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ABSTRACT: Small scale experimental tests have been used historically to complement field testing and, more
recently, to validate numerical models. In this instance, a novel small-scale multi-axial testing apparatus is
presented. This multi-axis frame was developed to study the installation effects on cyclic axial and lateral
performance of displacement piles in chalk (ICE-PICK: EP/WO00013X/1). The apparatus overcomes some
limitations of prior small scale testing apparatus by allowing for simultaneous multi-directional loading due to
its 3-axis actuation system. Additionally, it has been designed for compactness, allowing tests to be carried out
within an X-ray CT scanning bay, in order to reveal the evolution of soil-structure interaction. Within this scope,
a brief overview of the systems construction and performance is given, followed by a demonstration test on pile

installation and, subsequently, combined vertical and cyclic lateral loading.

1 INTRODUCTION

Small-scale physical models can be used to study soil
and rock-structure interaction problems. These
studies are typically designed around separate axial
and lateral loading due to loading frame limitations
(Lehane and Gavin 2001, Peng et al. 2006, LeBlanc
et al. 2010, Roesen et al. 2013, Arshad and O’Kelly
2014), the latter typically addressing characteristics
and magnitude of cyclic loading (i.e., one-way, two
way or unbalanced) which are critical for offshore
wind turbine foundations (Frick and Achmus 2021).
Nevertheless, only a few examples consider multi-
directional loading (Su 2012, Mayoral et al. 2016). In
the case of offshore foundations, such loading
characteristics have been found to deteriorate the
pile’s ultimate lateral capacity, leading to greater
accumulated displacement over a lifetime of cyclic
loading when compared to uni-directional loading
cases (Rudolph and Grabe 2014).

In sensitive materials, such as soft rock, e.g.
calcarenite, lateral pile performance may also be
significantly affected by the installation procedure. In
an offshore environment, piles are typically driven or
jacked, and such mechanical action has been shown
to cause crushing and pore collapse near to the pile
annulus (Ciantia et al. 2021, Zheng et al. 2023),
leading to a material which no longer exhibits its stiff

elastic properties and rather exhibits a hypo elastic,
soil-like behaviour. These effects are marked in the
case of soft rock and have been observed to cause
poor performance of pile foundations within their
serviceable lateral limit (Ciavaglia et al. 2017).
Instrumentation  of  small-scale  models
traditionally requires local measurements, which
provide useful information in terms of a discrete data
stream but often overlook in-situ mechanisms that
contribute significantly to the soil-structure response.
Using image analysis techniques, such as PIV (Yuan
et al.; 2017), allow for a more complete description
of the phenomenon at the cost of additional
constraints to the modelling operations (i.e. plane-
symmetric boundary conditions). To overcome some
of these limitations, X-ray computed tomography and
radiography has been used by several researchers
revealing sub-surface soil-structure interactions.
Examples include pile-installation behaviour and
induced damaged (McCarel and Beard 1984,
Alvarez-Borges et al. 2022), strain accumulations
and shear band development in triaxial element tests
(Desrues et al. 1996), the behaviour of laterally
loaded piles (Otani et al. 2006) and the growth of new
plant roots (Viggiani et al., 2015), to name a few. As
the test is typically carried out outside a scanner bay,
most applications of X-ray computed tomography



(CT) have been limited to post-test analysis or
methods in which the position of the test structure is
fixed in place. Therefore, there have been limited
examples of scans under an active load (e.g., Sato et
al., 2018, who developed a small-scale apparatus
capable of studying axial and torsional pile
behaviour). To overcome this limitation, a new multi-
axis loading frame (the ICE-PICK apparatus) has
been developed for operation within a lab-based CT.
This has enabled the observations of various
geotechnical ~ phenomena  via  time-resolved
radiography and in-test CT. In this paper, an
overview of the frame construction and performance
is provided, together with a demonstrative test
performed during the ICE-PICK testing campaign.
The test entailed the installation and multi-directional
loading of a small-scale pile foundation in a low-
density soft rock (calcarenite), paired with X-ray CT.
It will be shown how the effects of installation lead
to a radial damage zone surrounding the pile which
influences the lateral performance of piles at low
strain levels.

2 NEW APPARATUS

The multi-axis frame, in its current iteration (Figure
1) was designed and optimised to fulfil geometrical,
weight and operational load and displacement
constraints. Size and weight limits were dictated by
the University of Dundee’s SMART lab CT scanner,
which resulted in a system with a height of 900 mm,
a width/breadth of ~360 mm and weight of 50 kg.

Dimensions
mm

Figure 1: Multi-axis frame system in large chamber
arrangement showing key components (i-vii)

The operational load and displacement values were
dictated by the requirements of the ICE-PICK project
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and, therefore, the ability of the frame to install small-
scale piles into soft rock (i.e., o, < 4 MPa). This led
to a maximum vertical load capacity of 5 kN and a
horizontal load of 500 N, as shown in Table 1.
Further information may be found in Riccio et al.
(2024b).

2.1 Materials and fabrication

Off-the-shelf parts were used to fabricate the main
outer and inner frame structural components, as
shown in Figure 1 (part i, ii). Referring to Figure 1,
the inner and top/base plate (part iii/vi) were
machined from 6061 Aluminium plates to achieve
sufficient structural rigidity. Linear motion IGUS
Drylin SLW guides for actuation were assembled on
the vertical and horizontal loading axes (part v). The
vertical axis motion was driven by 4No. MFA 1:264
DC motors (part v), whilst synchronicity of the linear
guides was maintained via a timing system of steel-
reinforced polymer belts, as also employed for the y
direction (e.g., viii). The x direction was driven via
INo. 1:516 DC motor. The system currently
accommodates two different chamber arrangements:
a small and large diameter 120 mm and 300 mm,
respectively, as shown in Figure 1 (part iv). Before
construction, the suitability of the chosen materials
and frame structure were assessed using FE analysis,
undertaken in Fusion 360.

2.2 Control system and performance

The control system was capable of both displacement
and load controlled test regimes, by means of an
automatic tuning proportional-integral-derivative
feedback control (PID) facilitated by LabView.
Feedback utilised the minature Omega +/- 5 kN load
cells at the connection within the rigid box and TF
Connectivity Displacement reels which were
stationed on each axis to measure global
displacement. The operational frequency of the
system was 50 Hz, to maintain a good PID feedback
performance and adequate sensor sampling rate, to
avoid aliasing artefacts, particularly in cyclic testing.
System performance (Table 1) was assessed through
various tests during the calibration of the PID control.
For further information see Riccio et al. (2024b).

Table 1: System performance and measurement accuracy.
Where U is displacement range and u is displacement rate.

System limit z x y

U (mm) 120 100 100
Load (N) 5000 150-500 150-500
u (mm/s) 0.02-0.4  0.02-0.1 0.02-0.4
Cyclic freq. (Hz) 0.05-0.2  0.01-0.08 0.05-0.2
Load accuracy 0.25%

U accuracy 0.2 %
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3 POTENTIAL USES AND EXAMPLES

The system has been used to carry out a number of
small-scale tests, including model root push-over and
inclined loading tests, as well as pile and CPT
penetration tests. In this example, one test from the
ICE-PICK testing campaign is provided, which
consisted of approximately 25 individual open and
close-ended pile and CPT tests undertaken in soft
rock samples. These tests included full-installation
processes (impact and continuous jacking), lateral
(monotonic, 1-way, 2-way and partial 2-way) and
axial (2-way) cases, as well as multi-directional
lateral and vertical cases. More information on these
multi-stage tests is provided in Riccio et al. (2024a).
In this scope, a multi-directional test is described,
which comprised both vertical and lateral cyclic
conditions for assessment of load application on
lateral performance, as discussed in the forthcoming
section.

4 VERTICAL AND LATERAL CYCLIC
PERFORMANCE OF PILES IN
CALCARENITE

4.1 Materials and pile properties

The soft rock sample (o, < 2 MPa, ds, = 86 um)
consisted of a highly porous calcarenite rock which
is present at several offshore wind farms (Ciantia et
al., 2015; Palix & Lovera, 2020; Beemer et al. 2023).
The cored soft rock sample (150 x @100 mm), was
fully saturated and installed into the small chamber
arrangement and restrained with a 10 mm band of
self-levelling epoxy resin. The model pile foundation
had a diameter (D) of 18.85 mm (t,, = 0.91 mm)
and was machined from stainless steel, resulting in a
flexural rigidity of EI ~ 0.46 kNm?.

4.2 Test stages

The test was formed of two main stages, namely rapid
jacked installation (0 —5.27 z/D) followed by
lateral monotonic and cyclic lateral loading.

4.2.1

Installation was achieved by pulsing the z actuator in
approximately 5 second increments and with a
magnitude of 0.45 mm/s, maintaining quasi-drained
conditions due to the hydraulic conductivity of the
coarse-grained soft rock (k,, & 10™* m/s).

Installation stages

4.2.2  Lateral stages

After 5.27 z/D penetration, lateral monotonic and
cyclic load tests were performed, acting on the pile
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Figure 2: Quasi-impact jacked installation (a) Force-
penetration and tension response (b) XCT Centre-slice in y-
z plane through centre of penetrated pile. (c) Close-up of tip
zone. Scan properties: frames per position (3141) acquired
with an X-ray beam tension of 220 kV and current of 500
uA, D is diameter and t,, is pile wall thickness.
head. The pile behaviour was assumed to be
approximately that of a rigid body, as suggested by
the relative stiffness approach defined in Abadie et al.
(2019). An ultimate lateral load of B, = 355 N was
obtained from a separate monotonic lateral test,
where P, was defined by the lateral load at a pile head
displacement equivalent to 0.1D (Cuéllar 2011). This
was used to define the cyclic load amplitude (FP,qy),
which was based upon the LeBlanc et al. (2010)
cyclic characteristic parameters. In this case, a P, was
selected such that {, = P4 /Py = 0.30, which was
close to a typical pile fatigue limit as specified in
Arshad & O’Kelly (2014). The cyclic frequency
selected (0.06 Hz) was a little below the typical peak
frequency of an average North-sea offshore wave, of
approximately 0.106 Hz (Abadie et al. 2019) and
with a loading bias of {, = Ppin/Pnax = —1 (€.,
full two-way); see LeBlanc et al. (2010). These
characteristics were applied to the pile and paired
with different initial vertical loads (E,) ranging from
0 N to 800 N. Noting that slight offset in amplitude
of the two-way cycle was observed and attributed to
minor undershoot of the PID control system.

4.3 PILE JACKED INSTALLATION

The installation load-displacement curve, shown in
Figure 2a, highlighted that the pile head force
remained consistent throughout penetration,
indicating full coring conditions.



However, minor stick-slip events, likely
generated by the rapid jacking (i.e. negligible creep
during the stick phase) were associated with local
peaks (= 1300 N) and dips (= 400 — 800 N) of
combined basal and shaft force. Ignoring the
contribution from the shaft, local peak values roughly
corresponded to the materials’ intact yield stress in
oedometric conditions assuming full base contact
which was thought to be true upon the re-initiation of
jacking (Toea * Abaseeff & 900N), where
Apaseerr considered the base area and apparent
damage zone around the pile of 1-1.5 mm observed
in Figure 2c. Post-installation uplift tests indicated a
very low shaft contribution which degraded quickly
during pullout. This was thought to be related to the
materials’ high porosity and limited lateral
confinement after crushing.

4.4 POST INSTALLATION X-RAY CT
OBSERVATIONS

The unplugged characteristics and stick-slip events
highlighted above were confirmed by both the post-
installation CT (see Figure 2b) and visual assessment
of the pile plug (extracted after the test). These
revealed a core content of assorted intact and crushed
pieces, which was approximately 6.1 z/D in length
(i.e., >5.30 z/D insertion, indicating dilation). The
longer pieces of intact material coincided with the
measured changes in the force-displacement
response (see Figure 2a-b), further evidencing
possible stick-slip events or local seperation of the
dense plug during pauses in the jacking process,
which enabled stress relaxation at the tip. The post-
install CT highlighted a damage zone ahead of the
pile that was concentrated around the tip zone, which
was approximately equal to the wall thickness (=
0.45 — 1 mm), as shown in Figure 2b and c and
confirmed with post-test destructive sample analysis.
In general, the sample appeared minimally disturbed
outwith the near-pile damage zone and both the
interior and exterior of the pile, consistent with the
behaviour of a fully-coring pile, as well with other
existing datasets in which full coring conditions were
observed (Alvarez-Borges et al. 2022).

4.5 LATERAL CYCLIC RESPONSE

4.5.1

The damage zone caused by pile installation
appeared to affect the lateral performance. This is
shown in the lateral cyclic stage where F, =0
(Figure 3a) which exhibited a sigmoid shaped
response, typical of elasto-plastic hysteretic
responses, characterised by low initial stiffness at low

Installation effects
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strain levels. This was further confirmed by the
secant stiffness (K..) of the cyclic profiles (see
Figure 3b).
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Figure 3: Cyclic response of flexible OE pile in
calcarenite with increasing vertical force F, (a) Force-
displacement response (b) Secant stiffness

Herein, Kg,. was defined as the ratio between
lateral load AF), and pile head displacement Ay during
the positive load phase (=A F,/A;). At higher lateral
displacements, K, was observed to increase by
approximately Ksec,Fy=100 ~ Ksec,Fy=4O -3 in all
cases. This stiffness increase appeared to occur when
the pile had fully displaced beyond the low-stiffness
damage zone, interacting with the stiffer intact and

undamaged rock. More details can be found in Riccio
et al. (2024a).

4.5.2  Effect of post-installation vertical load

Figure 3a clearly shows the influence of vertical load
on the hysteretic loop shape of the laterally loaded
pile. Increases in the load inclination appeared to
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reduce the lateral deflection of the pile, opposing the
P — A effect (i.e., an increased vertical load leads to
an increased bending moment and perceived pile
deflection as was observed in 1g tests on granular
non-cemented media reviewed by Li et al., 2020).
This response was assumed to be associated with the
mobilisation of a greater basal resistance due to
higher confinement at the base, as well as the stiff
surrounding media.

Due to the increased pile-soil interaction, stiffness
degradation also appeared more marked with
increased F, due to rapid degradation of the basal
resistance component (Riccio et al. 2024a). The
authors assume that this was due to material yield
ahead of the pile, which was thereafter liable to
contractive effects and densification, as seen in
oedometric and triaxial tests on intact samples
(Leroueil and Vaughan 1990, Ciantia et al. 2018,
Riccio et al. 2023).

A similar mechanism was envisaged to occur
along the pile shaft, close to the pile tip, where high
radial stresses are known to develop after installation
(Jardine et al. 2023), further contributing to the
increased residual displacement as the number of
cycles increases and stress relaxation evolved. In
these tests, the pile accumulated a residual
displacement of approximately 0.6 mm in the E, =
0 N case and approximately 0.2 mm in the F, =
800 N case and which occurred over a relatively low-
load cyclic response for <500 cycles. These
characteristics highlighted the potential for pile
instability directly related to the sensitive and
complex mechanical behaviour of the soft calcarenite
rock. Similar characteristics have been observed in
field scale tests performed in rock mass by Ciavaglia
etal. (2017) and Lovera et al. (2021), highlighting the
importance ~ of  careful long-term  design
considerations that factor in the initial installation
effects on the lateral performance of the pile.

5 CONCLUSION

In this short paper, some of the development of the
ICE PICK testing apparatus has been described,
including the system configuration, its performance,
and the manufacturing process. The system has
potential to perform a wide scope of small-scale tests,
which was demonstrated by means of one of the ICE-
PICK tests. This test utilised post-test CT scans to
reveal some of the complexities of pile installation
and lateral loading in soft calcarenite rock, at a small
scale, highlighting the importance of careful design
considerations for lateral pile performance in soft
rock.
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