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Abstract

SOLCYP is a research and development project conducted in France to: (i) understand the physical phenom-
ena conditioning the response of piles to vertical and horizontal cyclic loads; (ii) develop advanced design
methods; and (7ii) initiate pre-normative development of methodologies that may later be included in national
and international codes or professional standards. The potential applications include conventional structures,
such as electricity pylons or chimneys, high rise towers and high speed train bridges. However, a central em-
phasis is also given to more novel foundations for offshore and onshore renewable energy engineering. The
paper describes the objectives and overall technical content of the project. Several companion papers focus on

more specific aspects and the results obtained so far.

1. Introduction

The oil and gas industry has developed various pro-
cedures for considering the effects of large wave cy-
clic loads on foundations for offshore structures. De-
sign guidelines include the American Petroleum
Institute (API) RP 2GEO (2011); Det Norske Veritas
(DNV) Foundations (1992) and the International Or-
ganization for Standardization (ISO) 19901-4
(2003). In addition, the offshore turbines industry is
progressively adapting such methodologies given in
DNV-0S-J101 (2011) and Federal Maritime and
Hydrographic Agency (BSH) publication entitled,
Design of Offshore Wind Turbines (2007).

Surprisingly, the effects of cyclic loading on founda-
tions are largely ignored in most civil engineering
and building activities. French codes and Eurocode?
(2007) reflect this poor level of consideration. A
committee working under the umbrella of the French
national agency, IREX, called for national engage-
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ment in an ambitious research and development pro-
ject to address the present lack of guidance regarding
piles under cyclic loading.

The SOLCYP project (French acronym for piles un-
der cyclic solicitations) was launched in 2008 with
the objectives of:

e understanding the physical phenomena condi-
tioning the response of piles subject to verti-
cal and horizontal cyclic loads;

defining a methodology to assess the behav-
iour of cyclically loaded piles;

developing design methods;

initiating pre-normative actions with a view
to introducing new methodologies in national
(and international) codes or professional
guidelines.

The project has a total budget approaching €5 mil-
lion, financed by Agence Nationale de la Recherche
(ANR) and Ministry for Ecology, Sustainable De-



velopment, Transports and Housing (MEDDTL) and
private companies from the civil engineering and en-
ergy sectors. Details can be found on the project
website at www.pnsolcyp.org.

This paper describes the objectives and overall tech-
nical content of the project. Several companion pa-
pers focus on specific aspects and initial outcomes.
The term ‘cyclic’ loading is used in this paper gen-
erically to characterise variable loads that have
clearly repeated patterns and a degree of regularity in
amplitude and return period. Cyclic loads may be es-
sentially environmental (e.g. wave, wind) or opera-
tional in origin.

2. Characterisation of Cyclic Loads

It is common in building works and civil engineering
to consider applied loads as essentially static or
quasi-static. Critical loads are defined by the maxi-
mum values expected under various load cases (op-
erational, extreme, accidental, etc.). It is currently
possible to consider the response of soil elements
under cyclic loading in terms of:

e mean load and cyclic load amplitude: these
components affect the evolution of permanent
and reversible deformations differently;
loading frequency: this parameter determines
whether the response is drained or undrained
in relation to the soil’s compressibility and
permeability characteristics;

rate of loading: this also has a direct impact
on the undrained shear strength of clays. Peri-
ods of rest between cycles, or series of cycles,
can allow total or partial drainage and pore
pressure dissipation; and

number of cycles: these, which characterise a
cyclic event, can vary from a few critical cy-
cles (as in small earthquakes to thousands or
millions of cycles, for example under railway
bridges).

These aspects are familiar in offshore oil and gas ap-
plications, which have wave loading periods of typi-
cally 10s, or restoring forces on anchored vessels
with periods of typically 100s. (The maximum num-
ber of significant load cycles considered in such
studies is typically less than 1000.) However, a
greater awareness of these issues is required urgently
in general civil engineering. The cyclic loading ap-
plied to the foundations of a wider variety of onshore
and coastal structures need to be characterised prop-
erly. Collecting typical load case histories is part of
SOLCYP’s work. Measuring pile head loads in
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structures such as wind turbines, bridges and cranes
can provide critical new information.

Measured load histories are often composed of a
succession of load variations of irregular amplitude
and relatively random distribution with time. How-
ever, laboratory cyclic soil element tests most usu-
ally apply load series of fixed frequency and regular
amplitude. Cycle-counting methods (derived from
rain-flow analyses) are routinely used in (metal) fa-
tigue analyses to transform actual load histories into
idealised series of cycles (e.g. American Society for
Testing and Materials (ASTM), 2005). Similar ap-
proaches are proposed for soils (see Figure 1). For
metallic materials, Miner’s damage concept
(Downing and Socie, 1982) is applied to derive
equivalent cyclic load patterns from S-N curves (ob-
tained by plotting the number of cycles to failure of
samples submitted to the series of constant cyclic
stress amplitudes).

Analytical procedures have been developed to assess
equivalent number of cycles to failure for geotechni-
cal cases. Multistage cyclic loading methods have
been applied to pore pressure generation and defor-
mation analyses by Andersen (1988), Kaggwa et al.
(1991) and Lin and Liao (1999). A major limitation
is that Miner’s hypothesis has not been verified
comprehensively for soils. Little is known regarding
the effects of frequency and load history on stability
and deformation analyses.
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Figure 1: Transforming an actual load history into a series of
regular amplitude cycles (BSH, 2007)



3. Cyclic Response of Soils

The response of soils to cyclic loading is often inves-
tigated in the laboratory using cyclic triaxial (CTX)
and cyclic direct simple shear (DSS) tests. Samples
are often consolidated anisotropically (typically un-
der Ky conditions) and sheared cyclically under
undrained conditions. Such tests may consider dif-
ferent stress paths (e.g. DSS, CAUC, CAUE) to ac-
count for soil anisotropy. The variable shear stresses
applied in cyclic testing stages are characterised by a
mean component and a cyclic component oscillating
around the mean. The latter generates excess pore
pressures in the sample and irreversible deforma-
tions, which can be decomposed into mean and cy-
clic components. The response depends on:

e soil type;

soil state (density of sands, degree of consoli-
dation of clays);

effective stress level, consolidation style and
applied stress paths; and

cyclic stress characteristics — in particular cy-
clic stress amplitude, the possibility of shear
stress reversal and frequency.

A convenient way to capture the complete response
of a particular soil is to construct cyclic interaction
diagrams. Strain contour diagrams (Andersen, 1988)
give the number of cycles to failure of cyclically
loaded samples as a function of the mean and cyclic
shear stress component (non-dimensionalised by the
static undrained shear strength). Results can also be
expressed as ISO values of excess pore pressures,
permanent deformations or cyclic deformations.
Contour diagrams may be proposed for particular
testing modes (e.g. DSS, triaxial CAUC, triaxial
CAUE) and loading frequencies. The laboratory test-
ing programmes can be tailored to obtain a set of
relevant contour diagrams. A limited number of
complete diagrams are available for particular,
stereotypical soils, such as Norwegian Drammen
clay (Andersen and Lauritzen, 1988) and Gulf of
Mexico Marlin clay (Jeanjean et al., 1998).

A complete characterisation of the cyclic response of
four materials is planned within SOLCYP: (1)
Speswhite clay, a kaolinite widely used for centri-
fuge testing; (2) Merville clay, an Eocene overcon-
solidated Flanders clay geologically equivalent to the
UK London clay; (3) Fontainebleau sand, a fine
poorly graded reference sand; and (4) Dunkirk sand.
These materials are used for model testing
(Speswhite and Fontainebleau) or field experiments
(Merville and Dunkirk).

265

4. Behaviour of Soil-Pile Interfaces

The failure mechanisms of piles under monotonic
axial loading are largely localised at, or very close,
to the soil-pile interface. The processes followed de-
pend on the characteristics of the soil, the pile mate-
rial and the mode of installation.

In recent years significant advances have been made
in understanding the friction mobilisation along
driven piles. In sands, driving — which can be con-
sidered as a series of repeated extreme loading
events — causes:

e severe crushing of the grains, so that the

range of interface friction angles is relatively
narrow, irrespective of the initial grain size
distribution and relative pile roughness (e.g.
Kolk et al., 2005; Yang et al., 2010);

a progressive decrease of the mobilised soil-
pile friction developed at a given level as the
pile tip advances. This friction fatigue (4/R)
phenomenon influences the radial effective
stress distribution at end of installation (e.g.
Lehane et al., 1993; Jardine et al., 2005).

Whether or not friction can increase under subse-
quent monotonic loading depends on sand density
and pile dimensions. Dilation effects can be signifi-
cant for small-diameter short piles, but may be minor
for very large-diameter steel driven piles.

In clays, failure generally develops at or near the
clay-pile interface, and installation may create a sys-
tem of reduced strength residual shear surfaces (Jar-
dine et al., 2005). However, it has been argued that
full continuum failure may take place in other cir-
cumstances. Cyclic DSS tests can provide a model
for the conditions close to the shaft that can help
characterise the undrained shear strength properties.
This is useful in cases where failure involves neither
a residual surface nor soil-interface slip (Karlsrud
and Nadim, 1990). Effective stress analyses have
been proposed when residual surfaces or interface
slips govern, as is common in many clays.

Cyclic DSS tests may also be applied in these cases
to predict the rates of radial effective stress, and
hence local shaft capacity, degradation under cycling
(Jardine et al., 2005). Pile capacity in clays may be
governed by peak or residual interface friction. The
failure pattern, ductile versus brittle, depends on the
clay fabric, which is affected by the past stress his-
tory of the soil and the mode of installation (driven
versus cast in place). Progressive failure — where the



ultimate (residual) shaft resistance is reached in the
upper layers before the deeper strata near the pile toe
have reached their peak resistance — is a major con-
cern for long flexible piles. Ring shear interface tests
provide critical information regarding the degree of
brittleness and its rate of mobilisation with post-peak
displacement (Jardine et al., 2005).

One specific SOLCYP task is to investigate the be-
haviour of soil-pile interfaces via laboratory testing.
Steel-soil interfaces, which represent the type of
driven piles used in offshore and port foundations,
and concrete-soil interfaces, representing bored
piles, are considered. The objective is to establish
testing procedures for characterising soil-pile inter-
faces under cyclic loading. Several devices or test
types have been implemented, as follows:

e shear-box testing at constant normal stiffness

(CNS) in Fontainebleau and Dunkirk sands
(Pra-ai and Boulon, 2011);

cyclic DSS tests in clays with a high number
of cycles;

model pile tests with high numbers of cycles
(>10000) in sands and clay within small
calibration chambers (Tali, 2011); and

ring shear interface tests (Yang et al., 2010).

5. Cyclic Pile Design Parameters

The response of soils to cyclic loading is complex.
While laboratory testing has been applied in practice,
there is a need for recognised methodologies to
guide cyclic parameters selection for design. Suit-
able documents will be developed for this purpose in
collaboration with TC209 of the International Soci-
ety of Soil Mechanics and Geotechnical Engineering
(ISSMGE). Design guidance will also be offered on
cyclic interface parameters.

In France geotechnical parameter selection is mainly
based on in situ testing. Pressuremeters are the most
commonly used tools for onshore projects, although
the cone penetration test (CPT) is becoming more
widely used. Preliminary static and cyclic tests using
the PAF 76 self-boring pressuremeter (SBP) were
conducted in the beginning of the 1980s. Results
were promising and the cyclic shear moduli Gc that
was obtained compared favourably with observa-
tions made on a highly instrumented pile submitted
to axial tension loads (Puech et al., 1982). This re-
search avenue is being reactivated by SOLCYP, and
attempts are being made to investigate the potential
of cyclic CPT tests. A prototype tool is envisaged
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with a friction mantle that can cycle vertically about
a mean position.

6. Axial Pile Response and Friction Degradation

The most visible detrimental effects of cyclic load-
ing on the axial response of a pile are: (@) a reduc-
tion of ultimate capacity, related to reductions in lo-
cal skin friction; and (b) reductions in pile head
stiffness (or increased displacements). The degrada-
tion of skin friction is not homogeneous along the
pile wall, but propagates from head to toe under in-
creasing severity of the cyclic loading and number of
cycles. The flexibility of the pile determines the dis-
tribution of friction along the pile. Series of centri-
fuge tests on model piles have been performed in
Fontainebleau sand and Speswhite clay, with a view
of deriving stability diagrams such as those proposed
by Poulos (1988). Tests are being conducted using
the large centrifuge of IFSTTAR (formerly LCPC) in
Nantes. Stability diagrams have been generated, an
example of which is shown in Figure 2. This dia-
gram illustrates the number of cycles for bored piles
leading to failure as a function of the mean and cy-
clic load components, normalised by the pile capac-
ity under monotonic loading (Guefresh, 2012).
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Figure 2: Stability diagram for axial cyclic tests on model piles
in the centrifuge — dense Fontainebleau sand — cast in place
piles (from Guefresh, 2012)

Highly instrumented displacement pile tests are also
being performed in the large calibration chamber of
the 3S-R Laboratory in Grenoble. These tests (car-
ried out in collaboration with Imperial College Lon-
don) provide valuable data (see Figure 3) on the mo-
bilisation of interface pile-sand friction and its
evolution with number of cycles (Tsuha et al., 2012;
Rimoy et al., 2012).
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Figure 3: Stress paths measured in calibration chamber along
a model displacement pile in Fontainebleau sand. Two-way
large amplitude cycles generate successive phases of dila-
tive/contractive behaviour at soil-pile interface
(Tsuha et al., 2012)

In situ pile tests are being conducted at two experi-
mental sites. The first is at Merville in the north of
France, where overconsolidated plastic Eocene Flan-
ders clay is encountered below 3m depth. Ten test
piles were installed in March 2011, including 4
driven closed-ended tubular steel piles, 4 four bored
piles and 2 screwed piles. The piles are 13.5 long
with diameters of 406-420mm. Series of load tests
were conducted over May to June 2001, including
conventional incremental static tests, rapid load and
cyclic load tests. The latter covered both tests that
failed after relatively small numbers of large cycles,
and those that extended to very large numbers
(>10 000) of relatively low amplitude cycles. Details
and preliminary results are presented in a companion
paper (Benzaria et al., 2012).

A similar testing programme is planned on piles in-
stalled near Dunkirk in the post-glacial Flanders
sands. The number of driven piles has been reduced,
due to the availability of previous cyclic pile testing
by Imperial College in the same sands at a
neighbouring site (Jardine and Standing, 2000). The
Dunkirk tests were completed in spring 2012. Inter-
pretation is ongoing at time of paper publication.

It is expected that the concept of pile stability dia-
grams, developed for field tests on clays by Karlsrud
and Haugen (1985) and applied to sands by Jardine
and Standing (2000), can be extended to encompass
the new enlarged experimental database. It is also in-
tended that interpretation of the instrumented pile
tests will allow an improved understanding of the
following: degradation phenomena taking place
along cyclically loaded piles; local degradation as a
function of stress history; distribution of cyclic ef-
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fects along the pile walls; and the progressive trans-
fer of load from the pile head towards the toe.

7. Cyclic Design of Axially Loaded Piles

The final objective of the SOLCYP project is to pro-
pose methods for designing piles under cyclic axial
and lateral loading. The full design may involve
complex processes that may not necessarily be justi-
fiable for everyday practice. The objective is to pro-
pose different approaches corresponding to increas-
ing levels of complexity and elaborate criteria to
determine the appropriate level of analysis. Design
approach criteria should be based on:

e sensitivity of structure to displacements and
rigidity;

relative importance of cyclic component with
regard to permanent and mean component;
nature of the soil and potential sensitivity to
cyclic loading; and

potential economic, human and environmental
consequences of poor cyclic performance.

The relative success of current civil engineering
practice (which often ignores the effect of load cy-
cles) demonstrates that, in many cases, cyclic load-
ing effects can be accommodated through reasonable
engineering judgment and conventional safety con-
siderations. But this is not always the case. Well
documented stability diagrams may be very useful in
identifying those critical loading conditions that jus-
tify special consideration in design.

Cyclic axial pile analysis can already be tackled
through the load transfer curve analyses. Recom-
mendations for constructing (z-z) curves (i.e. rela-
tionships between mobilised soil-pile shear transfer
and local pile displacement) for monotonic loading
are available (see API, 2011; ISO, 2003). These
curves are conveniently used in simple structural fi-
nite element (FE) models where the pile is generally
considered as a linear elastic rod. Developing cyclic
t-z curves that could model given shear stress ampli-
tudes and particular numbers of cycles would be a
decisive step forward in the design of piles under cy-
clic loading. Specialised software has been devel-
oped to model the cyclic response of piles, such as
SCARP (Poulos, 1989), RATZ (Randolph, 2003) or
PAXCY (Karlsrud and Nadim, 1990). In these mod-
els, the interface shear strength degradation during
cycling controls the resulting plastic deformation.

It is anticipated that the experimental data gathered
within SOLCYP (including soil and interface behav-
iour, in situ SBP and cyclic CPT tests, model pile tests



and in situ pile tests) will provide sufficiently repre-
sentative and reliable elements to derive degradation
laws in sands and clays. They should also allow for
the evaluation and possible calibration of existing
software, and finally the proposal of preliminary sets
of cyclic #-z curves. This is one of the more challeng-
ing SOLCYP tasks (Benzaria et al., 2011). Simpler
‘global’ approaches may also prove useful in practice
(Jardine et al, 2005).

8. Lateral Pile Response

Current design methodologies for assessing the re-
sponse of piles under lateral loads most frequently
refer to the concept of load transfer, or p-y curves.
Recommendations for constructing static p-y curves
that reproduce local horizontal soil-pile interactions
under monotonic loading can be found in offshore
codes and standards, considering soils from silica or
carbonate sands to soft or stiff clays. They are based
on either laboratory data (e.g. use of the g5 parame-
ter), or in situ data (e.g. use of shear modulus G ob-
tained from pressuremeter tests).

The offshore oil and gas industry uses cyclic p-y
curves for designing jacket piles under extreme envi-
ronmental loading. Potential problems exist in ex-
trapolating this approach to other applications. Cy-
clic p-y curves were derived in the 1970s on the
basis of tests performed on relatively small-diameter
piles (12°/,—24in) for soft clays (Matlock, 1970),
stiff clays (Reese and Cox, 1975), and sands (Cox et
al., 1974). The piles were submitted to series of cy-
clic loads, representative of load histories imposed
by Gulf of Mexico storms on jacket piles. The final
results were ‘envelope curves’, which aimed to re-
produce the soil-pile response of piles monotonically
loaded at the end of the extreme event (the centen-
nial storm). The limitations are as follows:

e Cyclic p-y curves (as in API/ISO documents)
are applicable for modelling the head dis-
placements and maximum bending moments
of long flexible piles of moderate diameter af-
ter a storm loading history.

They are used, perhaps inappropriately, to
model the response of /arge-diameter offshore
jacket piles that remain flexible because of
their large aspect ratios.

Present p-y curve formulations are not valid
for the caisson piles employed in wind turbine
monopiles, where the assumption of a flexible
system with independent soil ‘slices’ acting at
different depths is no longer applicable (Lam,
2009).
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e Cyclic p-y curves are also inappropriate for
modelling cases where horizontal displace-
ments remain small, as they assume mecha-
nisms that require relatively large displace-
ments (e.g. Cao et al., 2005).

Cyclic p-y envelopes are not applicable when
considering in-storm stiffness response under
dynamic or slow cyclic loading.

The SOLCYP project may not be able to resolve all
the foregoing questions, however, it is committed to
making advances in two directions. The first in-
volves developing a methodology to assess the hori-
zontal cyclic response of flexible piles subject to
loading histories other than typical offshore storms.
This might be based on developing ‘true’ cyclic p-y
relationships that relate to given numbers of cycles
(N =10, 100, 1000, ...) and a stepping procedure that
follows specified loading histories. Such true cyclic
curves are being derived from the SOLCYP centri-
fuge tests (Khemakhem, 2012; Khemakhem et al.,
2012) with Fontainebleau sand and Speswhite clay
(see Figure 4).

The second avenue concerns the behaviour of short
rigid piles or caissons under lateral loading. The 3D
FE analyses (FEA) will be used to derive vertical,
horizontal and moment (VHM) envelopes for rigid
circular foundations with a slenderness ratio (L/B) in
the range 5 to 15. The FEA will also be used to study
the associated failure patterns. It is expected that the
methodology currently employed for assessing the
cyclic response of offshore suction emplaced cais-
sons can be adapted to these embedment ratios. The
lateral rigidity of these foundations will be investi-
gated by introducing appropriate constitutive laws
into the FEA.
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Figure 4: Cyclic p-y curves obtained on model piles in the cen-
trifuge — NC clay (Khemakhem, 2012)



9. Numerical Modelling

Simulating the cyclic response of piles by continuum
models is an extremely challenging task. Several is-
sues are critical. For example, describing the cyclic
behaviour of soils requires sophisticated constitutive
laws that often involve many parameters. These pa-
rameters are difficult to measure. Extensive (and ex-
pensive) series of complex laboratory tests are
needed. Modelling the behaviour of interfaces under
cyclic loading is an additional area that has received
only limited consideration to date. Finally, imple-
menting these laws into FE models presents difficul-
ties when large numbers of cycles are considered.
Calculation times rapidly become excessive and un-
controlled divergence in the calculation process may
arise.

SOLCYP team members are making progress in the
following directions:

e improving constitutive laws for describing the
behaviour of soils (Bagigli, 2011); and

developing alternative methods to the cycle-
by-cycle simulation technique, such as the time
homogenisation method (Papon, 2010), or

skipped cycles method (Cao et al., 2012).
10. Conclusion

The SOLCYP project is an ambitious research and
development programme aimed at investigating the
behaviour of piles under cyclic loading. Key aspects
are being addressed either experimentally or numeri-
cally. The first results, some of which are presented
at this conference, have been promising. The final
objective is to develop guidelines for the design of
pile foundations under cyclic loading, with special
attention to novel structures such as wind turbines.
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