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Penetration of open- and closed-ended model piles into intact chalk, a soft calcareous rock, was investigated using
microfocus X-ray computed tomography (XCT). Three-dimensional images of the specimens showed that the piles
crushed and densified the chalk in their path, creating a crushed chalk annulus around the shaft, a region of
compressed destructured chalk below the tip, and fractures across cemented regions of the specimen. Laser-
diffraction particle-size analyses of the crushed chalk annulus after exhumation showed limited difference with
laboratory-remoulded chalk, which suggested thorough de-cementation. Installation stresses and XCT-derived
densities were paired using a simplified cylindrical cavity expansion solution to estimate effective radial stress–void
ratio states at the pile tip during penetration. More complex numerical solutions could not be applied using the
available data. This approach posed significant problems, as it could not suitably incorporate hardening and non-
linear stiffness behaviours of chalk during pile penetration, nor account for the creation of discontinuities. However,
effective radial stress–void ratio estimates were found to converge with the reconstituted critical state line of the
material at high stresses and low void ratios. This partially supported the use of a critical state framework to
characterise pile penetration in chalk, as proposed in recent literature.

Notation
a internal radius of the specimen confinement of

scaled models
b external radius of the specimen confinement of

scaled models
C cavity expansion parameter from Salgado et al.

(1997)
Di internal pile diameter
Do external (outside) pile diameter
Ec Young’s modulus of the Chalk mass (formation)
Ep Young’s modulus of the specimen confinement of

scaled models
Er=a radial stiffness of the specimen confinement of

scaled models
Er=R radial stiffness at the plastic−elastic boundary of the

Chalk mass around a field-scale pile
e void ratio
Gc shear modulus of the Chalk mass (formation)
Gs specific gravity
K0 horizontal to vertical stress ratio in one-dimensional

(1D) vertical compression
N flow number, equal to (1 + sin ϕ′)/(1 − sin ϕ′)
n porosity
R radius (from cavity centreline) of the plastic

deformation zone in cavity expansion theory
r radial distance from the cavity centreline
r0 final radius of expanded cavity

β cavity expansion parameter from Salgado et al.
(1997)

γ′ effective unit weight
γb bulk unit weight
γw unit weight of water
εr=a radial strain on the internal wall of the specimen

confinement of scaled models
εr=R radial strain at the plastic−elastic boundary of the

Chalk mass around a field-scale pile
εθ=b circumferential strain on the external wall of the

specimen confinement of scaled models
νc Poisson’s ratio of the Chalk mass (formation)
νp Poisson’s ratio of the specimen confinement of

scaled models
σ′1 major principal stress
σ′r0 cavity expansion limit pressure and radial effective

stress acting on the pile shaft
σ′r=a radial effective stress on the internal wall of the

specimen confinement of scaled models
σ′r=R radial effective stress at the plastic−elastic boundary

of the Chalk mass around a field-scale pile
σ′vi in situ vertical effective stress
σ′z effective vertical soil resistance to penetration under

the pile tip
τsf ultimate unit shaft friction on piles
ϕ′ angle of friction of soil
ϕ′c critical state angle of friction of soil
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ϕ′p peak angle of friction of soil
ψ angle of dilation of soil

1. Introduction
Weak rocks are intermediate geomaterials between soil and
rock that exhibit relatively low interparticle bond strengths.
They are common worldwide but represent important chal-
lenges for civil engineering works. These arise in part from the
rupture of their cementitious bonds under moderate stresses
and the transfer of these stresses to the porous granular fabric,
which may deform substantially (Clayton and Serratrice, 1997;
Leroueil and Vaughan, 1990). To anticipate and quantify these
behaviours, a number of theoretical frameworks attempt to
characterise the mechanical performance of weak rocks using
soil mechanics concepts with parameters that account for the
role of structure (e.g. Cuccovillo and Coop, 1999; Lagioia and
Nova, 1995). However, difficulties in the determination of
‘operational’ values for these parameters and the application
of these theoretical models arise from (a) alterations in the
natural structure during sampling, (b) the need for highly
specialised geotechnical testing techniques and (c) the high
variability of soft rocks (Kanji, 2014; Zhai et al., 2017). Thus,
engineering designs commonly rely, at least during preliminary
stages, on empirical or semi-empirical approaches. A typical
example is the design of the driven piles used to support off-
shore infrastructure in areas of the North Sea underlain by
chalk, a soft calcareous rock formed by fossilised microscopic
skeletal remains of coccolithophores (Clayton et al., 2003).
Pile installation crushes the material and forms a destructured
chalk interface or ‘annulus’ around the pile (Hobbs and
Atkinson, 1993; Lord et al., 2002). The shear strength of this
interface, interpreted as ultimate unit shaft friction (τsf),
controls the uplift resistance of the pile. As τsf is difficult to
estimate, current guidelines advise an average τsf design value
of 20 kPa for most in situ conditions, based on a small
number of onshore pile compression and/or pull-out tests
(Lord et al., 2002). The accuracy of this design value has been
the subject of considerable debate (Jardine et al., 2018), and
research on the vertical loading capacity of driven piles in
chalk is ongoing. However, the mechanisms involved in the
creation of the crushed soft rock annulus and its in situ
characteristics have not been thoroughly studied.

To provide insight on this matter, an investigation has been
carried out involving the application of X-ray computed
tomography (XCT) before and after the slow monotonic inser-
tion of cylindrical elements representing miniature piles into
intact chalk cores. The ‘model piles’, the installation rate and
the intact condition of the chalk specimens did not aim to
accurately reproduce field-scale conditions. Instead, the
objective was to observe and quantify changes in chalk density
associated with penetration-induced loss of interparticle

bonding, as well as the potential link between said changes in
density with penetration resistance. The testing methodology
and outcomes of these studies are presented in this paper.

2. Methodology

2.1 Sample characteristics and
specimen preparation

Intact chalk samples were obtained from a quarry near
St Nicholas-at-Wade, Kent, United Kingdom. The Margate
Chalk Member overlies the Seaford Formation in this area
(Aldiss et al., 2004; Bristow et al., 1997), and block samples of
about 30 cm in each dimension were cut from the latter.
Seaford Chalk is soft and white and often exhibits a grid of
thin, denser veins a few millimetres in thickness (Mortimore,
1986). Its calcium carbonate (CaCO3) content generally
exceeds 98% (Hancock, 1975). Further information on the
characteristics of the chalk at this sampling site are available in
the theses by Buckley (2018) and Alvarez-Borges (2019).

The samples were submerged in de-aired water for a minimum
of 10 days. Cylindrical specimens of 100 mm diameter were
then sculpted using a soil lathe. Specimen geometry is pre-
sented in Table 1. Specimens were then placed on an
aluminium test pedestal and confined by a 5 mm-thick poly-
methyl methacrylate (Perspex®) tube bolted to the pedestal
at its lower end. Gaps between the specimen and confinement
(≈5 mm wide) were filled using a high-strength low-viscosity
epoxy resin (Robnor PX672H). A 5–10 mm head of de-aired
water was maintained at all times (including resin curing time,
pile installation stages and XCT scanning sessions) to maintain
a high saturation ratio.

2.2 Test rig
The pile jacking/XCT scanning hardware was custom designed
to carry out the installation of the model pile using an Instron
universal machine and to attach the specimen to the XCT
scanner rotating stage for imaging. The device consists of the
elements shown in Figure 1, labelled A−H. The characteristics
and functions of each element are presented in Table 2, and
photographs of the assembled rig are shown in Figure 2.
Elements A−G were employed during model pile installation.
Parts D, F and G were removed prior to XCT imaging, while
element Awas substituted with the spacer element H. All parts
used during XCT imaging (B, C, E and H) were made from
non-ferrous materials to minimise image artefacts.

2.3 Model pile installation
Solid flat-tipped (test XCT01) and tubular open-ended (test
XCT02) thermoplastic model piles were used. Plastic materials
were employed due to their relatively high strength and low
X-ray attenuation properties. The solid pile measured
6.284 mm in the outside diameter (Do), while the tubular pile
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measured 7.940 mm in Do and 5.94 mm in the inside diameter
(Di). Thus, the cross-section area of the pile used in XCT02
was about 60% of that of XCT01. A medium grit sandpaper
was applied to the outside surface of the piles to increase
the relative roughness of the interface (ratio of maximum
centreline roughness to median grain diameter; Kishida and
Uesugi, 1987) and promote failure within the chalk (Chan
et al., 2019). Further details on the pile elements are given in
Table 1.

Pile installation was carried out outside the XCT scanning bay
using an electromechanical Instron universal testing machine
(3400 Table Model Series). The model pile head was gripped by
a custom fixture (part G) by way of grub screws (Table 2;
Figure 1; Figure 2). The head of the tubular pile was fitted with
a cylindrical metal insert to prevent crushing of the element
while fastening these screws (part F). The aluminium pedestal
on which the specimen rested was bolted to the compression
−tension plate (part A). A split case confinement device was
fitted around the model piles above the specimen surface to
guide the pile and reduce deflection during installation.

Pile penetration was displacement controlled at 0.174 mm/min
(measured at the pile head), which is approximately 1000 times
slower than the 1200 mm/min standard penetration velocity of
a 36 mm diameter cone penetrometer test (CPT) probe after
discounting the difference in size. Such a low rate was intended
to allow for fully drained penetration. In comparison, the full-
size piles (Do = 508 mm) impact-driven by Buckley et al.
(2020) at the St Nicholas-at-Wade site were installed at rates of
about 1500 mm/min.

Two installation stages were performed in XCT01, while
three steps were used in XCT02. The target pile head displace-
ment for each stage was 20 mm, though the third installation
stage in XCT02 was halted prematurely due to pile head
damage.

H

A

B

C

D

E

F

G

Figure 1. Assembly diagram of model pile jacking/scanning rig

Table 1. XCT specimen and experiment details

XCT01 XCT02

Mean height: mm 119.77 135.96
Mean diameter: mm 99.23 99.92
Mean bulk density: Mg/m3 1.974 1.973
Mean dry density: Mg/m3 1.545 1.546
Pile material Polyether ether ketone (PEEK) Polymethyl methacrylate (Perspex®)
Pile Do: mm 6.284±0.010 7.940±0.010
Pile Di: mm — 5.94±0.010
Tip condition Flat, closed-ended Flat, open-ended
Embedded pile length at step 1: mma 18.166 15.503
Embedded pile length at step 2: mma 36.175 34.295
Embedded pile length at step 3: mma

— 38.680

aXCT-derived
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The Perspex® confinement pipe was externally instrumented
with linear strain gauges placed at two mid-specimen height
locations on diametrically opposite positions to measure
circumferential strain (Figure 2(b)). Strain gauges were con-
nected to a Micro-Measurements System 8000 StrainSmart
data acquisition and signal conditioning unit.

2.4 Application of micro-focus XCT
XCT scanning is carried out by producing two-dimensional
(2D) radiographs of a specimen from different directions. In
the device used in this investigation (Nikon 450/225 kV Hutch
system at the University of Southampton’s μ-Vis X-ray
Imaging Centre), the cone-beam X-ray source and flat-panel

Table 2. Jacking/scanning rig elements and functions

Part Material Description

A – Instron compression−tension plate EN1A Steel Fixture attaching part B to the Instron test frame. Features a central seating ridge
and four through holes to secure with part B and allow for tension loading.

B – Testing pedestal 2024 Aluminium Base plate for chalk specimen. Attached to A by four screws. Features a centred
circular recess on bottom surface to improve coupling with parts A and H.

C – Specimen confinement Perspex® 125 mm diameter � 5 mm thick and 120 mm high pipe casing for the chalk
specimen. Attached to B by four screws.

D – Split-case pile confinement 6063 Aluminium Guides pile during installation. Formed by diametrically cut discs with a
circumferential groove and a circular recess on the bottom surface. Assembled
using cable ties and fitted into part C (Figure 2(a)).

E – Model pile Perspex®/PEEK Cylindrical solid bar or tubular element (see Table 1).
F – Pile head insert EN1A Steel Inserted at the head of tubular pile to prevent damage by the grub-screw grip of

element G. Features a longitudinal through-hole and a groove on the top
surface as air-release.

G – Pile head grip Instron fixture EN1A Steel Element attaching the pile head to the Instron crosshead by way of four grub
screws.

H – Scanning pedestal 6063 Aluminium Replaces element A during XCT scanning. Features a central seating ridge.
Attaches the rig by way of part B to the XCT scanner rotating stage while
providing an offset distance from it to prevent image artefacts.

Pile-head
insert

Pile-head
grip fixture

Pile-head
grip fixture

Split-case pile
confinement

Split-case pile
confinement

Tubular
pile

Confined 
specimen

Confined 
specimen

Tubular pile

Instron frame

strain gauges

Aluminium
pedestal

(a) (b)

Figure 2. Assembled model pile jacking/scanning rig
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detector remain static while the specimen rotates on an electro-
mechanical stage. A three-dimensional (3D) image is produced
by reconstructing the 2D projections around the axis of
rotation of the specimen (Cnudde and Boone, 2013; Ketcham
and Carlson, 2001). X-ray attenuation is approximately linearly
correlated with bulk density in materials of homogeneous
mean effective atomic number (Mull, 1984; Phillips and
Lannutti, 1997). Therefore, local variations in bulk density are
recorded as the different greyscale intensities in each voxel of
the reconstructed volumes (Desrues, 2004; Otani et al., 2010).

XCT data were acquired at 405 kV-power using an average
current of approximately 230 and 240 μA for XCT01 and
XCT02, respectively. The scan resolution was 104 μm, approxi-
mately. An aluminium bowtie filter was used to mitigate beam
hardening and XY-plane beam path-induced image artefacts
(Zhang et al., 2013). The former results from the lower energy
X-rays in the polychromatic beam being preferentially attenu-
ated or extinguished at small depths within the specimen (Hsieh,
2015). The latter arises from the shorter beam-path lengths at
the edges of the specimen, which result in much larger fluence
being delivered to the detector (Mail et al., 2009).

Specimens were scanned before the installation of the model
pile and after each penetration stage, and scan sessions were
labelled using numbers after the specimen name. The field of
view excluded the Perspex® casing tube and resin.

2.5 Model pile exhumation and post-test
measurements

At the end of the experiments, the Perspex® casing and resin fill
were carefully cut using a hacksaw. Specimen XCT01 exhibited
longitudinal (Z-axis) fracturing during pile installation, thus,
the specimen was split along these discontinuities. For XCT02,
which did not exhibit lengthwise fracturing, a shallow
(≈10 mm) groove was longitudinally cut into the specimen using
the hacksaw, and a metal wedge was carefully pushed into the
groove, thus inducing tensile failure and longitudinal splitting.

Small amounts (<1 g) of annulus material were sampled from
XCT01 at every 10 mm of embedment depth using a scalpel,
with sampling locations labelled A−E as shown in Figure 3.
Particle-size analyses (PSAs) were carried out on these samples
using a laser-diffraction method (employing a Mastersizer
3000 device and following guidance in BS ISO 1330:2009
(BSI, 2009)). The split specimen was then left to air-dry for a
minimum of 4 weeks. Thereafter, small (<2 mm in maximum
dimension) samples were carved out of the annulus feature of
XCT01 employing a scalpel and adhered to microscopy stubs
using carbon cement. The samples were then sputter-coated in
gold using magnetron deposition and examined using scanning
electron microscopy (SEM), thus obtaining micrographs of the
material in contact with the pile shaft.

The very small volume of crushed chalk forming the annulus
of XCT02 resulted insufficient to recover SEM samples or to
retrieve enough material to reach the optimal obscuration
range of the PSA equipment, and therefore, micrographs and
particle-size distributions (PSDs) could not be obtained.

Post-test intact bulk densities of the specimen periphery or
‘far-field’ region were measured by applying the ‘gas jar’
method described by Clayton (1983) to specimen trims
(Figure 4), for both XCT01 and XCT02.

2.6 Identification of the pile−chalk interface
While the remoulded chalk annulus could be recognised in the
reconstructed XCT images by visual inspection, an unambigu-
ous procedure was required to identify the voxels in contact
with the pile shaft. A script was written and compiled in Matlab
to do this. The working principles of the code were as follows.

& To reduce computing time, a region of interest (ROI) along
the vertical (Z ) axis was defined. This ROI contained the
central portion of the 3D image in which the pile and
annulus were located (Figure 5(a)).

10 mm

10 mm

10 mm

10 mm

7.5 mm

2 mm

2 mm

2 mm

2 mm

2 mm A

B

C

D

Pile tip

E

Figure 3. Particle-size analysis sampling detail for XCT01
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& ACanny edge detector algorithm (Canny, 1986) was
applied to each slice of the ROI. The algorithm returned a
binary image depicting the pile cross-section perimeter,
approximately (Figures 5(b) and 5(c)).

& The edge voxel coordinates obtained from the Canny
detector did not correspond to the precise pile−chalk
boundary due to ‘partial volume averaging’, where sub-
voxel size detail is lost by the averaging of the different
X-ray attenuations occurring within the voxel volume
(Ketcham and Carlson, 2001). To be able to collect grey
value (GV) information from the actual crushed chalk
annulus in close vicinity of the pile, edge coordinates in
each slice were expanded by three voxels in the radial
direction, and the edge thickness was increased by one
voxel (Figures 5(c) and 5(d)).

3. Results
Figure 6(a) shows pile head loads applied during installation
against measured pile head displacements. In stage 2 and there-
after, test data exhibit a clear ‘yield’ prior to a linear increase
in load with pile head displacement, though this yield occurred
at much smaller loads in XCT02 than in XCT01. Additionally,
a notably serrated pile head load against displacement profile
is observed for XCT02. Circumferential strains measured

during pile penetration are shown in Figure 6(b). The abrupt
increase in strain at about 10 cm pile head displacement in
XCT01 was approximately concurrent with the appearance of
visible fractures in the specimen.

Figure 7 depicts 3D vertical cross-section views of the recon-
structed and processed XCT volumes before installation (a, c)
and after the final installation step (b, d) of both experiments.
The volumes do not show the upper portion and top surface
of the specimens, due to a cropping procedure performed to
remove cone-beam effect artefacts (Markins, 2014). The pile
used in XCT01 was noted to have lost verticality during
installation.

Top-bottom profiles of the average GV of the annulus region
in close contact with the pile shaft in each horizontal (XY)
slice of the post-installation digital volumes are shown in
Figure 8(a). For each slice, data have been normalised by the
far-field average GV of the region from which physical density

(a) (b) (c) (d)

Figure 5. (a) XY view of ROI of XCT01-02 (the pile is the dark
circle); (b) Canny edge detector output; (c) detected edge in (a);
(d) pile-adjacent annulus pixels shown in blue

Specimen top

Specimen trims

Pile location

(a) (b)

Specimen trims

Figure 4. (a) Extraction of trims from XCT01 for post-test density
measurements; (b) location of density sampling zone on horizontal
slice of volume XCT01-02
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Figure 6. (a) Pile head load during penetration; (b) circumferential
strain on specimen confinement during pile penetration
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measurements were obtained (Figure 4). These profiles are
compared with GV data collected using the annulus coordi-
nates in the pre-installation volumes, likewise averaged for each
slice and normalised by the far-field average GV. These profiles
denote an increase in greyscale intensity of up to 10% with
respect to pre-installation conditions. Considering that X-ray
attenuation in monomineralic geomaterials is approximately
linearly correlated with bulk density, the annulus to far-field
greyscale ratios were preliminarily assumed to be equivalent to
the density ratios between these two regions. Thus, these ratios
were multiplied by the physically measured bulk density of the
far-field region at each depth (employing a depth-based
regression line fitting the discrete density measurements) and
used to determine average annulus void ratio (e) profiles,
assuming fully saturated conditions and using (Madhusudhan
and Baudet, 2014):

1: e ¼ Gsγw � γb
γb � γw

where Gs is the specific gravity of calcite, assumed to be 2.7
(Clayton, 1983), and γw and γb are the bulk unit weight of
water and chalk, respectively. The results are presented in

Figure 8(b). This procedure was similarly applied to a central
ROI (250� 250� 500 voxels) of XCT01-02 and XCT02-03 to
produce porosity (n) maps (Figure 9) by using:

2: n ¼ e
1þ e

Post-exhumation PSA and SEM results are shown in
Figures 10(a) and 11. The former does not reveal important
differences in PSD with sampling location. The latter exhibits
very densely arranged grains, limited evidence of intact cocco-
liths and an instance of coccolith damage by edge-chipping
and/or abrasion. A micrograph of intact chalk has been
included in Figure 11(e) for reference.

4. Discussion

4.1 Limitations of XCT-based pile−chalk interface
density measurements

XCT-based annulus density quantification suggests low void
ratios (Figure 8(b)). In general, these void ratio estimates are
qualitatively supported by SEM images of the pile−annulus

(a) 0 25
[mm]

0 25
[mm]

0 25
[mm]

0 25
[mm]

(b)

(c) (d)

Y

X

Y

X

Y

X

Y

X

Figure 7. 3D views of clipping box cut through reconstructed volumes (a) XCT01-00; (b) XCT01-02; (c) XCT02-00 and (d) XCT02-03.
Generated using Avizo Lite Software
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contact surface (Figure 11). However, whether these values
reflect true physical conditions is difficult to corroborate
with absolute certainty. An important consequence of the poly-
chromatic nature of the cone beam used in laboratory-based
XCT imaging is that the assumption of a linear correlation
between X-ray attenuation and bulk density may not be fully
accurate. This may be assessed for XCT01-02 and XCT02-03
by pairing the voxel values and densities of water (≈1 Mg/m3),
thermoplastic piles (Table 1), intact chalk (Table 1) and crystal-
lised calcite from macrofossils (≈2.7 Mg/m3; Clayton, 1983),
as presented in Figure 12. A fairly linear trend may be
observed in both cases. Thus, XCT-derived void ratios have
been assumed to reflect physical conditions to acceptable
accuracy.

4.2 Limitations of the physical model
Studies involving scaled physical models of pile installation in
dense sands at normal gravity have shown that boundary
effects can affect stress and strain measurements (Salgado
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Figure 10. (a) PSA results for XCT01; (b) PSD comparison with
data from Alvarez-Borges et al. (2020)
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et al., 1998). To mitigate this, specimen-to-pile diameter ratios
of about 50 are often sought (Schnaid and Houlsby, 1991).
However, such dimensions are not currently feasible in the vast

majority of XCT imaging environments. This is in part due to
a reduction in X-ray transmission and image resolution with
increasing specimen size, for most XCT set-ups (Cnudde and
Boone, 2013; Günther et al., 2019). Thus, the chosen specimen
diameter was a compromise between the need to achieve the
largest possible specimen-to-pile ratio and the need to keep
the specimen size small enough to acquire full-field XCT
images at voxel resolutions of about 100 μm. It is recognised
that such compromise may have resulted in important
boundary effects.

4.3 Pile penetration processes and annulus
characteristics

Figures 7(a) and 9 evidence that the flat-tipped pile used in
XCT01 compressed the chalk producing a bulb of dense
crushed material ahead of the tip and the annulus feature
behind it. The crushed and densified chalk bulb under the pile
is analogous to the ‘nose-cone’ feature described by White and
Bolton (2004) pertaining to model piles installed in sand. Chalk
crushing and densification was accompanied by fracturing of
the entire specimen. The longest fracture was approximately
aligned with the pile axis, forming a sub-vertical discontinuity
along the height of the chalk cylinder. This promoted lateral
movement of intact chalk blocks, reflected by the large circum-
ferential strains in Figure 6(b) (compared with XCT02).
Additional cracks were created at an approximately perpendi-
cular direction from the pile shaft and might have been
prompted by the slightly inclined penetration of the pile.

The tubular pile of XCT02 crushed the chalk under the flat rim
and cored into the specimen (Figures 7(b) and 9), which may
have prevented specimen-wide fracturing. However, chalk
became fragmented as it entered the tube pile, creating a plug
composed of a mixture of crushed chalk and elongated
cemented chalk fragments. The plug was observed to rise above
the top surface of the specimen, as reported in field-scale pile
testing (Ciavaglia et al., 2017). It is surmised that the half-
toroid-shaped region of densified chalk (‘nose-toroid’) beneath
the pile rim radially compressed the cemented chalk enclosed by
this feature, eventually leading to tensile failure in the vertical
direction, as schematically shown in Figure 13. Unequal displa-
cement of some of the chalk fragments caused them to tilt as
they entered the pile, eventually experiencing flexural loading
and breaking up. Both tensile and flexural fracturing led to
stress relaxation, facilitating the displacement of plug material
as penetration progressed. These fracture-induced stress
reductions are reflected by the serrated pile head load–
displacement and circumferential strain profiles recorded during
the installation of this pile (Figure 6). The displacement of
destructured chalk and intact fragments through the tube pile
resulted in the restriction of all visible structural changes in the
chalk to the outer boundaries of the annulus (Figure 7(b)),

(a) (b)

(c) (d)

(e)

1 µm 1 µm

1 µm

1 µm

200 µm

Figure 11. SEM images of annulus surface in contact with the
pile shaft (XCT01): at 4.2 mm depth: (a) 7500� and (b) 20 000�;
at 21.2 mm depth, (c) 20 000� and (d) close-up to rectangle area
in (c); 60 000�. Intact chalk shown in (e) for reference
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9

International Journal of Physical Modelling in Geotechnics Investigation of pile penetration in
calcareous soft rock using X-ray
computed tomography
Alvarez-Borges, Ahmed, Madhusudhan and
Richards

Downloaded by [ University Of Southampton] on [05/07/21]. Published with permission by the ICE under the CC-BY license 



which was thinner than that of XCT01 and did not substantially
change in thickness with penetration depth (Figure 14).

The PSD of the exhumed annulus material of XCT01 shown
in Figure 10 exhibits notable similarities with that of the
thoroughly remoulded chalk fines investigated by Alvarez-
Borges et al. (2020). This suggests that the material close to
the pile shaft became completely destructured. The densely
packed particle arrangements revealed by the SEM images
shown in Figures 11(a)–11(d) support this.

These arrangements contrast with the open fabric and rich
presence of intact coccoliths observed in the micrograph of
intact chalk (Figure 11(e)).

4.4 Cavity expansion theory
Drained cylindrical cavity expansion theory is often used to
interpret stress conditions around the tips of piles and

penetrometers during penetration in sand (e.g. Jardine et al.,
2013; Schneider, 2007; White et al., 2005). The approach
is attractive due to its straightforward applicability and the
availability of most of the material parameters required. Thus,
a preliminary analysis based on drained cylindrical cavity
expansion theory is carried out later in this paper to draw
comparisons with the recent pile tests performed at the St
Nicholas-at-Wade sampling site.

The basic analytical solution for drained cylindrical cavity
expansion, as presented by Yu (2000) and Salgado and
Randolph (2001), proposes that the penetration of piles into
sand can be modelled as the growth of a cylindrical cavity in
this medium. Thus, expansion finalises when the cavity radius,
r0, equals the pile radius. Sand is assumed to be at failure at
the cavity wall when expansion ends, but plastic strain levels
decrease as the distance from the cavity centreline, r, increases
from r0 until a radius R, after which no plastic strains
are present. The ‘limit pressure’ at the cavity wall, σ′r0,
equivalent to the maximum radial effective stress acting
perpendicularly to the pile shaft at the pile tip during
penetration, is expressed as

3: σ0r0 ¼ σ0R
R
r0

� � N�1ð Þ=N

with

4: N ¼ 1þ sin ϕ0

1� sin ϕ0

where ϕ′ is the operational angle of friction of the host
medium and σ′R is the radial effective stress at the boundary
between elastic and plastic deformations in the sand. σ′R is
calculated as

5: σ0R ¼ 2σ0viN 1þ 2K0ð Þ
3 1þNð Þ

where σ′vi is the pre-installation (or far-field) in situ vertical
effective stress derived using the effective unit weight (γ′) of
the host medium and the depth of analysis, K0 is the horizon-
tal to vertical effective stress ratio of the medium in one-
dimensional (1D) vertical compression and N is calculated
using the peak angle of friction, ϕ′p.

σ′r0 is then determined by solving Equation 3 using a variety of
soil models that aim to incorporate the non-linear stiffness and
dilatancy behaviours of the host material (e.g. Jiang and Sun,
2012; Russell and Khalili, 2002; Salgado and Prezzi, 2007).
When these parameters are not available, as for the present

Pile wall Voids

Tensile crack

Nose-toroid
σ ' σ '

Figure 13. Schematic vertical cross-section view of the radial
compression of chalk entering the tube pile
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experiments, a simplified solution can be applied. Salgado
et al. (1997) propose that

6: σ0z ¼ 2σ0r0 exp π tan ϕ0ð Þ 1þ Cð Þ1þβ � 1þ βð ÞC � 1
C2β 1þ βð Þ

" #

where

7: β ¼ 1�N � 1
N

and

8: C ¼ exp½ðπ=2Þ tanψ� cot 45� ϕ0c=2ð Þ½ �

where ψ and ϕ′c are the dilation and critical state angles,
respectively, and σ′z is the effective vertical pile tip stress. As the
material at the pile tip is assumed to be at the critical state
during penetration, it may be proposed that ψ=0 and ϕ′= ϕ′c.

This simplified approach entails important drawbacks. For
instance, it disregards the potential variability of critical state
parameters with particle crushing (e.g. Altuhafi et al., 2018;
Bandini and Coop, 2011), the dependency of ϕ′ and ϕ′p on the
state of the host material (e.g. Been and Jefferies, 1985;
Bolton, 1986) and the stress/strain dependency of soil stiffness
(e.g. Clayton and Heymann, 2001; Jovičić and Coop, 1997).
As a result, calculations based on this approach can lead to
significant inaccuracies in the estimation of σ′r0. For piles
installed in sand, some of these limitations can potentially be
overcome using alternative methods such as 3D finite- and
discrete-element modelling (e.g. Ciantia et al., 2019; Zhang
et al., 2014). However, these methods are not directly appli-
cable to piles installed in low−medium density chalk, as
stiffness, peak strength and shearing behaviour are significantly
affected by cementation and post-yield void ratio reductions.

4.5 Comparison with field-scale pile tests
Buckley et al. (2018a) recently carried out pile tests at the
St Nicholas-at-Wade sampling site. Their work involved highly
instrumented slowly jacked piles from which comparisons with
this study may be drawn. Of special interest are the stresses
developed at the pile tip, which have been associated by
Buckley (2018) and Jardine et al. (2018) with the post-
installation vertical capacity of the pile.

Pile tip stresses for the model tests may be assumed to be
about 80% of those calculated at the pile head during
penetration, according to Hodges and Pink (1972) and
Buckley et al. (2018a). This leads to maxima of �65 MPa for
the model piles of this study, which are notably higher than the

≈33 MPa peak tip stresses reported by Buckley et al. (2018a)
for their closed-ended ≈100 mm diameter piles. This disparity
may be associated with the differences between the intact chalk
samples used in the model tests and the chalk in the field. The
piles tested by Buckley and colleagues were jacked directly into
the Chalk mass, which exhibits natural discontinuities, while
the model piles were jacked into specimens without pre-existing
visible discontinuities. Chalk masses with closely spaced and
open discontinuities, indicative of lower chalk grades, are
associated with a lower lateral stiffness than formations with
widely spaced and tightly closed discontinuities, representative
of higher chalk grades (Lord et al., 2002; Matthews, 1993).
Lateral stiffness, in turn, affects the confinement conditions of
piles during installation, and impacts penetration resistance
(Lehane and White, 2005; Wang et al., 2017).

The difference in confinement conditions during penetration
between the scaled models and field experiments may be
examined by comparing the theoretical elastic radial stiffness
of the chalk in the field tests at the elastic−plastic boundary
R (Er=R) with that of the Perspex® and epoxy confinement
(Er=a) of the model tests, minding the model and cavity expan-
sion theory limitations exposed before. To this end, radial
strain at R for field conditions, εr=R, may be calculated from
elastic cylindrical cavity expansion theory for infinite media as
(Yu, 2000)

9: εr¼R ¼ 1� ν2c
� �

Ec

σ0R � 2K0σ0viνc
1� νc

� �

where νc and Ec are Poisson’s ratio and Young’s modulus of
the Chalk mass, respectively. Similarly, the radial strain on the
inside wall of the model confinement (at the chalk−epoxy
boundary), εr=a, can be calculated for finite media by consider-
ing that the radial stress acting on the outside of the Perspex®
cylinder was zero (Yu, 2000):

10: εr¼a ¼ εθ¼b

2a2
a2 1� 2νp
� �� b2

1� νp

� �

while the radial stress on the inside wall of the model confine-
ment, σ′r=a, can be defined as

11: σ0r¼a ¼ εθ¼bEp

2a2
a2 � b2

1� ν2p

 !

where εθ=b is the circumferential strain measured on the
outside of the Perspex® confinement (Figure 6(b)), νp and Ep

are Poisson’s ratio and Young’s modulus of the confinement,
respectively, and a and b are the inside and outside radii of the
confinement, equal to 50 and 62.5 mm in each case (Table 2).
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Er=R may then be calculated as δσ′R/δεr=R by considering
in Equations 5 and 9 that Ec = 2Gc(1+ νc), where Gc is the
Chalk mass shear modulus. Then, it may be taken from Buckley
(2018) that Gc = 800 MPa, K0=0.4 and ϕ′p=36.5°, from
Matthews (1993) that νc = 0.25, and from Table 1 that γ′=
1.55 Mg/m3. Thus, Er=R� 2.02 GPa. For Er=a= δσ′r=a/δεr=a, it
may be assumed in Equation 11 that the epoxy and the
Perspex® share the same Young’s modulus and Poisson’s ratio,
so that Ep=3.16 GPa and νp=0.33 (after Lu et al., 1997). Thus,
Er=a� 0.88 GPa. These stiffness estimates suggest σ′r=a values
between �120 and 400 kPa for the model tests at the end of
installation, and σ′R values of �35 kPa for the field tests.
It should be noted that the final pile tip depth for both XCT
experiments lies above the strain-gauged horizon. Estimated
radial stresses may have increased further if the tip had reached
this horizon, as suggested by the progressive increase in
circumferential strain with pile penetration shown in Figure 6(b).

The above cylindrical expansion calculations suggest that
the physical models underestimated the far-field in situ radial
stiffness. This lower stiffness could be associated with the
formation and opening of cracks in XCT01 (Figure 7).
Significantly, it was expected that a lower far-field confinement
stiffness would lead to lower pile penetration resistances, but
the opposite was observed in the model tests. Thus, the higher
penetration resistances measured in the model experiments
indicate that the effect of the confinement stiffness may have
been partially offset by other factors. For instance, lower chalk
grades are associated with decreasing CPT resistances (Anusic,
2018; Brown et al., 2018), which may be in turn linked to the
increased compressibility of such grades (Matthews, 1993).

A further factor leading to high penetration resistances in the
model tests may be the slow penetration rates used, which were
aimed at achieving fully drained penetration. The resulting
crushed chalk is thus notably denser than the surrounding intact
material. In contrast, full-scale piles in chalk are usually impact-
driven, which entails fast penetration rates and near-undrained
conditions at the pile tip. This is thought to lead to limited
densification, high pore-pressure developments, very loose
(‘puttified’) crushed chalk annuli, and low penetration resist-
ances (Anusic, 2018; Jardine et al., 2018). Open-ended test piles
driven at the St Nicholas-at-Wade site by Buckley et al. (2018b)
at average penetration velocities between 342 and 1374 mm/min
mobilised penetration resistances of about 15.8 MPa. These are
broadly comparable to the 36 mm diameter CPT cone resist-
ances of 10–20 MPa reported by the same authors, which were
carried out at the standard 1200 mm/min. The slowly jacked
(204–288 mm/min) closed-ended piles tested by Buckley et al.
(2018a) mobilised higher resistances, between 12 and 33 MPa,
as mentioned earlier. In comparison, the model piles of this
study were installed at 0.174 mm/min and mobilised pile tip
stresses of up to �65 MPa.

4.6 Effective stress−void ratio state at the
model pile tip

The effective stress and void ratio changes that occur during
pile penetration in chalk have recently been characterised using
critical state soil mechanics (Alvarez-Borges, 2019; Buckley,
2018; Geduhn et al., 2018; Lord et al., 1994). This approach
assumes that the effective stress−void ratio state of a chalk
element in the path of a penetrating pile will tend towards the
critical state line (CSL) as the pile tip approaches and the
chalk becomes crushed and remoulded. Thus, the unit shaft
friction mobilised at the pile tip may be considered a function
of the void ratio of the chalk as it reaches the pile surface.

Whether the annulus material in the present experiments
attained the critical state as it reached the pile tip shoulder
as assumed by cavity expansion theory and by the effective
stress framework for pile penetration may be very prelimi-
narily assessed using the measured installation force and the
XCT-derived void ratios. However, matching these two
parameters is not straightforward, because the measured pile
head displacements include the elastic compression of the pile,
pile deflection and localised pile head damage in the case of
XCT02. A rudimentary approach may be drawn by assuming
for stage 2 and subsequently that penetration occurred
solely after the end of the ‘reloading’ portion of the
load−displacement curves of Figure 6(a), that is, during the
‘post-yield’ linear increase in pile head load marked by dotted
lines. Thus, a similarly linear increase in pile tip resistance with
penetration depth may be assumed for each installation step.

Cylindrical cavity expansion theory may be then invoked to
estimate σ′r0 acting at the pile tip during penetration, using
the simplified solution presented before (Equations 6–8) and
considering that ϕ′c = 33.7° according to Alvarez-Borges et al.
(2020). Very approximate σ′r0 values for the pile tip region may
be thereafter computed and paired with the XCT-derived
annulus void ratios, as shown in Figure 15. This figure suggests
that the annulus material did not reach the CSL (derived from
Alvarez-Borges et al., 2020) in the looser, shallower regions of
the feature, but tended to do so at higher stresses and lower
void ratios.

The non-convergence with the CSL at lower stresses and
higher void ratios may be attributed to penetration processes
that are not compatible with the simplified drained cavity
expansion solution and the effective stress framework for pile
penetration. For instance, the formation and opening of frac-
tures in XCT01 suggests that pile insertion was partially
allowed by the lateral displacement of cemented chalk blocks
rather than purely by the crushing and densification of the
chalk under the advancing pile tip. Likewise, the formation of
the plug in XCT02 involved the fracturing and displacement of
cemented chalk shards, which were removed from the tip
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region and displaced through the pile opening instead of
becoming crushed and densified under the rim. The aforemen-
tioned boundary effects and the use of a simplified linear
elastic–plastic soil model that omits the role of cementation
and hardening in the cavity expansion solution may have also
played a role in the results obtained. It could be speculated,
however, that tip penetration processes incompatible with the
assumptions of the simplified cavity expansion solution, like
the creation and opening of discontinuities, may have reduced
significantly for XCT02 as penetration depth and stresses
increased, favouring chalk crushing and densification instead.
This, in turn, might have led to convergence towards the CSL.

5. Conclusions
An investigation into the processes involved in the slow,
drained, penetration of cylindrical open- and closed-ended
piles into intact chalk, a soft calcareous rock, has been carried
out using microfocus XCT. The aim was to quantify variations
in density associated with penetration-induced destructuration
and to correlate these variations with the applied loads.
Significant outcomes were as follows.

& Regardless of the tip condition, model pile jacking crushed
the chalk in the path of the pile and created a crushed
chalk sleeve or ‘annulus’ of higher density than the
cemented chalk enclosing it. Post-test exhumation followed
by laser-diffraction PSAs and SEM imaging of the annulus
material suggested that it was thoroughly uncemented and
that it was comparable with remoulded chalk produced in
the laboratory.

& A region of heavily compressed material formed ahead of
the pile tip, producing a ‘nose-cone’ and ‘nose-toroid’
feature under the closed- and open-ended piles,

respectively. Similar features have been reported previously
in model tests in sands.

& The penetration of the closed-ended pile was aided by the
development and aperture of fractures across the chalk
specimen. This behaviour was associated with a relatively
low confinement stiffness and may not occur in field
scenarios.

& The open-ended pile cored into the specimen. This
prevented specimen-wide fracturing, but the chalk plug
shattered as it entered the pile. Plug fracturing produced
stress increase and relaxation cycles during penetration.

& The inferred pile tip stresses during penetration were
found to be substantially higher than those measured
in field-scale instrumented pile tests. This was attributed to
the slower penetration velocities used in the model
experiments and to the reduced compressibility of
intact chalk compared with that of the rock mass in the
field, which may contain numerous discontinuities.

& The pairing of estimated pile tip stresses and XCT-derived
annulus void ratios using simplified cylindrical cavity
expansion equations suggested a convergent tendency
towards the CSL of reconstituted chalk during pile
installation, as assumed by the effective stress model for
pile penetration in chalk recently proposed in the
literature. However, this analysis was deemed to be limited
by the unfitness of the simplified cavity expansion soil
model to fully incorporate the mechanical behaviour of
low−medium density chalk, the formation of
discontinuities during penetration, and the boundary
conditions of the physical models.
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