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Abstract:    An integrated approach to geomaterial characterization is advocated that combines geology, in-situ testing, fabric 
studies, routine index experiments and advanced laboratory testing. It is shown that advanced laboratory testing can explore 
features such as kinematic yielding and anisotropy in stiffness or shear strength that would otherwise be impossible to quantify. 
A detailed study performed in London clay at the new Heathrow Terminal 5 site is used to illustrate the arguments made. It is 
shown that the London clay has strong anisotropy in stiffness, is highly non-linear over the strain range of engineering interest, 
has markedly anisotropic shear strength characteristics and exhibits a pronounced degree of brittleness. These features can im-
pact significantly on the practical design and analysis of civil engineering works including shallow and deep foundations, tun-
nels and excavations, and the stability of slopes.  
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1  Introduction 
 

Improvements in computational power have 
made it possible to employ increasingly sophisti-
cated numerical modelling techniques for practical 
geotechnical engineering purposes. Fully non-linear 
treatments can now be made of problems ranging 
from foundations and deep excavations to tunnels, 
embankments and slopes. Potts and Zdravkovic 
(1999; 2001), for example, described how intricate 
aspects of soil behaviour such as plastic flow, pro-
gressive failure, pre-yield non-linearity, post-peak 
brittleness and non-linear permeability may be con-
sidered in analyses of ground stability, stresses, 
strains, displacements and soil-structure interaction. 
A debate has started as to whether geotechnical edu-
cation should place much greater emphasis on mod-

ern numerical techniques, raising important issues 
regarding computer code development, verification 
and training of engineers (Potts, 2003).  

However, it is already clear that complimentary 
improvements in practical site characterization and 
soil property determination are crucially important if 
geotechnical numerical modelling is to realise its full 
potential. This paper argues the case for applying 
ground characterization techniques that can provide 
the information required for modern geotechnical 
numerical analysis and also point the way for the 
future development of improved capabilities. Recent 
work by the Imperial College Geotechnics Group on 
UK mudrocks is reviewed to demonstrate the bene-
fits of an integrated geological and geotechnical ap-
proach. The focus is placed on the series of geologi-
cally old stiff-to-hard clays, or mudrocks that under-
lie much of the Southern UK, as shown in Fig. 1. 
Major cities, including London, are founded on the 
mudrock strata, as are critical facilities such as 
transport routes, nuclear power stations and dams. 
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Among others, Jardine and Potts (1988), Jardine et 
al. (1991), St. John et al. (1992), Hight et al. (1992; 
1997), Hight and Jardine (1993), Potts et al. (1997), 
Harris (2002), Jardine et al. (2005) and Kovacevic et 
al. (2004; 2007) described relevant case histories 
where integrated site characterisation and advanced 
laboratory testing have delivered considerable bene-
fits to significant civil engineering projects.  

One example of a high value construction pro- 
ject where accurate numerical modelling was essen-
tial to designers is outlined in Fig. 2. As described 
by Harris (2002), a 30.5 m deep excavation had to be 
formed in London clay immediately adjacent to the 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

UK’s Houses of Parliament to provide a new metro 
station and accommodate new running tunnels. The 
ground movements had to be limited strictly. Fig. 3 
shows a comparison between field measurements of 
the lateral deflections of a central section of the right-
hand diaphragm wall and predictions made with a 
highly non-linear numerical model. The input pa-
rameters for the latter were derived from advanced 
triaxial testing carried out at Imperial College Lon-
don. In this case the field measurements fell close to 
the predictions. Jardine et al. (2005) considered the 
circumstances in which a close agreement between 
other comparable predictions and measurements has 
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Fig. 1  Geographical distribution of Triassic-to-Eocene mudrocks in England 
Strata considered in current Imperial College studies include London, Oxford, Gault, Kimmeridge, and Lias clays 
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been obtained. They also discussed cases where still 
more elaborate modelling appears to be required to 
make similarly accurate forecasts of ground move-
ments and soil-structure interaction, noting the po-
tential need to address the anisotropy, brittleness, 
creep and strain rate dependency of natural soils.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Recent research at Imperial College has inves-

tigated further details of the behaviour of the Eocene 
London clay, concentrating on the 48.5 m thick  

sequence strata found at the new Terminal 5 (T5) 
site at London’s Heathrow Airport. Gasparre (2005), 
Anh-Minh (2006), Nishimura (2006), Gasparre et al. 
(2007a; 2007b), and Nishimura et al. (2007) pro-
vided the detailed descriptions that are the main 
sources for this paper, while Hight et al. (2007) gave 
an overview of the integrated site characterization 
undertaken. This paper reviews the results obtained 
and emphasises particularly the role played by ad-
vanced laboratory testing. A new research project is 
currently underway into the more extended set of 
older mudrocks identified in Fig. 1, considering the 
Cretaceous Gault clay and the Jurassic Oxford, 
Kimmeridge, and Lias clays. 

 
 
2  Integrated characterization 
 

It is natural that the starting point for improving 
ground characterization is geology. In the context of 
the London clay, stratigraphy studies by King (1981) 
have helped to explain significant variations of soil 
properties with depth, such as those noted by Hight 
and Jardine (1993) and Hight et al. (2003) at loca-
tions across the London basin. It is now understood 
that the London clay can be divided into 5 major 
units (Fig. 4) that correlate with main episodes of 
sedimentation. Each involved a cyclic sequence, 
starting with relatively coarse near coastal sediments 
that become finer as the sea level rose and the coast-
line retreated, before showing a reversing trend as 
continuing sedimentation led to coastal advance and 
shallower water depths. De Freitas and Mannion 
(2007) described how these trends can be followed 
by inspecting the micro-fossils present in samples. 
Close analysis of the T5 profile indicated the sub-
division as shown in Fig. 4, which correlates very 
clearly with and helps to explain the variations in 
composition, state and fabric (Gasparre et al., 2007a; 
Hight et al., 2007). Careful visual description was 
crucial to mapping the pronounced sets of disconti-
nuities present (primarily fractures or fissures, bed-
ding features and sand partings) and to understanding 
the significant variations of mass permeability with 
depth. Geology also plays a vital role in understand- 
ing the possible variations with a depth of K0, a pa-
rameter that is highly influential in numerical analy-
ses of practical problems such as deep excavations, 
bored piles or progressive slope failures. 

Fig. 3  Non-linear finite element analysis (FEA) based 
on advanced laboratory testing and measurements for 
lateral movements of diaphragm wall after excavation 
from original ground level (taken as 100 mPD) to eleva-
tions of 93.1, 86.8, and 69.5 m, respectively (Harris, 
2002)  
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Fig. 2  Jubilee Line Extension (JLE) Metro Station case
history 
Deep excavation and tunnels in London clay mudrock are 
opposite UK’s Houses of Parliament, London (Harris, 2002)
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Field geophysics and in-situ testing are also vi-
tal to the integrated characterisation of the mudrocks 
found at T5. Vertical and horizontal shear wave ve-
locities were determined in the field, adopting or-
thogonal polarisations for each, using an array of 
three boreholes as described by Hight et al. (2007). 
In-situ cone penetration (CPT) testing was also per-
formed to help identify stratigraphic changes, as ad-
vocated by Hight and Jardine (1993), although con- 
cretions in particular layers and the friction resistance 
developed along the CPT rods led to excessive sur-
face reaction force requirements. These difficulties 
were overcome by advancing the CPT ahead of a 
dedicated borehole, applying a cumbersome alternat-
ing sequence of drilling and CPT probing stages. 
Specialist cones that release drilling mud at locations 
well above the CPT probe’s friction sleeve may 
overcome such difficulties by reducing the shear and 
normal stresses acting on the system of rods. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Advanced laboratory testing of the type under-

taken at T5 is only worthwhile if high quality sam-
ples are available. Three sampling styles were ap-
plied in the study described. Firstly, 100 mm outside 
diameter (OD) thin walled tube samplers were em-
ployed to provide cores that could be extruded rap-
idly on site, before any pore pressure equalisation 

could take place across their width, allowing suction 
measurements to be made with special probes 
(Ridley and Burland, 1993) that gave information on 
the in-situ mean effective stress, and hence K0 
(Hight et al., 2007). While these samples could also 
be used for index tests and descriptions, they were 
considered unsuitable for mechanical testing. The 
advanced testing described in the above previous 
studies was focused primarily on carefully taken 
(and preserved) rotary cores and on block samples 
retrieved from the stepped T5 deep excavations. The 
Geobore S wireline triple core rotary technique was 
applied, with carefully controlled drilling muds. The 
100 mm outside diameter samples were preserved on 
site immediately after retrieval to the surface by re-
moving all drilling mud and softened material, and 
then sealing in layers of plastic film and wax. The 
block sampling was conducted by hand-sculpting 
cubes with approximately 300 mm side widths, 
which were preserved in a similar manner to the ro-
tary cores, being sealed in film and wax before being 
set in polyurethane foam which expanded as it was 
placed to fill specially made wooden boxes. Later 
laboratory specimen preparation commenced by cut-
ting smaller prisms from the protected composite 
blocks with a powered band-saw, re-sealing the main 
blocks carefully after each such cut. The cut prisms 
of mudrock could then be trimmed with a soil lathe 
to produce cylindrical samples for triaxial or hollow 
cylinder apparatus (HCA) testing. 

The main focus of the remainder of this paper is 
the advanced mechanical testing performed on the 
samples. Comprehensive programmes were con-
ducted on both intact samples and reconstituted 
specimens. Readers are referred to Gasparre et al. 
(2007a) for descriptions of the fabric studies involv-
ing scanning electron microscope (SEM) and other 
techniques, and to De Freitas and Mannion (2007) 
for an account of the micro-palaeontology studies 
that correlated the abundant micro-fossils present to 
the geological setting with the stratigraphy of the 
sediments. 

 
 
3  Advanced laboratory testing 
 

The key aspects of mechanical behaviour inves-
tigated through laboratory testing were: 

Fig. 4  London clay (LC) stratigraphy (King, 1981; 
Hight et al., 2003) (a) and liquid limit (LL), plastic limit 
(PL), and water content (w) profiles for Heathrow Ter-
minal 5 (T5) site (Gasparre et al., 2007b) (b) 
In Fig. 4a, full succession of LC is shown on the left, and 
T5 series A to E is shown on the right, with block sampling 
levels 
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1. The effects of micro- and macro-structure 
developed by the mudrocks over geological time on 
their compressibility, yielding and shear strength 
characteristics, as manifested in triaxial and oedome-
ter experiments on samples with appropriate dimen-
sions; 

2. How the same features affect the mudrock’s 
anisotropy, considering stiffness behaviour from 
very small to moderate strains and the potential ani-
sotropy in shear strength; 

3. The brittleness of the clay, which can soften 
rapidly from relatively strong peak resistances to 
low residual strengths once shear bands develop 
with an oriented micro-fabric; 

4. How field and laboratory measurements of 
soil stiffness compare, and the relationships between 
the behaviours of intact and reconstituted specimens; 

5. The effects of recent stress history and ageing 
on the stiffness and shear strength characteristics; 

6. Based on the above, how geological structure 
and age affect the properties of the mudrock sedi-
ments present at Heathrow T5. 

Naturally, the study required large numbers of 
routine oedometer and index tests, which are re-
ported in the previous studies mentioned above. 
However, we focus below on the more advanced 
stress path triaxial tests and HCA tests conducted by 
Gasparre (2005), Ann-Minh (2006) and Nishimura 
(2006). These works provided detailed profiles 
through the full sequence of sediments, working 
with the rotary core samples, as well as conducting 
intensive studies on multiple sets of similar samples 
cut from the numerous block samples taken at depths 
of 5.2 and 10.5 m below original ground level. 

3.1  Triaxial test characteristics 

Most of the triaxial testing was conducted on 
100 mm OD, 200 mm high samples in hydraulic 
stress path cells built by Imperial College following 
the principles set out by Bishop and Wesley (1975). 
In the current design illustrated in Fig. 5, the upper 
cell body fits over the internal tie rods and top plates, 
so easing sample assembly and dismantling. The 
automated control system employs both electro-
pneumatic stress actuators and hydraulic pump ‘con-
stant rate of strain’ systems, and a very flexible 
computer control and data logging system is applied. 
High resolution linear variable differential trans-

former (LVDT) based local axial and radial strain 
sensors were installed that had been developed at 
Imperial College following the scheme initially pro-
posed by Cuccovillo and Coop (1997). Dual axis 
bender element transducers were employed to assess 
the shear wave velocities Vhv and Vhh non-
destructively at multiple stages during the tests, em-
ploying devices built at Imperial College London. A 
mid height pore pressure probe was employed to 
assess the degrees of excess pore-pressure develop-
ment applying during all drained and undrained test 
stages, following the original proposal of Hight 
(1982). Similar, but smaller cells were deployed to 
test some 38 mm OD, 76 mm high samples, and a 
limited number of high pressure triaxial experiments 
were also performed (Gasparre, 2005). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
The larger specimens were statistically more 

likely to include fissures that could be mobilised as 
failure approached. Scale effects apply to the shear 
strengths of any soil that is brittle, especially when 
preformed discontinuities are present. Careful in-
spection prior to testing identified any pre-existing 
fissures on specimens that might contribute to the 
eventual failure mechanism. Even tightly closed fis-
sures have a clear influence on peak shear strength, 
by a pair of undrained compression tests on two 
similar 38 mm diameter specimens, where one con-
tained favourably oriented fissures that were absent 
in the other (Fig. 6). All specimens developed rup-
ture bands at or slightly before achieving peak 
strength. Those that remained intact until just before 

Fig. 5  Triaxial stress path equipment developed at Impe-
rial College for testing 100 mm OD, 200 mm high Termi-
nal 5 London clay samples 
Note on sample local strain, bender element and pore-water 
pressure probe instrumentation: CRSP signifies constant rate 
of strain pump 
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reaching peak strength showed far more marked 
post-peak brittleness. While the fissured and intact 
tests were separated during subsequent interpretation, 
the post-peak shear strengths mobilised by both 
types of samples at modest axial strains (5% to 10%) 
showed less variation, and gave φ′ values (φ′ is the 
angle of shearing resistance) that were comparable 
to those of reconstituted samples tested to large 
strains after normal consolidation, falling near to the 
interpreted critical state φ′ values. Tightly closed 
fissures did not appear to affect the samples’ initial 
stress-strain behaviour (at small to moderate strains) 
significantly.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The large volume of undrained tests performed 
in both triaxial compression and extension on 
100 mm diameter specimens led to a series of enve-
lopes, defining peak and post rupture effective stress 
shear strengths in both compression and extension 
for the various geological units. Fig. 7 summarises 
the interpretation given by Hight et al. (2007). Three 
main features are clear: 

1. The intact peak strength envelopes of the 
deeper strata fall above those of the shallower layers, 
reflecting their greater degree of natural ‘structure’ 
and lower sensitivity to ‘damaging’ factors such as 
swelling after unloading, frost action or surface 
chemical weathering.  

2. The post rupture strengths fall within a nar-
rower band, indicating that brittleness increases with 
depth. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3. The failure envelopes for triaxial compres-

sion generally pass above those applying in triaxial 
extension.  

The peak strength envelopes developed by in-
tact samples in compression and extension delineate 
only parts of the samples overall yielding surfaces. 
The high pressure ‘right hand’ side of the yield sur-
faces were difficult to identify from high pressure 
probing tests because the mudrocks undergo a grad-
ual structural break down and show progressive 
yielding similar to that seen in sands (Kuwano and 
Jardine, 2002; 2007). The sharp changes that can be 
seen with higher porosity natural soft clays as re-
ported for Bothkennar clay (Smith et al., 1992) are 
not evident in either compression or swelling.  

However, the peak strength envelopes can be 
interpreted by reference to the yielding behaviour of 
reconstituted samples (Smith et al., 1992), by nor-
malising the stress variables with reference to pe

*, 
the mean effective stress applying at the same void 
ratio on each unit’s intrinsic compression line (ICL, 
established by oedometer tests performed on sam-
ples reconstituted at a water content of 1.25 times 
the liquid limit as proposed by Burland (1990)), as 
shown in Fig. 8. The local bounding surface as de-
fined by Shibuya et al. (2003a; 2003b) and Jardine et 
al. (2004) which was established from undrained 
tests on isotropically consolidated reconstituted 
London clay, is also plotted. It is clear that the intact 
natural clay exists in a portion of normalised stress 
 

Fig. 7  Triaxial shear strength failure criteria in compres-
sion and extension for Terminal 5 London clay 
σv and σh are the vertical and horizontal stresses, respec-
tively; σv′ and σh′ are the effective vertical and horizontal 
stresses, respectively; variations between geological units 
and between peak and post rupture strengths are noted 
(Hight et al., 2007) 
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Fig. 6  Pair of triaxial tests on Terminal 5 London clay
samples  
εa is the axial strain; q=(σ1′−σ3′), and p′=(σ1′+σ2′+σ3′)/3, 
where q is the deviatoric stress, p′ is the effective mean nor-
mal stress, and σ1′, σ2′, and σ3′ are three effective principal
stress components. Stronger specimen is intact while weaker
specimen fails on pre-formed fissure (Gasparre et al., 2007b)
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space that reconstituted samples cannot populate, 
showing the influence of the gradual geological age-
ing and partial lithification experienced by the Eo-
cene London clay in-situ. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The suites of local strain transducers, mid-

height pore pressure probes and bender element 
transducers mounted on the test specimens allowed 
the mudrocks’ stiffness characteristics to be explored 
in detail. Behaviour became markedly in elastic once 
stress or strain increments exceeded very low 
threshold limits, typically around p′/250, or 0.001% 
respectively. Nevertheless, combining drained static 
axial and radial probing tests with dual axis bender 
element experiments allowed an analysis of the re-
sponse seen within the quasi-elastic kinematic yield 
surface Y1, which sits inside a second kinematic 
yield surface Y2, as defined by Jardine (1992), Jar-
dine et al. (2004), or Kuwano and Jardine (2002; 
2007). The pre-Y1 behaviour was described within 
the framework of cross anisotropic elasticity. Profiles 
of the independent stiffness terms, Ev′, Eh′, Ghv, and 
the corresponding cross-coupling Poisson’s ratios, 
were derived that could be compared, as described 
later, with independent geophysical field measure-
ments and data from HCA experiments. Multiple 
non-destructive bender element tests were also per-
formed to track how small strain stiffness parameters 
varied as the effective stress state changed during 
consolidation and swelling stages, as shown in Fig. 9. 
It is interesting to note that the stiffness parameters 
assessed under in-situ stress conditions grew sys-
tematically, and nearly linearly, with the in-situ 

mean effective stress p0′. However, stiffness ap-
peared to be relatively insensitive to current effec-
tive stresses when samples were swelled or com-
pressed to other values of p0′. This behaviour implies 
that the small strain stiffness behaviour is at least 
partially fixed by the particular micro-fabric devel-
oped over geological time at each depth, proving 
relatively resistant to stress changes of the magni-
tudes imposed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Triaxial probing test cycles demonstrated the 
limits to both Y1 and Y2 kinematic yield surfaces. 
Fig. 10 illustrates the linear and essentially recover-
able response seen when very small stress incre-
ments are applied. The limits to this behaviour are 
outlined in Fig. 11, where the Y1 kinematic yield 
surfaces observed in multiple tests are expressed by 
a single locus that retains, at all depths, a similar 
normalised size (in relation to the in-situ p0′) and 
shape around the in-situ stress point.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

εa (%) 

Fig. 10  Example of a drained small-strain probing stress 
cycle on a Terminal 5 London clay sample 
Nearly linear and fully recoverable behaviour at strains 
<0.001% are shown (Gasparre et al., 2007b) 
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The second kinematic yield surface Y2, defines 

the points where strain increment vectors may devi-
ate from their initial elastic pattern, the ratio of plas-
tic to elastic strain increase sharply and the behav-
iour becomes markedly more time-dependent. When 
plotted in the same normalised coordinates as 
Fig. 11, the Y2 kinematic yield surface appears 
around five times larger than Y1 at most depths, and 
exhibits again a shape that is normalisable by p0′ 
(Fig. 12).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Experiments taken to failure demonstrated the 
strongly non-linear response developed over the lar-
ger strain range, which is of primary engineering 
importance. A typical example from an undrained 
experiment is shown in Fig. 13, which also high-
lights the points at which Y1 and Y2 yielding is inter-
preted to have taken place. Local strain sensors are 
essential if the detailed stiffness behaviour of the 
mudrock is to be examined experimentally. The  

non-linear features observed with such gauges have 
important effects on ground movements and soil-
structure interaction in practical engineering applica-
tions (Jardine et al., 2005). 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

3.2  Hollow cylinder experiments 

Two HCA sets were employed on the T5 study, 
both applying the general operating principles illus- 
trated in Fig. 14. However, they adopted slightly dif-
ferent sample dimensions (height, h; outer diameter, 
OD; inner diameter, ID), and had different sets 
of instruments. The smaller set illustrated in Fig. 15 
was applied to both block sample testing and the 
profiling study on rotary cores. The apparatus, which 
was originally constructed in conjunction with Soil 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13  Typical stiffness strain relationship from un-
drained triaxial test taken to failure on Terminal 5 
London clay sample 
G: shear stiffness; εs=2(ε1−ε3)/3, where ε1, ε3 are the prin-
cipal strain components; and kinematic yield surface Y1
and Y2 yield points are also shown (Gasparre et al., 2007b)
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Fig. 14  Principles of hollow cylinder apparatus (HCA)
(a) The whole sample; (b) and (c) Elements taken from the 
sample wall. z, r, and θ are three variables in the cylindrical 
coordinate system, respectively; σ1, σ2, and σ3 are three prin-
cipal stress components; σz, σθ, and σr are the vertical, 
circumferential, and radial stresses, respectively; α is the 
angle between σ1 and the vertical direction; τzθ is the shear 
stress (Nishimura et al., 2007) 
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Dynamics Inc. of Kentucky, USA, was upgraded at 
Imperial College with new control systems for this 
study, as described by Nishimura (2006). The HCA 
set included a Hardin type oscillator, and could con-
duct non-destructive resonant column tests. 

The second set illustrated in Fig. 16, followed 
the design of Jardine (1995) and tested larger speci-
mens with OD=100 mm. The local strain instrumen-
tation systems and control programmes applied in the 
T5 testing are described by Ann-Minh (2006). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This equipment was used in an intensive study of the 
anisotropy in shear strength and stiffness of block 
samples taken at 5.2 m depth below original ground 
level, while a parallel study was performed with the 
smaller HCA on samples from 10.5 m below origi-
nal ground level. Both sets of equipment were able 
to apply 4D stress paths, with computerised control 
being possible through either stress or strain con-
trolled algorithms and actuators. 

Great care was taken in sample preparation, fol-
lowing the procedure developed by Porovic (1995) 
in previous studies at Imperial College of mudrocks 
beneath a nuclear power plant (Hight et al., 1997) 
and pile behaviour in low over consolidation ratio 
(OCR) Pentre clay-silt (Chow, 1997). Albert et al. 
(2003) adopted the same technique for HCA tests on 
Bothkennar soft clay. The key steps are: 

1. Select and expose the test specimen by either 
cutting a rectangular prism of clay from a preserved 
block sample by bandsaw, or removing the protection 
from a 100 mm OD preserved core sample. 

2. Trim a cylinder to the OD (70 or 100 mm) 
and height (170 to 200 mm) required for the particu-
lar HCA with a soil lathe. Then encase in a two part 
metal split mould fitting that specimen size and trim 
parallel flat ends. 

3. Place the encased sample into a metal work-
ing lathe, as shown in Fig. 17, and advance a series 
of drill bits, with increasing diameter, to form a cen-
tral hollow cylindrical space over the full sample 
length. Then adopt a progression of boring tools, 
until a smooth wall has been achieved with the re-
quired ID of either 38 or 60 mm depending on which 
HCA is to be employed. 

4. Remove from lathe, trim ends to final flat 
parallel condition, and then install in HCA. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15  General arrangement of Imperial College reso-
nant column hollow cylinder apparatus (HCA) used to 
test London clay samples (OD=70 mm, ID=38 mm, 
h=170 mm) (Nishimura et al., 2007) 

Bellofram 
cylinder

Hardin oscillator

Specimen

Load cell

Proximity transducers

Tie rod

Acrylic chamber wall

Stepper motor 
for torsion

Cam

Outer cell and pore 
water pressure 

transducers

Sprocket and torque 
transmission chain

Displacement
transducer

Clamp

To foundation

Rotary tension cylinder

Ram

Fig. 17  Intact mudrock sample preparation for hollow 
cylinder apparatus (HCA) testing 
Internal hollow cylindrical cavities are bored out employing 
lathe and drill sizes are expanded (Ann-Minh, 2006) 

Fig. 16  Photograph of Imperial College Mark II HCA 
used to test London clay samples (OD=100 mm, ID=60
mm, h=200 mm) (Nishimura et al., 2007) 
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Figs. 18 and 19 outline the steps taken in re-
consolidating samples and performing undrained 
shearing under conditions where the direction of the 
major principal stress axis with respect to the vertical 
α and the intermediate stress parameter b defined in 
Fig. 14 could be varied, as desired. Additional 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

types of probing tests were conducted by Ann-Minh 
(2006) to investigate the response to small-strain 
uniaxial probing experiments, which yielded direct 
measurements of static cross anisotropic stiffness 
parameters, as well as monotonic tests to failure in 
which only one stress variable was varied, following 
re-consolidation to either an isotropic or K0 initial 
stress state. 

Alternative procedures were explored for the 
undrained shearing tests to failure that were per-
formed to evaluate the shear strength anisotropies 
developed at 5.2 and 10.5 m depth below ground 
level (BGL). Scheme A, as outlined in Fig. 19a, was 
applied to the shallower samples. This scheme kept 
the direction α and parameter b constant during 
undrained shearing to failure. The application of 
Scheme B (Fig. 19b) to the deeper samples also in-
volved keeping b fixed, but in these tests the orienta-
tion of the axis of major principal stress change was 
kept constant as the samples were sheared to failure 
without drainage. 

Systematic sets of experiments were conducted 
in which a grid of b and α values were applied to 
nominally identical samples. These revealed that 
peak shear strength, as expressed by either maxi-
mum Mohr circle radius Su or stress ratio q/p′, is 
markedly dependent on both b and α. The general 
trend is illustrated in Fig. 20 by presenting failure 
data from Nishimura (2006)’s tests and on samples 
from 10.5 m depth. The close correspondence be-
tween these tests and those by Ann-Minh (2006) on 
shallower samples is demonstrated in Fig. 21, where 
data are presented from series at both depths where b 
was held constant at 0.5, representing nominal 
‘plane strain’ failure conditions. It is evident that 
shear strength displays a minimum when α is around 
55°. Shear strength is at a maximum under axial 
compression. The data show a mixed pattern when 
α>60° with most specimens developing higher 
strengths than in the minimum ‘near simple shear’ 
condition. 

A limited set of parallel HCA tests on reconsti-
tuted samples demonstrated that at least part of the 
natural mudrock’s anisotropy was related to the 
structure imposed on it by its geological history (Ni-
shimura, 2006; Nishimura et al., 2007). The root 
causes for the mudrock’s overall are interpreted as 
being: 

Fig. 18  Testing schemes for hollow cylinder apparatus 
(HCA) specimens (Nishimura et al., 2007) 
CIU test: isotropic consolidated undrain test; CAU test: 

anisotropic consolidated undrain test; BGL: below ground 
level 
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Fig. 19  Hollow cylinder apparatus (HCA) testing 
(a) Scheme A: keeping α and b constant at single values for 
each shearing test; (b) Scheme B: keeping stress change 
direction αdσ and b constant in each shearing test (Nishi-
mura et al., 2007) 
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1. The highly aligned micro-fabric and system 

of inter-particle contacts, which affected the stiffness 
characteristics and determined the pre-failure 
undrained effective stress path inclinations; 

2. The macro-fabric, as represented by the pat-
terns of fissures and bedding features, which could 
be engaged preferentially as failure was approached 
with different σ1 axis orientations, α.  

Bearing in mind the second factor, the systems 
of pre-existing fissures were mapped carefully be-
fore testing, and their roles in each failure were 
tracked during testing, as reported by Nishimura et 
al. (2007). 

Nishimura (2006) also conducted multiple sim-
ple shear tests on rotary core samples with HCA, 
covering a full range of depths after conducting tor-
sional shear resonant column tests on samples re-
consolidated to the anticipated in-situ K0 stresses. 
HCA was constrained and controlled to ensure no 

vertical straining while it underwent monotonic tor-
sional simple shear to failure. Keeping volume and 
average ID constant at the same time ensured that 
the radial and circumferential strains were also, on 
average, zero. Unlike conventional simple shear ap-
paratus, the measurements made during HCA simple 
shear tests define the stress conditions fully at all test 
stages, allowing the paths to be tracked in terms of q, 
p′, b and α; full 3D Mohr circles can also be drawn 
for any stage, and true Su values were identified at 
failure. The simple shear failures developed with b 
values between 0.5 and 0.7 and α values around 50° 
to 65°.  

The simple shear Su-depth trends found by Ni-
shimura (2006) are summarised in Fig. 22, along 
with data from triaxial compression and extension 
tests conducted on K0 consolidated samples by Gas-
parre (2005) and Nishimura (2006). The interpreted 
trends show a clear hierarchy that is fully compatible 
with the intensive studies performed at 5.2 and 
10.5 m that are illustrated in Figs. 20 and 21. Triax-
ial compression gave the highest peak values, which 
plot well above the upper bound of the simple shear 
and extension tests. A clear lower bound trend can 
also be seen, which appears to correspond broadly to 
the post rupture shear strength outlined earlier in 
Fig. 6, but with some variation between the  
stratigraphic units, as identified in Fig. 7. The degree 
of strength anisotropy is evidently marked, and 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 20  Shear strength anisotropy from comprehensive 
test series run on block samples from 10.5 m depth  
Values of α and b are both zero in triaxial compression, and 
are 90° and 1.0 in triaxial extension (Nishimura et al., 2007)
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Fig. 22  Undrained shear strength (Su) profiles for Heath-
row Terminal 5 from K0 reconsolidated samples of intact 
London clay tested in triaxial compression (TC) and ex-
tension (TE) and in hollow cylinder simple shear (SS) 
tests (Nishimura et al., 2009) 
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increases with depth. Considering possible implica-
tions for practice, shear strengths can be expected to 
be at a minimum over the basal shear zone of a po-
tential instability mechanism such as that outlined in 
Fig. 21, where near simple shear conditions may 
apply. Laboratory compression strength tests are 
likely to overestimate the strengths available outside 
the active compression zone indicated in Fig. 21. 

As mentioned above, Ann-Minh (2006) con-
ducted static uniaxial HCA tests on samples from 5.2 
m depth that gave sufficient information on their be-
haviour at very small strains to quantify all of the 
cross anisotropic elastic parameters. Kuwano and 
Jardine (1998) showed how combining static drained 
probing with dynamic bender element determinations 
allow cross anisotropic parameter sets to be deter-
mined. Gasparre (2005) applied this approach to the 
full range of depths. Nishimura (2006)’s resonant 
column (RC) tests, which were conducted on all of 
HCA specimens, gave further information on the Gvh 
mode of stiffness. These data are shown together, 
plotted against depth in Fig. 23. It is clear that hori-
zontally applied stress probes invoke the stiffest re-
sponse and that the ratio of Eh′/Ev′ increases with 
depth. Further details are given by Gasparre et al. 
(2007b) and Hight et al. (2007) who also reported 
equivalent profiles from field geophysical testing. 
Note that the field testing and laboratory sample cor-
ing sites were set some distance apart, and have 
slightly different profiles as a result of works con-
ducted 70 years ago at the site, the laboratory and 
field testing trends are generally compatible. The 
laboratory and field stiffness profiles correlate 
closely over the upper part of the profile and show 
slightly more divergent trends at depth. Bearing in 
mind the possible effects of frequency, and of 
 

 
 
 
 
 
 
 
 
 
 
 

micro-fabric leading to scale effects, it is reassuring 
that similar trends and conclusions could be drawn 
from measurements made by quite different tech-
niques. While the mudrock’s strong anisotropy at 
small to moderate strains has not been addressed in 
many practical engineering analyses, it can have a 
very significant impact on, for example, the shapes 
of the settlement troughs developed above tunnels 
formed in the London clay (Addenbrooke et al., 
1997). 

 

 

4  Summary and conclusions 
 

This paper has advocated the advantages of an 
integrated approach to the characterisation of geo-
material properties and behaviour, combining geol-
ogy, in-situ testing, fabric studies, routine index ex-
periments and advanced laboratory testing. It has 
also illustrated the potential of advanced laboratory 
testing in exploring features of behaviour, such as 
kinematic yielding, anisotropy in stiffness or shear 
strength that would otherwise be impossible to quan-
tify. The case history selected to demonstrate these 
features was the London clay study performed for 
the new Heathrow Terminal 5 site. 

Ten of the key points that have emerged are: 
1. Sound geology is an essential starting point, 

along with an appropriate and consistent framework 
for test design, interpretation and application. 

2. High quality rotary coring or block sam-
pling is essential in mudrock deposits. Other tech-
niques are required to deliver suitable samples when 
investigating different classes of geomaterials, espe-
cially soft clays and sands. 

3. Advanced triaxial stress path testing, in-
volving local strain sensors, bender element trans-
ducers and mid-height pore pressure probes allows 
many significant features of soil behaviour to be 
investigated, including potential anisotropy at very 
small strains, kinematic yielding behaviour, the ef-
fects of discontinuities on peak strength, post peak 
brittleness and the effects of geological structure. 

4. The effects of geological history can be in-
vestigated and quantified through parallel experi-
ments involving reconstituted clay samples.  

5. Pre-existing discontinuities play a pivotal 
role in the shear strength of the mudrocks. Samples 

Fig. 23  Profiles of elastic (pre-Y1) stiffness parameters 
from laboratory tests on Terminal 5 samples, showing
strong cross anisotropy (Gasparre et al., 2009b) 
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must have sufficient volumes to capture these fea-
tures representatively. 

6. Hollow cylinder testing offers additional in-
formation on shear strength anisotropy, and stiffness 
anisotropy over both the elastic and non-linear 
ranges. The HCAs employed must possess suitable 
sample geometries, local instrumentation and control 
systems. 

7. Great care is required in HCA experiments 
with sample preparation, sample reconsolidation, the 
choice of stress paths to be followed in test control.  

8. The study described included HCA experi-
ments involving constant b and α values, those with 
constant stress increment directions, tests in which 
only a single stress variable was altered, and kine-
matically controlled HCA simple shear tests. 

9. The intensive triaxial and HCA programmes 
proved that the London clay has strong anisotropy in 
stiffness, which was confirmed by field geophysical 
testing, and shear strength. The mudrock is also 
highly non-linear over the strain range of interest, 
has markedly anisotropic shear strength, and exhibits 
a pronounced degree of brittleness.  

10. All of the above features can impact signifi-
cantly on the practical design and analysis of civil 
engineering works including shallow and deep foun-
dations, tunnels and excavations, and the stability of 
slopes.  

The approach described above for the London 
clay study is now being applied in a new set of stud-
ies aimed at providing equivalent information for the 
geologically older Gault, Oxford, Kimmeridge and 
Lias clays, whose outcrops in Southern and Central 
England are identified in Fig. 1.  
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