontainebleau
sand
(Rakotonindriana, 2009) and in both normally consolidated and
overconsolidated Speswhite kaolinite (Khemakhem et al., 2012).
The primary objective of these tests was to derive the
degradation laws for comprehensive type analyses or for the
generation of degraded p-y curves.

Fig. 23: Experimental P-y relations obtained during an alternated cyclic
test (Hc/Hmax = 0.57) in normally consolidated clay (Khemakhem, 2012)

The global methods are capable of providing the designer
with a sufficient response in the case of homogeneous soils and
moderate cyclic loadings. For more complex cases, reliance on
the local method, based on the use of so-called p-y transfer
curves, becomes necessary.
Figure 23 exhibits the phenomenon of degradation due to
local reaction cycles subjected to the maximum load Hmax. This
degradation may be approximated with envelope curves like the
one proposed by API RP2GEO, though with this dual limitation:
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the degradation is assigned; and it depends on neither the actual
load characteristics nor the number of cycles.
Rakotonindriana (2009) demonstrated that whenever the data
held are sufficient (i.e. several cyclic tests at various loading
levels), a network of P-y curves can be defined for each depth,
corresponding to a given number of cycles. These curves, which
may truly be qualified as "cyclic P-y", represent the degradation
of the static P-y curves that needs to be assumed in order to
identify global pile behavior after N cycles.
In relying on the substantial database of centrifuge tests
conducted at the IFSTTAR Laboratory, both prior to and as part
of the SOLCYP Project, it could be shown that quantifying the
influence of cycles on P-y curve "degradation" was possible
through introducing a coefficient of reduction rc that depends on:
number of cycles N, maximum applied load Hmax, and cycle
amplitude Hc. Expressions for rc have been developed for both
clays and sands (Khemakhem, 2012; Rosquoët, 2013; Garnier,
2013).
The approach proposed by SOLCYP constitutes a decisive
breakthrough by incorporating the effect of cyclic loadings on
pile behavior in the presence of lateral forces.
8.3

Conclusion

The SOLCYP Project was assigned the objective of offering a
better understanding of pile behavior when subjected to cyclic
loadings and moreover developing innovative pile design
methods for handling axial and lateral loads. The response of
bored and driven piles in sands and clays was studied using
various approaches, both experimental (in the laboratory, on
models and in situ) and theoretical. The majority of experimental
data are now available, yet the tasks of data interpretation and
methodological advances still require further work.
For the design of piles subjected to cyclic axial loads, a
gradual approach has been proposed. Its first step, intended to
evaluate the potential need for conducting a detailed cyclic
study, is based on a comparison between the characteristics of
cyclic loads and the pile stability diagram. A critical contribution
of the SOLCYP Project has been to present stability diagrams
for bored and driven piles, in various types of soils (sands and
clays) with all loading modes (compression, tension, alternated).
A thorough, high-quality analysis of the experimental results
obtained will, in time, provide the designer with three types of
approaches: global, local by cyclic transfer curves, and
numerical by finite elements.
For pile design in the presence of cyclic lateral loads, an
extensive database of centrifuge findings was compiled on sands
and clays. Degradation laws could be proposed in order to
describe, in a comprehensive manner, the evolutions in pile head
displacement and maximum bending moment vs. number of
cycles and their severity. An equivalent mission is underway to
produce local transfer laws that take into account the number of
cycles and their characteristics. This effort offers a major
breakthrough compared to the available comprehensive methods.
An initial summary presentation of SOLCYP project findings
will be published in the proceedings of the ISSMGE's TC 209
workshop at the time of the 18th ICSMGE symposium. A book
of professional recommendations on pile computations under
cyclic loadings is to be published upon completion of this
project.

9

GENERAL CONCLUSION

The innovation produced during France's set of national research
projects is not solely the outcome of the fact that a majority of
financing is provided by project partners. In reality, for such a
project to be undertaken, it is also necessary to combine a
sufficient number of partners, which in turn requires a topic that
meets the expectations of the entire profession in the
corresponding civil engineering field, e.g. geotechnical
engineering. Thanks to the input of IREX, the entity assigned to
manage these National Projects, and its skills centers, topics of
broad interest like these have been identified and proposed.
Moreover,
the
experimental
resources
(full-scale
experiments, operating facilities made available by partners,
centrifuge experiments, etc.) constitute a project's critical
component, with numerical capacities coming in second. Such is
one of the specificities of France's National Projects program.
Lastly, mention must be made, with regard to geotechnical
engineering in particular, that these National Projects have made
it possible to rally, around a given topic, researchers from all
sectors in France (i.e. State agencies, public corporations,
universities and professional schools, contractors, design
consultants) as well as from abroad in order to work together
and, in so doing, create new ties.
The five National Projects in geotechnical engineering
selected herein as examples (i.e. Clouterre I and II - soil nailing;
Forever - micropiles; Vibrofonçage – vibrodriving ; ASIRI reinforcement by rigid inclusions; and Solcyp - piles subjected to
cyclic loadings) all effectively display the innovation, specificity
and experimental nature of France's NP projects and the
dissemination of their results.
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