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ABSTRACT: A wide range of onshore and offshore structures rely on displacement pile foundations. While their critical loading
conditions may include significant axial cyclic loading, no internationally agreed guidance exists to guide cyclic design for
displacement piles installed in sands or other geomaterials. Field testing provides the best route for developing or calibrating suitable
approaches, but such studies are both costly and difficult to conduct. This paper reports an extended investigation that contributes by
reporting heavily instrumented laboratory experiments run on 1m long, 36mm diameter close-ended model piles in 1.20m diameter,
1.50m deep, fully pressurised calibration chamber. Tests on Fontainebleau NE34 and GA39 sands explored the potential influences
of density, extended load cycles, loading regimes, calibration chamber boundary conditions and installation procedures on the cyclic
stability of displacement piles in sands. It has proved possible to link the behaviour observed in the field and model tests to laboratory
element model pile tests and the work described contributes towards developing guidance the axial loading design of piles.

RESUME: Une large gamme de structures onshore et offshore repose sur des fondations sur pieux. Bien que leurs conditions de
chargement critiques puissent inclure une charge cyclique axiale importante, il n'existe aucune directive acceptée au niveau international
pour guider la conception cyclique des pieux a déplacement installés dans des sables ou d'autres géomatériaux. Les essais sur le terrain
constituent la meilleure voie pour développer ou calibrer des approches appropriées, mais ces études sont a la fois cotiteuses et difficiles
amener. Cet article rapporte une enquéte approfondie qui contribue en rapportant des expériences de laboratoire fortement instrumentées
menées sur des pieux modéles fermés de 1 m de long et 36 mm de diamétre dans une chambre d'étalonnage entiérement pressurisée de
1,20 m de diamétre, 1,50 m de profondeur. Les essais sur les sables de Fontainebleau NE34 et GA39 ont exploré les influences
potentielles de la densité, des cycles de charge prolongés, des régimes de chargement, des conditions aux limites de la chambre
d'étalonnage et des procédures d'installation sur la stabilité cyclique des pieux a déplacement dans les sables. Il s'est avéré possible de
lier le comportement observé sur le terrain et les essais sur modele aux essais de pieux sur des modeles d'éléments de laboratoire et les
travaux décrits contribuent a développer des orientations pour la conception de chargement axial des pieux.
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1 INTRODUCTION b) Unstable (US), where displacements accumulate relatively
rapidly and shaft capacity falls to give failure within 100
An ability to sustain axial cyclic loading can be critical to pile cycles, or
foundations particularly in offshore energy applications. c) Meta-Stable (MS), where displacements accumulate at
However, internationally agreed design guidance for such moderate rates without stabilising. Capacity losses accrue
conditions is yet to be achieved. Puech and Garnier (2017) report that lead to failure after 100s or 1000s of cycles.
the French National SOLCYP programme that developed axial Rimoy et al. (2013) analysed the piles’ axial cyclic load-
cyclic design methodologies from monotonic-and-cyclic field displacement and stiffness responses, finding that cyclic stiffness
tests on displacement and bored piles in stiff clays and marine loss (and transient displacement growth) was only significant as
sands. The reference data for piles driven in sands was multiple failure was approached under unstable or metastable conditions
one-—way (OW) tension and two-way (TW) tension and where pile movements grew relatively rapidly. Stable cycling led
compression cyclic experiments conducted by Jardine and to minimal displacement accumulation. The Dunkirk field tests
Standing (2012) on seven, 457mm outside diameter, mostly 19m provided a unique dataset, but they do not show how different
long, open steel piles which were driven in medium-to-fine dense sand conditions might affect cyclic performance. It was also
Dunkirk sand, in northern France. The outcomes of the Dunkirk impossible to measure soil contact stresses on the Dunkirk piles’
axial cyclic tests are summarised in Figure 1 by an interactive surfaces, or in the sand mass. Extending the tests to cover more
stability diagram which shows how outcomes depend on the than 1000 cycles was also unfeasible.

combination of mean pile head load (Qmean) and cyclic amplitude

(Qcyelic) relative to the tension shaft capacity (Qr), and number

(N) of cycles and categorises the responses to regular cycling as

being:

a) Stable (S), where pile head axial displacements accumulate
very slowly over thousands of cycles and there is no
significant loss of shaft capacity, or
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Figure 1. Axial cyclic interaction diagram for the full-scale pile tests in
Dunkirk silica marine sands (Jardine & Standing 2012).

Rimoy et al. (2015) reported experiments with 1m long,
36mm diameter model piles in the 1.20m diameter, 1.50m deep,
fully pressurised Grenoble-INP calibration chamber, aiming to
study more fundamentally the phenomena observed in the field.
The experiments were rtun under strictly controlled
environmental conditions, with multiple miniature sensors
gauging the local stresses both on the pile shaft and in the dry
sand employed: see Jardine et al. (2009) and Zhu et al. (2009).
Crucial differences between field and laboratory behaviour soon
became evident. Rimoy et al. (2015) noted that the model piles
did not display the same marked growth of shaft capacities in the
weeks to months that followed installation. Carroll et al. (2020)
ascribed this to (i) physio-chemical conditions being different in
the laboratory and (ii) potential scale and geometrical effects that
result from the finite thicknesses of zones of crushed sand grains
formed around the walls of open tubular steel piles. Nevertheless,
the model tests offered new insights into the effective stress
conditions developed during installation, static load testing and
under repetitive loading (with up to 1000 cycles) in dense dry
silica Fontainebleau NE34 sand. This paper reports further model
experiments conducted by Rimoy (2013) and Silva (2014) with
similar systems that explored the potential influences on cyclic
behaviour of:

1) Different sands and density states

2) Calibration chamber boundary conditions

3) Larger numbers of cycles and a wider range of loading
regimes

4) Modes of installation modes by either driving or jacking

2 TESTING SET-UP AND PROGRAMME

Each model pile installation required up to 2.7 tonnes of fresh,
air-pluviated sand. Fontainebleau NE34 or GA39 sands were
employed, whose index properties are summarised on Table 1.
Liu (2018) reports the similarity in mechanical behaviours
between Dunkirk sand and NE34 sand to which GA39 sand is
broadly similar apart from its grain size. Rimoy et al. (2015)
describe the systems which could measure local stresses and
loads while maintaining good long-term boundary stress and
temperature controls. The sand masses could be tested dry, or
after near-saturation with water following CO:2 replacement,
employing initial density indices Ip ~40% and 70% for the GA39
and NE34 sands respectively. Vertical pressures of 150 + 5 kPa
were maintained before pile installation, over extended ageing
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durations and during load testing. A total of 43 cyclic and a
similar number of static tests are reported herein from five new
installations made with 36mm outer diameter closed-ended
driven ‘DT’ piles equipped with axial load cells and seven with
the 36mm outer diameter cone-tipped, stainless steel Mini-
Imperial College Pile (Mini-ICP) shown in Figure 2, which
records local shaft shear and radial stresses accurately through
three sets of Surface Stress Transducers (SSTs) as well as axial
loads and temperatures.
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Figure 2. Calibration Chamber and Mini—ICP arrangements of tests
ICP07 and 08; vertical section after Rimoy (2013). Pile sensors h=9R
above tip are ‘Leading’, at 26R are ‘Following’, and at 46R are ‘Trailing’.

Figure 3 presents equivalent qc profile from the continuous
monitoring of the Mini-ICP tip load cell during installation. Tests
on dry NE34 sand showed qc profiles of approximately 20 MPa,
while the finer GA39 sand showed profiles 10 and 15 MPa for
tests ICPO5 and ICP10 respectively. The chamber-to-pile
diameter (Dchamber/Dpile) ratios was 33.3. Although much lower
ratios are frequently adopted, Salgado et al. (1998) argue that
field conditions can only be matched in rigid chambers if
Dechamber/Dpile > 100. Check tests were therefore undertaken with
a range of ‘passive’ and ‘active’ conditions (after Huang & Hsu
2005) comprising:

BC1 — Passive stress-controlled radial boundaries, with three
depth-segmented water-filled membranes held under constant
applied pressure

BC3 — Passive radial rigid-wall, as imposed by the steel chamber
boundary

BC5 — Active radial boundaries that replicated ‘field conditions’
through three depth-segmented water-filled membranes which
are isolated to measure the three boundary pressures during
installation. The elevated pressures achieved at end of
installation were held fixed throughout ageing to compensate for
the effects of elastic strain energy stored beyond the limit of the
calibration chamber wall in the field.

The model piles were tested at a wide range of ages after their
installation. Rimoy et al. (2015) show that the jacked model piles
developed age-insensitive capacities in NE34 sand that were
generally close to those predicted with the CPT based ICP-05
design methods for driven piles in sands. Loads (or
displacements) were cycled by imposing smooth sine waveforms
at the pile head at rates between 0.5 and 8.5 cycles per minute.
Most of the cyclic tests were conducted under load control
following Qmean/Qr and Qcyclic/Qr parameters. The cyclic tests’
codes signify: first their test series numeral, then an extension
denoting the mode (One-Way or Two-Way), followed by the
number of tests performed on the pile up to, and including, that
stage. Reference shaft capacities (Qr) were measured through
tension testing before most cyclic tests. Tension tests were
adopted because they require smaller displacements (usually far
less than D/10) than compression tests to reach peak resistance
and are simpler to interpret. It is recognised that prior testing on
any given pile affected the responses observed in any subsequent
test and the reference static tension tests served to track the



impact of prior experiments on axial shaft capacity. Tension loads
are reported as having a negative sign.

Table 1. Index properties of NE34 Fontainebleau and GA39 Nemours
sand.
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Figure 3. Pile end-bearing resistances for Mini-ICP pile jacked tests in
this study.

3 RESULTS AND DISCUSSION

3.1 Stability Interaction Diagrams

Cyclic stability interaction diagrams can summarise how the
number of cycles N that can be sustained before any failure
occurs relate to the cyclic loading conditions.
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Figure 4. Interaction diagram for the Mini-ICP in dry NE34 sand

The outcomes can be classified according to the accumulated
cyclic displacements a normalised by the pile diameter D, and
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the derivatives d(a/D)/dN. In this study, tests that sustained at
least 1000 cycles, before displacements exceeded 0.01D or rates
exceeded to 3D x 10 mm/cycle and showed no loss in
operational static shaft capacity were deemed Stable (S), while
Unstable (US) tests accumulated total displacements greater than
0.1D at rates greater than 3D x 10 mm/cycle over significant
durations, showed significant shaft capacity degradation and
generally failed within 100 cycles. Metastable (MS) tests showed
intermediate displacements, displacement rates and modest shaft
capacity degradation that led to failure in hundreds of cycles.
While small numbers of such cycles may not affect capacity or
serviceability, large numbers cannot be sustained safely. Figure 4
present the Authors’ tests, referring their outcomes to the Stable,
Metastable Unstable regions identified by Tsuha et al. (2012) for
piles jacked cyclically into dry NE34 sand, which manifested a
similar pattern to the Dunkirk field tests summarised in Figure 1.

Experiment ICP06 was designed to test whether water
influenced the outcomes by installing a Mini-ICP, under B
C3 conditions, in near-saturated NE34 sand. Noting that di
rect comparison between the earlier dry sand model experi
ments and the Dunkirk field tests, which developed most
of their capacity below the water table, might be questione
d, the displacement-controlled, Two-Way, test ICPO6TW1 (
+/- 0.5mm) was conducted, followed by the One-Way test
ICPO60OW1 (Qeycti/QT = Qmean/Qt = 0.11) which remained
Stable after 1000 cycles. The tests’ normalised outcomes
presented in Figure 5 are fully compatible with Tsuha et a
1.’s (2012) dry sand tests.
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Figure 5. Interaction diagram for ICP06 in wet NE34 sand.

The influence of installation procedure was investigated by
driving closed ended 36 mm diameter piles DTIII to DTVII in
dry, Ip = 0.70, NE34 sand under BC1 and BC5 conditions.
Twenty-one (OW and TW) cyclic loading tests were performed,
yielding the results in Figure 6, with normalised Unstable,
Metastable and Stable boundaries that plot far below those
manifested by both the jacked model piles (Figure 4 & 5) and the
Dunkirk field tests presented in Figure 1. The tests also gave
lower absolute capacities than expected. Overall, the driven
model test conditions fail to represent those applying in the field.
3.2 Local stress variations induced at pile interface and in
sand mass by axial cyclic loading

The Mini-ICP piles’ instrumentation allowed the jacked piles’
cyclic local shear stress 1. versus normal radial effective stress
o’r stress paths to be followed at the sand-pile interface, which



was not possible with the field or laboratory driven piles. It was
also possible to follow the stress paths invoked within the
surrounding sand mass. Tsuha et al. (2012) reported on the paths
followed at three levels on the shaft in dry (Ip = 0.70) NE34 sand
under BC1 and BC3 conditions, showing that stable tests’ stress
paths remained within an interface failure envelope, for which &
~27° in accordance with Yang et al’s (2011) ring-shear interface
tests.
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Figure 6. Interaction diagram for driven piles in dry NE34 sand.

Cyclic loading tests undertaken in the ICPO5 to 11
experiments revealed similar styles of effective stress responses
applied with: (i) a range of calibration chamber boundary
conditions, (ii) wet NE34 sand, (iii) finer, looser, dry GA39 sand,
(iv) in many tests, after far larger numbers of cycles. Figure 7 and
8 illustrate the impact of the unstable, extreme two-way applied
conditions in ICPO8 TW1 experiment, considering the first 10
and the final 10 cycles of this 20,002 cycles experiment.
Significant differences were observed in (dry) Mini-ICP tests
with the finer, loose, GA39 sand, which developed far lower axial
resistances and radial shaft shear stresses than were seen with
NE34 sand under the same (150 kPa) vertical calibration
chamber pressure. The stress changes provoked within the
surrounding sand mass by severe two-way cycling are illustrated
in Figure 9 by o' measurements made at three normalised radial
distances (1/R) from the pile axis at a normalised level h/R =39.2
vertically above the tip in test TW1 on ICP08. While the pile
shaft experiences large (= 130 kPa) final losses in o'ss, significant
(=50 kPa) reductions applied 2 to 8 radii from the axis.

Measurements were also made in BCS tests of the pressures
developed in the chamber’s three, vertically stacked, outer radial
chamber membranes. The membranes were isolated during the
TW1 test on ICPO8 and Figure 10 shows that =10 kPa in ¢'s
developed out at r/R =30, confirming that either larger chambers
or active boundary conditions (such as the BC5 system) are
required to capture the field response in a fully representative
manner. In the same line, boundary pressure measurements made
with BCS5 conditions during installation showed increases during
jacked installation (when the membranes were isolated) that
contrasted with radial pressures falling sharply at the chamber
wall during equivalent driven installations.
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Figure 7. Interface effective stress paths from unstable two-way cyclic
loading test ICPO8-TW1 (+/- 0.5mm) in dry NE34 sand under BC5
boundary conditions first 10 cycle.
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Figure 8. Interface effective stress paths from unstable two-way cyclic
loading test ICPO8-TW1 (+/- 0.5mm) in dry NE34 sand under BC5
boundary conditions final 10 cycles.

33 Axial cyclic stiffness and displacements

Cyclic stiffnesses were tracked by defining a measure k = (Qmax
— Qmin)/deyctic Wwhere Qmax is the maximum axial cyclic load, Qmin
is the minimum axial cyclic load and dcyclic the maximum cyclic
displacement.
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Figure 9. Sand mass radial stresses against the number of cycles applied
in unstable two-way cyclic loading test ICPO8-TW1 in dry NE34 sand



under +/- 0.5mm displacement control under with BCS5 boundary
conditions.
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Figure 10. Radial stresses at the calibration chamber boundary against
the number of cycles applied in unstable two-way cyclic loading test
ICPO8-TW1 in dry NE34 sand under +/- 0.5mm displacement control
under with BC5 boundary conditions.

Figure 11 shows how loading stiffnesses (and therefore cyclic
displacements) remained practically constant up to 10,000 cycles
in the stable tests by plotting ki/ki,N-1 against N. The equivalent
data from the metastable tests are also shown. Most of the latter
also manifested nearly constant stiffness. However, in some
cases, such as ICP04-TW1, stiffness degraded by up to 85% as
failure approached. The corresponding unstable cyclic loading
tests stiffness trends are illustrated in Figure 12. Test ICP0S5-
OW2, ICP11-OW3 and ICP11-TW1 survived to just 74, 61 and
25 cycles respectively and showed cyclic stiffness degrading
after just 10 to 30 cycles. Figures 13 and 14 show how the driven
piles’ normalised stiftnesses varied with number of cycles, giving
broadly similar trends to the jacked piles. Overall, no clear
difference could be seen between the stiffness degradation trends
developed under BC3 or BCS conditions in wet-or-dry, loose-or-
dense sand masses, by jacked or driven piles.

Table 1. Axial cyclic loading test series using Mini-ICP.

Cyclic test series and code Qcyelic/ QT Qmean/QT
Stable
ICP04-OW1 0.15 0.15
ICP06-OW1 0.11 0.11
ICP07-OW1 0.09 0.46
ICP07-TW1 0.07 0.02
ICP11-OW1 0.14 0.34
Metastable
ICP04-TW1 0.23 0.06
ICP04-OW2 0.21 0.63
ICP05-OW1 0.22 0.38
ICP05-TW1 0.26 0.11
ICP05-TW2 0.24 0.17
ICP10-OW4 0.27 0.28
ICP10-TW2 0.21 0.00
ICP11-OW2 0.20 0.34
Unstable
ICP05-OW2 0.33 0.40
ICP11-OW3 0.29 0.40
ICP11-TW1 0.39 0.21
34 Permanent accumulated cyclic displacements

The permanent cyclic pile-head displacements accumulated
during load-controlled cycling are shown in Figures 15 to 17.
Naturally, the displacement-controlled tests did not develop
permanent displacements.
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Figure 11. Normalised axial cyclic pile stiffness versus number of cycles

applied in stable and metastable cyclic loading tests with ICP pile.
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The segmented reference lines correspond to the stability
criteria discussed earlier, which are broadly consistent with the
Dunkirk field tests analysed by Rimoy et al. (2013) although
some differences exist in the rates at which the cyclic
displacements (divided by diameter D) grew as cyclic failure
approached under metastable or unstable conditions. Stable
cyclic tests showed almost negligible displacement accumulation
rates, independent of the installation method, sand type and
density indices.
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Figure 16. Permanent accumulated cyclic displacement during cyclic
loading tests in dry GA39 sand; ICP pile under BC5 conditions.
5
=O=DTIV-OW1 T T K T
—O=DTVI-OW1 $ N
4 —ﬁ:gm;ﬁ‘v’ﬁ’ [} Unstable &, -1
=CO=DTII-OW2 /?ﬁ % oo YEI/S] 9
—J]-DTIV-OW2
3 L 3 onviows &?“ i O/ / § i Metastable
=0=DTVI-OW3 Qi p%4 Q' d
—&=DTVI-OW4 ¥ 3
£ =O=DTVI-TW1 OK / ’ / T
€ 2 |- -o-DTVI-TW2 b ’ o -
© —+=DTvikow2 S O/< ’ / Lg
=X=DTVI-OW3 ¢
| —k=DTVILTW1 _g¥ o]

10

100

1000 10000

Cycles, N

Figure 17. Permanent accumulated cyclic displacement during cyclic
loading tests in dry GA39 sand; ICP under BC5 conditions.

4 CONCLUSIONS

This paper addressed uncertainties regarding modelling the axial
cyclic behaviour of piles driven in sands, referring to field tests
before reporting and interpreting an extended programme of 43,
mostly heavily instrumented, calibration chamber cyclic model
pile tests supported by multiple static tests. The programme was
designed to explore the potential influences of (i) initial
conditions in the sand, (ii) large numbers of cycles and a wide
range of loading regimes, (iii) calibration chamber boundary
conditions and (iv) pile installation by both driving and jacking.
The experiments contribute towards developing design guidance
for cyclic axial loading cases and lead to six main conclusions:
1. Wetand dry sands placed at the same Ip follow broadly the
same trends under regular cyclic loading when the
outcomes are considered in terms of the normalised cyclic
loading parameters Qcyclic/QT, Qmean/Qr and N.

Little or no change in cyclic stiffness occurs when loading
remains within a well-defined stable region, even over
10,000 or more cycles. In contrast, unstable tests lose
stiffness rapidly and fail dramatically after less than 100
cycles. Metastable tests show intermediate responses that
depend on the imposed normalised loading levels.

Cyclic damage occurs due to reductions in the radial
effective stresses acting on the pile shaft and failure is
controlled by interface failure angles.

The chamber-to-pile diameter ratio of 33 employed in the
present tests leads to significant radial stress variations at
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the chamber wall, whose impact can be reduced by
adopting ‘active’ BCS5 chamber boundary conditions.

The jacked Mini-ICP calibration chamber tests in NE34
sand led to broadly similar normalised cyclic stability,
stiffness and permanent displacement trends to full-scale
field tests (conducted at various ages after driving) in
Dunkirk sand, which has similar grain sizes, mechanical
properties and in-situ Ip levels to the NE34 sand employed
for the model tests.

However, the model experiments were unable to capture
reliably some of the key features observed in the field,
including shaft capacity growth over time, the impact of
driven rather than jacked installation and potentially the
impact of low relative density sand layers. These outcomes
may be unintended consequences of the model pile testing
arrangements. Field tests remain the best means of
establishing reliable design guidelines.
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