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ABSTRACT: Driven piles support a substantial number of offshore wind turbines, near-shore bridges, and port
facilities. Designing and installing these piles can be challenging in Chalk, a porous, low-density, weak car-
bonate rock prevalent beneath vast areas of NW Europe. Designers currently have limited guidance on drivea-
bility, axial capacity, lateral pile resistance - a key factor in offshore wind turbine monopile behaviour, and how
these piles can endure axial or lateral cyclic loading. This paper outlines the characterisation of very weak to
weak, low- to medium-density chalk via in situ profiling and laboratory testing. The experimental characterisa-
tion identified chalk behaviour traits that demand meticulous consideration in numerical analysis for modelling
real-world issues, including chalk’s noticeable sensitivity, brittleness, pressure dependency, anisotropy, and
strain rate dependency. These findings formed the groundwork for numerical analysis using advanced consti-

tutive models to aid in interpreting axial and lateral tests on driven piles.

1 Introduction

Underlying vast expanses of North-West Europe, the
Middle East, and other regions is Chalk, a highly in-
consistent soft cemented biomicrite limestone. This
presents a variety of problems for geotechnical engi-
neers (Mortimore, 2012). Chalks with several MPa of
unconfined compressive strengths (UCS) can main-
tain stability in moderately tall coastal cliffs. How-
ever, reliably evaluating its reaction to foundation
loading is challenging due to its propensity for fissur-
ing, brittleness, and sensitivity. During pile driving,
chalk is 'de-structured' beneath the advancing pile tips
and around their shafts, creating thin 'putty’ annuli
around their shafts (Lord et al., 2022). These attrib-
utes create significant uncertainty about driving re-
sistances and both monotonic and cyclic, axial and
lateral capacities at different stages of aging. Further-
more, it's been shown by recent offshore North and
Baltic Sea wind energy projects that the current
guidelines are inadequately reliable for ensuring safe
and economically feasible design of driven piles in
chalk (Barbosa et al., 2017 and Buckley et al., 2020).

To ensure safe and efficient design for offshore
wind and other onshore or near-shore projects, it's vi-
tal to allow a more representative characterisation of
the piles' response to axial and lateral, monotonic and
cyclic, loading. This goal was progressed through the
ALPACA and ALPACA Plus Joint Industry Projects

(JIPs). They examined the behaviour of 41, primarily
instrumented, tubular steel piles under dynamic, axial
and lateral, monotonic and cyclic loading at the St
Nicholas-at-Wade (SNW) (Kent, UK) research site
(Jardine et al., 2023a).

This paper offers a summarised view of key find-
ings from advanced in situ and laboratory testing car-
ried out for ALPACA on intact low- to medium-den-
sity SNW chalk, as reported by Vinck (2021), Vinck
etal. (2022) and Liu et al. (2023a). The fieldwork in-
corporated multiple cone penetration tests (CPT),
pressuremeter profiling, sampled boreholes, and a
large sampling pit. The extensive laboratory pro-
gramme included index and oedometer profiling and
over 100 advanced tests using locally instrumented,
automated stress path triaxial equipment that investi-
gated the intact chalk’s mechanical behaviour, as well
as its anisotropic and yielding features in tests that
ranged from comparatively low in-situ stress circum-
stances to high pressures imposing po’ up to 12.8
MPa.

The testing covered both intact and de-structured
chalk. Jardine et al. (2023Db) establish that the perfor-
mance of piles driven in chalk under monotonic and
cyclic axial loading is dictated by the behaviour of the
chalk putty that forms during pile driving, as mani-
fested after reconsolidation to long-term pile shaft



effective stress conditions. However, it's demon-
strated by McAdam et al. (2022) and Pedone et al.
(2022) that the piles’ response to monotonic lateral
loading is primarily governed by the brittle and frac-
tured chalk surrounding the putty zone. The piles' re-
action to repetitive lateral loading is also governed by
the cyclic response of ‘'intact' chalk that experienced
further fracturing during pile driving.

The cyclic loading triaxial experiments conducted
for ALPACA are separately reported. Ahmadi-
Naghadeh et al. (2022) study intact chalk's cyclic be-
haviour, while Liu et al. (2022) examine reconsoli-
dated putty-like chalk under comparable stresses. Liu
et al. (2023b) further interpret these tests, demonstrat-
ing their application in evaluating axial cyclic load-
ing's impact on chalk site pile design.

2 Field characterisation and in situ testing

Vinck (2021) outlines the stratigraphy and structure
of the pure white Margate and Seaford Chalk found
at SNW, highlighting only minor weathering near the
ground level. The Chalk is classified as CIRIA grade
B3/B2 (structured, very weak to weak, low-to-me-
dium density) within the depth of interest. Micro-fis-
sures, primarily oriented vertically, were observed at
10 to 25 mm spacings at all depths.

Vinck et al. (2022) provide details on the typical
index properties, seismic CPT profiles, and cone
push-in pressuremeter results. Corrected cone re-
sistances varied between 5 and 35 MPa, with higher
resistances observed in thin, distinct flint bands. High
pore water pressures (= 4 MPa) were recorded at u;
(shoulder) CPTu locations as the chalk began to de-
structure; the friction sleeve data displayed re-
sistances dropping to 0.05 to 1 MPa as the chalk
moved past the cone tips.

Index property measurements indicate low-density
chalk with an intact dry density (IDD) ranging from
1.43 to 1.53 Mg/m?, an average liquidity index of
0.91, and a degree of saturation that rose from =~
0.85 near the ground surface to =~ 0.97 just above
the water table and =~ 1.00 below it.

3 Mechanical laboratory tests

The study on intact monotonic laboratory testing cen-
tred on specimens created from three 16m deep, Ge-
obore-S wireline triple barrel rotary boreholes and
eighteen 350 x 350 x 250mm blocks obtained from a
7m x 10m, 4m deep excavation. Efforts were made to
mobilise, wherever feasible, pre-existing fissures and
predominantly horizontal bedding planes during the
meticulous block sampling process to minimise dis-
turbance, steering clear of all visibly fractured mate-
rial. Hand-tools and chainsaws were employed to sep-
arate blocks, which were immediately preserved in

consecutive layers of foil, clingfilm, and wax. These
blocks were then secured in plywood storage boxes
with expanding polyurethane foam.

3.1 Laboratory specimen preparation

The meticulous preparation of chalk for mechanical
test specimens in the laboratory is essential. Trials re-
vealed that the use of plaster-of-Paris confining
moulds and water-flush coring, with a highly stable
radial-arm drill, is necessary to guarantee consistent
production runs of high-quality specimens (Vinck
2021). The resulting cores were then contained in
split aluminium moulds and then machined to meet
the end flatness and parallelism tolerances set by
ASTM (2019).

3.2 Test equipment

At Imperial College, triaxial testing was carried out
using 38 mm diameter, 76 mm high specimens in
computer-controlled Bishop and Wesley stress-path
cells, rated for 4 MPa deviatoric stresses (q) and 750
kPa cell and back pressures. Additional experiments
were conducted at University College London using
GDS systems capable of administering significantly
higher cell pressures and deviator stresses, g, up to 13
MPa to specimens that were 50 mm in diameter and
100 mm high. The equipment’s functional capabili-
ties, sensitivities, resolutions, and precisions are sum-
marized by Vinck (2021) and Liu et al. (2023a), not-
ing that local strain measurement was not feasible in
the high-pressure tests.

3.3 Triaxial testing procedures

In the lab experiments, there was no attempt to mimic
the complex sedimentary or post-sedimentary histo-
ries of chalk. Instead, isotropic consolidation stress
paths were used. Accurate determination of in-situ KO
is challenging in chalk due to its typical systems of
fissures, very high stiffness and sensitivity to disturb-
ance caused by intrusive drilling. Despite the chalk’s
Cretaceous age and very high yield stress ratios a low
Ko = 0.6 was assumed (after Lord et al. 2002) when
assessing in-situ stress conditions for laboratory test-
ing. This was combined with unit weights and in-situ
pore-pressure measurements from a deep piezometer
and a tensiometer located above the water table ~25
m away from the sampling pit area. Vinck et al.
(2022) and Liu et al. (2023a) list the initial mean ef-
fective stresses p0’ from which drained (CID) and un-
drained (CIU) triaxial com-pression tests were under-
taken to investigate the chalk’s vyielding in
(compressive) triaxial effective stress-space.

Back pressures of 300 kPa and 900kPa were used
for saturating specimens in low and high-pressure
tests, respectively, until Skempton's (1954) pore pres-
sure coefficient B consistently exceeded 0.95.



Subsequently, isotropic paths were travelled at 60
kPa/hour tothe po’  target. Higher-pressure tests uti-
lized stages separated by 2-3 day pauses, allowing the
associated volumetric strain to drop below 0.015%
per day following pore pressure dissipation and creep.
The CID tests followed an 5%/day external strain
rate. System and load cell compliances caused local
axial strain rates to be much lower until the chalk
yielded.

4 Profiles of strength and stiffness

4.1 Total stress peak shear strength

Figure 1 depicts the peak deviator stress gs and un-
drained shear strength s, trends, revealing that the
(Jacketed) unconfined compression strength tests gr
values exceed those of the fully saturated triaxial tests
by, on average, = 22%. The higher UCS strengths
reflect their specimens’ generally higher effective
stresses (with suctions of 70 to 80 kPa measured on
set-up that generally exceeded the triaxial tests’ im-
posed in situ p’ o values), incomplete saturation (es-
pecially above the water table) and potentially their
~ 24 times faster strain rates to failure. The UCS
strengths also appear =~ 45% higher than expected
from Matthews & Clayton’s (1993) correlation with
IDD, emphasising the value of site-specific testing.
Next, considering the drainage effects on the satu-
rated 38 mm peak triaxial gstrends covering in situ p

' conditions, the CIU tests (with s, = g¢/2) yield
only slightly higher g values than the CID tests in
shallow Margate Chalk, and inversely in the deeper
Seaford. There was minimal undrained pore pressure
generation before failure.

CID sample size effects checks showed generally
lower gr and less scattered values for 100 mm than 38
mm dia. specimens, as is often the case for soils with
noticeable meso-structure, although the trends
showed better convergence at depth due to the tight-
ening and increasing spacing of fissures.

Another aspect examined in Figure 1is the effect
of a 300 kPa increase in consolidation pressure. The
‘elevated’ q—depth trend plots =~ 25% above the ‘in
situ’ series at shallow depth and ~ 15% above it at
greater depth, reflecting the reducing intensity of dis-
continuities with depth. Consolidation to higher
stresses causes gains in ‘frictional’ strength, albeit
with damage to bonding (Liu et al., 2023a). Lastly,
the direct simple shear (DSS) s, trends (taken as peak
n) plot consistently =~ 45% below the CIU triaxial
test results, reflecting the chalk’s fragile response to
tension loading.

4.2 Stiffness

Corresponding vertical Young’s moduli profiles are
provided by Vinck et al. (2022) and identify how
drainage condition, sample size, elevated pressures
and shearing conditions affect stiffness.
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Figure 1: Profiles of peak compressive strength, g, considering the effect of drainage condition (a); sample size and elevated pressure

(b) and loading condition (c)
The locally instrumented triaxial and UCS moduli
are broadly comparable, despite the latter showing

more scatter and longer linear ranges. The unusual hi-
erarchy between drained and undrained moduli is



confirmed, with E' vmax exceeding E" max in most
cases. Increasing the initial mean effective stress by
300 kPa raised E' vmax by =~ 55% over the first 6
m, but had lesser impact at greater depth. This gain,
exceeding that observed for shear strength, is inter-
preted as the closure of micro- and meso-fissures,
more prominent at shallow depths with wider aper-
tures. Notably, the E’ vmax of 100 mm dia. triaxial
samples exceeds those of smaller specimens, by an
average of =~ 45% (excluding one outlier), which
may reflect the larger equipment’s better stress/strain
uniformity and higher resolution measurements.
Figure 2 compares small strain shear stiffnesses
offered by various field and laboratory techniques.
Profile variations may arise due to specimen disturb-
ance, anisotropy, meso-structure, differing strain
rates, variable stress and strain levels, test volumes
and instrument resolutions. Comparing laboratory
bender element (BE) shear wave velocities with in
situ values of the same orientation allows to assess the
combined effects of sampling disturbance and meso-
fabric to be assessed. While profiles vary across the
site, the mean seismic CPT Gvh and cross-hole Ghy
trends fall well below the near-ground-surface triaxial
BE Gvn measurements, before converging with in-
creasing depth. This trend is interpreted as reflecting
the impact of any open fissures, which are systemati-
cally avoided when preparing laboratory specimens,
occurring less frequently at depth. The DSS Gun
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0 1 2
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maxima fall far below those interpreted from labora-
tory and field shear wave velocities, confirming the
tests’ inability to resolve elastic moduli.

Figure 2 also contrasts trends in the cross-hole, BE
Gnn and pressuremeter Gnn (measured at 0-01% shear
strain). The BE tests exhibit higher stiffnesses than
the seismic field measurements, with laboratory-to-
field ratios of 1-1 to 1-5, confirming the systematic
impact of meso-structure. Similarly, the pressure-
meter data fall well below the geophysical measure-
ments, reflecting the larger-strain behaviour of more
disturbed material.

4.3 Stiffness anisotropy

The CIU tests’ effective stress path inclinations and
the systematic trend for initial E\’ to exceed E\* indi-
cated that the chalk’s vertical moduli exceed equiva-
lent horizontal stiffnesses under in-situ stress condi-
tions. Vinck (2021) explored the anisotropy more
precisely through high-resolution BE and monotonic
stress probing experiments. Figure 3 presents the pro-
files with depth of the Gnn/Gun ratios found from field
(Crosshole, Geotomographie SH-66 sparker) and la-
boratory tests. Dual axis triaxial BE measurements,
made on the same samples, gave Gnn/Gyh = 0.5 in the
shallow layers and ratios exceeding unity at depth.
The Ghn/Gwn ratios from field seismic tests show a
similar, but more muted, trend.
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Figure 2: Profiles and ratios of shear stiffness Gvn and Gyn measured in the lab and in-situ (a) Gy measured in the laboratory and in-

situ (b) and with field measurements (c)

Vinck (2021) also conducted small-strain axial and
radial drained probes to his triaxial specimens to as-
sess whether their stress-strain behaviour was linear,

recoverable, and potentially anisotropic within any Y1
kinematic yield surface. The axial stress and strain
measurements provided easy determination of



vertical stiffnesses. Horizontal stiffness assessment is
less direct. Kuwano and Jardine (2002) provide alter-
native routes for deriving full sets of cross-anisotropic
compliance parameters from combined radial probing
tests, which define the parameter R in Eq. (1) below
and BE Gnn measurements. Nevertheless, applying
even small radial increments from in-situ stresses re-
sulted in hysteresis and non-uniform responses
around the samples' perimeters, indicating the pres-
ence of imperfectly closed micro-fissures, predomi-
nantly vertical in nature. Treating the chalk as an elas-
tic continuum led to implausible cross-anisotropic vhy
" ratios because the samples’ radial behaviour was
neither continuous nor fully recoverable, even at very
small strains. Vinck (2021) shows that Egs. (1) and
(2) offer the most reliable assessments of horizontal
stiffness Enmax’ , Where under axisymmetric triaxial
conditions:
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Figure 3: Profiles of stiffness anisotropy as obtained from
bender measurements and cross-hole investigations and suites of
drained and undrained triaxial probing tests

Figure 2’s En’ /Ey’ profile obtained from prob-
ing tests confirms that horizontal loading from in-situ
stresses provokes a far softer response than vertical
compression, a crucial consideration when analysing
lateral pile loading. Vinck (2021) shows that anisot-
ropy diminishes after consolidation to higher pres-
sures.

The ALPACA pile tests revealed significantly
lower elastic stiffnesses compared to field geophysics

and laboratory element tests on intact samples. Ac-
cording to Jardine et al. (2022) and Pedone et al.
(2022), this disparity can be attributed to the presence
of fissure systems in the chalk mass, which are inten-
tionally avoided during specimen preparation and can
be bypassed by geophysical body waves.

5 Shearing to failure

5.1 Shear stress-strain response.

Vinck et al. (2022) and Liu et al. (2023a) report a se-
ries of CID tests with po’ ranging from 63 kPa to 12.8
MPa. Figure 4 plots their stress-strain responses up to
0.5% axial strain. Y1 yield points are shown to mark
the ends of any initial linear portions. The initial lin-
ear stress-strain curves condense into relatively nar-
row ranges up to €a = 0.05%. As discussed later, sim-
ilar maximum values of vertical stiffnesses E.’
applied in each set, with pressure-dependent Pois-
son’s ratios (vvh') between 0 and 0.25.

The chalk’s response and failure pattern depended
markedly on pressure (Figure 5). Tests po’ < 363 kPa
reached their peak strengths (qr) at relatively small
strains, with g2 < 0.1%, before fracturing and collaps-
ing towards discontinuous assemblies of blocks and
fragments. Increasing po’ from 63 kPa to 1.4 MPa led
to disproportionately small increases in gs and only a
60% gain in peak resistance. However, the degree of
brittleness reduced with increasing po’ and tests with
po’ > 2 MPa showed either a ductile or strain harden-
ing response in terms of (q/p’).

Tests sheared from in-situ stresses exhibited
marked brittleness, characterised by abrupt bond
strength loss, discontinuity formation or mobilisation,
, and post failure states that deviated from critical
states. The latter were only reached with increasing
confining pressures under which intact chalk became
progressively more ductile and converged towards
critical states with (g/p")ut = 1.25 (¢s' =~ 31°) (Liu
et al. 2023a).
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Figure 4: Typical deviatoric stress-axial strain trends over small

strain range: 63 kPa < po’ < 12.8 MPa



| Dy: 38mm

|

Figure 5: Failure characteristics of intact chalk specimen

5.2 Volumetric strains

The shear tests’ global volume and axial strain devel-
opment, as presented in Figure 6, indicate marked
changes in dilatancy with increasing po’. Tests
sheared from in-situ stresses developed minor con-
tractive (positive) volumetric strains (= 0.07%) up to
their peak strengths, followed by marked ‘dilation’ as
specimens bifurcated and cracked. Similar patterns
were reflected in parallel undrained tests’ pore pres-
sures (Vinck et al., 2022). Tests with 650 kPa < po’ <
1.4 MPa exhibited (positive) volumetric strains, fol-
lowing a broad pattern of void ratio reductions in-
creasing with confining pressures, reaching 6% con-
tractive straining after 35% axial strain in the po’= 1.4
MPa experiment. The volumetric compressions of
tests with 1.4 MPa <p0’ < 12.8 MPa appeared to con-
dense into a narrower range that tended towards vol-
umetric strains of 12-14%. Liu et al. (2023a) further
describe the decomposition of the total strains and
summarise the plastic axial and volumetric strains as
proportions of the corresponding total strains (ga"/ea!,
evol’/evol’), considering the conditions applying at the
Y3 yield points.

Elastic axial straining dominated up to Y3 yielding
in the tests sheared from in-situ stresses. However, di-
lative plastic volumetric strains were evident from the
earliest stages of shearing. This feature probably re-
flects the systems of partially open micro-fractures
and the micro-fissures’ closure under higher pres-
sures suppresses this apparently dilative trend, as is
common with rocks; Cerfontaine & Collin (2018).
The plastic strain components are more important in
the higher-pressure tests where they make up, on av-
erage, around 42% and 80% of the total axial and vol-
umetric strains at the points of Y3 yielding, becoming
dominant beyond these points.
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Figure 6: Volumetric strain evolution trends over full axial strain
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5.3 Peak shear strength

The chalk’s peak strength envelope is curved, leading
to shear strength parameters that vary markedly with
pressure. Vinck et al. (2022) adopted a pressure-de-
pendent Mohr-Coulomb model to distinguish broadly
how intact chalk’s ‘bonded’ and ‘frictional’ compo-
nents of strength varied with pressure level. They
combined CID and CIU triaxial tests covering 63 kPa
< po’ < 450 kPa to interpret a representative intact
peak Mohr-Coulomb envelope with a ¢’ = 490 kPa
and ¢peak’ = 39.6° which is re-plotted in Figure 7; other
fits apply over different pressure ranges. The lowest
po’ tests developed peak strengths situated marginally
to the right of the o3’ = 0 and g/p’ = 3 (no tension)
limit that applies in all triaxial tests. The ‘low-pres-
sure’ tests’ relatively high apparent cohesion compo-
nent reflects the level of inter-particle bonding be-
tween the cemented silt-sized calcium carbonate



(CaCO:s3) aggregates, but it is not synonymous with
the true component of bonded shear strength, which
could not be identified directly from the Authors’ ex-
periments.

Increasing po’ clearly weakens inter-grain bonding
and promotes a more ‘frictional’ shearing response
with a curved yield envelope with M = 1.25 or ¢cs' =
31° at critical state, implying pressure dependent ¢’
and ¢peax’ for dry of critical conditions.

While variations between specimens led to a range
of low-pressure brittle bifurcation failure patterns,
most tended to form shear zones inclined at 60-65° to
the horizontal. The ‘high pressure’ ductile specimens
formed bulging failures and delivered markedly re-
duced post-test water contents (16-23%), while ‘ele-
vated pressure’ specimens developed both radial
bulging and formed 6-8 mm thick bands of remoulded
chalk within diffused shear zones inclined =65° to the
horizontal (Figure 5).

The peak triaxial compressive shear strengths of
bonded weak rocks are relatively insensitive to con-
solidation paths applied within their Y3 envelopes
(Leroueil & VVaughan 1990). They generally offer far
lower strengths in tension. Figure 1 confirms that far
lower shear strengths and stiffness apply to chalk in
tests that induce tensile failure. Their Brazilian ten-
sion (BT) strengths were 90% lower than the UCS
values, while the DSS strengths were 50% lower than
those mobilised in triaxial compression.
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6 Conclusions

This paper summarises the key outcomes from com-
prehensive in-situ and laboratory testing on intact
low- to medium-density chalk conducted for the AL-
PACA JIPs to aid the interpretation of axial and lat-
eral pile load tests. The key conclusions drawn are:

(1) Intact chalk exists at states it cannot sustain
when reconstituted. It is highly sensitive and
de-structures when taken to large strains.

(2) De-structuration and tensile failure affect the
responses seen in field and laboratory shear
tests.

(3) A clear hierarchy exists between strengths ob-
tained from UCS, triaxial, DSS and BT tests.

(4) The chalk’s behaviour is markedly pressure de-
pendent. When loaded from in-situ po’ condi-
tions, it manifests remarkably brittle, bonded
behaviour after relatively small axial strains
(=0.15%) with apparent cohesion components
that contribute a large proportion of their peak
deviator stresses. However, this decays rapidly
post-peak.

(5) Raising the initial isotropic po’ levels into the
MPa range leads to ductile behaviour and com-
pressive volumetric straining. All experiments
conducted with po’ > 650 kPa tended towards
final critical states with M = 1.25, equivalent to
¢’ ~31°.

(6) Specimen failure patterns also evolve from
showing discontinuous bifurcation after small
axial strains (= 0.1%) to bulging and peak re-
sistances developing after large (= 40%)
strains.

(7) Drained isotropic loading invokes tangent bulk
moduli K’ that initially increase until micro-fis-
sures close fully, after which K’ remains high
and practically constant until large strain yield-
ing commences and sharp K' reductions occur.

(8) The chalk also shows very stiff initial near lin-
ear shearing behaviour. Vertical Young’s mod-
uli Ev' increase modestly with pressure until
they manifest their maximum (7.7 GPa) at
moderate pressures (with po’ = 650 kPa) before
falling to a 4 MPa minimum plateau. This be-
haviour differs strikingly from that of un-
bonded geomaterials.

(9) CID and CIU triaxial compression tests sheared
from in situ stresses developed closely similar
effective stress paths inclinations reflecting
marked stiffness anisotropy, with En'/ E,/ < 1
due to open micro-fissures. Samples consoli-
dated to pressures that close these fissures show
far less anisotropy. Field geophysical tests re-
veal similar patterns for Gn'/ Gn' < 1.

(10) Meso-to-macro systems of fissuring lead to
field axial and lateral pile loading experiments
showing far lower elastic stiffnesses than either
field geophysical, or locally instrumented triax-
ial tests on intact specimens.
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